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Abstract 

Direct fuel cell utilizing borohydrides as a fuel (DBFC) is a device which converts chemical 
energy stored in borohydride ion and an oxidant directly into electricity. In this work the 
electrochemical properties of  multi-component hydrogen storage alloy of the AB5-type: 
LaMmNi3,55Al0,30Mn0,40Co0,75 modified with carbon and used as anodic materials in 
borohydride fuel cell (BFC) are discussed. Composites with a small amount of carbon 
were obtained by direct pyrolysis on hydrogen storage alloy or carbonization of conducting 
polymers, done in order to improve the hydrogen electrosorption properties. The 
electrochemical properties were examined in 6 M KOH  solution with the addition of 
different amount of KBH4 using cyclic voltammetry and galvanostatic methods. 

Introduction 

Borohydrides of Na, K or Li are attractive as a hydrogen sources or as a fuel for DBFC. In 
such fuel cell, H− in BH4

− is oxidized into H+ directly on the anode; generally, the process 
provides eight electrons. The fuel cell has been developed, based on the following 
equation [1,2]:  

 BH4
-  +  8 OH-    BO2

-  +  6 H2O  +  8 e- E0 = -1.24 V [1] 

Additional advantage of such systems is that Ni-based catalysts can be used to replace 
noble metals. Multi-component alloys of the AB5-type are characterized by high 
electrochemical catalytic activity to the oxidation of hydrogen, therefore, they can be used 
as an anode materials in borohydride fuel cell [1,3]. Different kinds of modification were 
done in order to improve process of fuel utilization, e.g. doping by Au or Si to AB5-type 
hydrogen storage alloy [4,5]. 

In this work the electrochemical properties of hydrogen storage alloy: 
LaMmNi3,55Al0,30Mn0,40Co0,75 modified with carbon used as anodic material in DBFC for 
improvement of the hydrogen electrosorption properties were examined. 
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Experimental 

The AB5-type alloy of formulas LaMmNi3.55Al0.30Mn0.40Co0.75  with the average diameter of 
57.06 μm was modified. The chemical composition of this alloy was: Mm=La-rich 
mischmetal: 33.1 wt.%, La: 53.3 wt.%; Ce: 33.7 wt.%; Nd: 9.8 wt.%; Pr: 3.2 wt.%; other 
rare earths: 66.9 wt.%, Ni: 47.8 wt.%; Co: 10.12 wt.%; Mn: 5.10 wt.%; Al: 1.86 wt.%. 
Composites AB5-type alloy with a small amount of carbon  were obtained by two methods. 
First type of composites were obtained by catalytic vapour deposition (CVD method) of 
acetylene directly on grains of alloy (700 °C, 5 minutes).  The second type of composites 
was prepared by chemically precipitating of polyaniline (PANI), polypyrrole (PPy), and 
polyfurfuryl alcohol (80oC) on the alloy material. Then, composites were heated in the 
nitrogen at 500oC-700oC. The carbon content was estimated using elemental analyzer 
VARIO MICRO CUBE (Elementar Analysensysteme GmbH).  A scanning electron 
microscope (SEM EVO®40 ZEISS) was used to investigate the structure of the composite 
materials. Specific surface area measurements were performed using ASAP 2010 M 
(Micromeritics) instrument. To prepare the testing electrode, the composite material with 
AB5 type alloy and carbon nanomaterial was mixed with a 3 wt.% poly(vinyl alcohol) (PVA) 
solution as a binder. The mixture was then blended to obtain the paste and subjected 

slurry was then pasted into nickel foam (porosity 95%) to form a 1cm x1cm electrode. 
After drying at 50°C, the pasted electrode was pressed at 10 MPa. A three- electrode 
measurement system was composed of the testing electrode, the counter - nickel foam 
electrode and an Hg/HgO electrode as the reference electrode. Before electrochemical 
testing, the electrodes were chemically preactivated by boiling in 6 M KOH solution. The 
electrochemical properties were examined in 6 M KOH  solution (vs. Hg/HgO) with the 
addition of different amount of KBH4. The electrochemical measurements have been 

carried out using cyclic voltammetry (OCP -0,4V -1,2V) and galvanostatic methods 
using potentiostat - galvanostat VMP2/Z (Biologic, France). 

Results and discussion 

Table 1 presents  sample names with physicochemical data. AU is abbreviation for AB5-
type alloy and C means after carbonization process. Composites contain a small amount 
of carbon between 0.38 to 1.32 wt.%. Process of precipitating and carbonization of 
conducting polymers leads to increase of BET surface area.  

Table 1: Elemental analysis and surface area data for metal/carbon composites. 

Sample Carbon precursor Content of carbon 
BET surface area, 

m
2 

g
-1

   

AU-PANI-C Polyaniline 0.56  0.11 2.68  0.01 

AU-PPy-C Polypyrrole 0.38  0.07 2.33  0.01 

GLA2 Acetylene 1.32  0.16 0.34  0.01 

AU - - 0.29  0.01 
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a b 

c d 

 

Fig. 1: SEM images of: (a)  LaMmNi3.55Al0.30Mn0.40Co0.75 (AB5) after reduction H2 and (b-d) 
after deposition of nano-carbon by acetylene. 

The SEM images of the composites with different kinds of carbon deposits were divided 
into two figures. Fig. 1 presents SEM images of  the AB5-type alloy after reduction H2 and 
composites obtained by catalytic vapour deposition (CVD) of acetylene directly on grains 
of alloy. During vapour deposition carbon forms nanofibrous structures. Fig. 2 presents 
SEM of the carbon composites which were obtain by polymerization of polyaniline (PANI), 
polypyrrole (PPy) and polyfurfuryl alcohol on the alloy material. After polymerization 
composites were carbonized in nitrogen atmosphere. The composites which were 
obtained by carbonization of conducting polymers (PANI, PPy) and have demonstrated 
homogenous carbon layers with visible pores, whereas in the images of composite with 
polyfurfuryl alcohol some fibrous structures are well visible.  

 

Fig. 2: SEM images of: (a) AU-PANI-C, (b) AU-PPy-C and (c-d) composites with polyfurfuryl 
alcohol. 

12
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In the first step, the electrochemical properties of LaMmNi3.55Al0.30Mn0.40Co0.75 were 
examined in 6 M KOH  solution with the addition of different amount of KBH4. Fig. 3. 
shows I-E curves of parent alloy using different concentration of KBH4. The highest value 
of potential of electrode versus Hg/HgO was obtained for 0.5 M KBH4. The most visible 
decrease of potential electrode with the increase of current load is for 0.05 and 0.1 M 
concentration of KBH4. The electrochemical performance of electrode based on AB5 alloy 
for BH4

- oxidation in different KBH4 concentration is characterized by cyclic votammograms 

tests at 5 mV/s within the potential window: Er -0,4V -1,2V Er. Fig. 4. presents CV 
curves measured for different concentration of  the fuel. As shown in figure, with the 
positive scan process, the oxidation current increases, indication the presence of 
electrochemical reaction. The highest increase of anodic current is visible for 0.5 M KBH4 
concentration.   
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Fig 3: Polarization characteristics for different concentration of KBH4. 
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Fig. 4: Cyclic voltammetry characteristics (5mV/s, Er -0,4V -1,2V Er) for different 
concentration of KBH4. 
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After selection of the optimal KBH4 concentration, polarization characteristics were 
performed for composite materials. Fig. 5, Fig. 6 and Fig. 7 show polarization 
characteristics: for composites with polyfurfuryl alcohol and carbon from CVD method, for 
composites with PANI and for composites with PPy, respectively. The most promising 
characteristic has been recorded for composite materials with polyfurfuryl alcohol after 
carbonization and nanocarbon obtained by CVD method. The lowest efficiency of oxidation 
was observed for AU-PANI composite, which might be attributed to low activity of polymer 
in alkaline solution. In all cases the addition 10% of Ni improves  BH4

- oxidation process. 
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Fig. 5: Polarization characteristics for composites with polyfurfuryl alcohol and carbon from CVD 
method. 
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Fig. 6: Polarization characteristics for composites with PANI.  
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Fig. 7: Polarization characteristics for composites with PPy. 

Fig. 8 presents the discharge curves of AU-PANI-C composite under different current load. 
With the increase current load fade of electrode potential is observed.  
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Fig. 8: The discharge curves of AU-PANI-C composite. 

Fig. 9 presents the discharge curves of GLA2 composite under different current load. With 
the increase current load negligible fade of electrode potential is observed. In the first 
minutes, the electrode potential decreases due to the decrease of fuel concentration on 
the surface of the composite, and then, a dynamic equilibrium is reached.  
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Fig. 9: The discharge curves of GLA2 composite. 

Conclusion 

Potassium borohydride is an attractive fuel for DBFC. The highest values of electrode 
polarization potentials were obtained for 0.5 M KBH4 in 6 M KOH electrolyte. Composites 
with a small amount of carbon (0.4 – 1.3 %) were obtained by direct pyrolysis on hydrogen 
storage alloy or carbonization of conducting polymers. Process of carbonization 
(temperature treatment) destroys the structure LaNi5 of alloys and aggravates its 
electrochemical behaviour. The most promising characteristic has been recorded for 
composite materials with polyfurfuryl alcohol after carbonization and nanocarbon obtained 
by CVD method. Addition 10% of Ni improves  BH4

- oxidation process. The lowest 
efficiency of oxidation was observed for AU-PANI composite, which might be attributed to 
low activity of polymer in alkaline solution. 
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Abstract 

Reduced graphene oxide obtained by oxidation of multiwalled carbon nanotubes followed 
by reduction with sodium hypophosphite and sodium sulfite. X-ray diffraction and electron 
microscopy showed that the resulting product is reduced graphene oxide. Reduced 
graphene oxide has been investigated as an electrode material for oxygen electrodes of 
fuel cells. It has been shown that reduced graphene oxide obtained by the oxidation of 
multiwalled carbon nanotubes with subsequent reduction with sodium hypophosphite is a 
promising material for fuel cell oxygen electrodes and does not require the use of highly 
toxic reagents. 

Key words: graphene, electrocatalysis, oxygen electrode, electrochemical power sources. 

Introduction 

The use of air or oxygen electrode in devices generating electrical energy is very 
promising since it does not give rise to environmental problems and makes it possible to 
save natural resources, such as oil and gas. Air and oxygen electrodes in current sources 
are a three-phase electrode-electrolyte-gas system, where the electric current generation 
processes are localized at the interface between these phases. The current magnitude 
generated at such a gas-diffusion electrode depends on the size of the zone of the triple 
contact of these three phases. The electrode consists of a catalyst and a support. Platinum 
is at present the most efficient oxygen reduction catalyst, but it has a considerable demerit, 
high price. There are a large number of papers dealing with the investigation of other 
efficient catalysts. Another important problem is catalytically active and stable support. 
References (1-4) showed the advantage of carbon nanotubes as catalyst support. At the 
present time, in view of the advent of a new carbon nanomaterial such as graphene, a 
number of papers have appeared which deal with its investigation as an electrode material 
for lithium ion batteries (5) and as a support for catalysts in fuel cells (6,7). Graphene is an 
atom thick carbon layer, which consists of condensed six-membered rings.  
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Fig. 1: The schematic structure of graphene: (a) top view, (b) side view. 

The carbon atoms in graphene are bonded by sp2 bonds into a hexagonal two-dimensional 
(2 D) lattice. Ideal graphene consists solely of six-membered rings; the appearance of 
defects leads to the formation of a number of five- or seven-membered rings in the 
graphene structure and hence to the curving of flat surface. At the same time, the 
extended π-system of conjugated aromatic rings makes graphene fairly stable in 
comparison with other nanosized objects. The structure peculiarities of graphene sheet are 
such that the charge carriers, having unlimited freedom to move in plane, are confined in a 
narrow space between “walls” (Fig. 1), which are the shortest atomic distance of ~0.3 nm 
apart, which gives rise to unique electrophysical characteristics and other extraordinary 
properties of graphene. In view of this, the study of the dependence of electrochemical 
properties on the method for the preparation of reduced graphene oxide (RGO), which is 
used as a catalyst support for fuel cell oxygen electrodes, is of great interest. 

Experimental 

Multiwalled carbon nanotubes (MWCNTs) were chosen as a precursor, for they resemble 
in structure several graphene layers rolled into a tube; therefore, using a strong oxidant, 
one can “break” nanotubes to form oxidized graphene nanostrips (8). To this end, a 
procedure for the oxidation of MWCNTs with heptavalent manganese (8) with subsequent 
reduction was chosen. We used alkaline solutions of sodium hypophosphite and sodium 
sulfite as oxidized- graphene reductants. MWCNTs with a bulk density of 25-30 g/dm3, 
purified of catalyst impurities by treatment in a hydrofluoric acid solution, were used for the 
synthesis. The outside diameter of nanotubes was about 10-30 nm, the specific surface 
area was 230 m2/g. 

Two-layer oxygen electrodes were prepared by pressing. The hydrophobic layer contained 
0.07 g/cm2 acetylene black with 25% polytetrafluoroethylene, and the active layer 
contained 0.02 g/cm2 graphene oxide, reduced with different reductants, with 5% 
polytetrafluoroethylene. The investigations were carried out on a fuel cell mockup, a zinc 
electrode being used as the anode. The mockup for the testing of gas-diffusion electrodes 
is shown in Fig 2.  
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Fig. 2: Scheme of the cell: (1) cell body, (2) clamping coupling, (3) metallic current tap and oxygen 
supply tube, (4) metallic net of the oxygen electrode, (5) hydrophobic layer of the oxygen electrode, 
(6) active layer of the oxygen electrode, (7) polytetrafluoroethylene gasket, (8) reference electrode, 
(9) zinc anode. 

The electrolyte was a solution of 5 M KOH with 1 M LiOH. A silver-chloride electrode 
connected through a salt bridge was used as a reference electrode. The electrochemical 
characteristics were recorded under galvanostatic conditions. The oxygen source was a U-
shaped electrolyzer with alkaline electrolyte. Oxygen was supplied to the gas electrodes 
under an excess pressure of 0.01 MPa. Before measurements, the oxygen electrode was 
blown through with oxygen for an hour. The electron micrographs have been obtained with 
the aid of a JEM-100 CXII electron microscope. The X-ray phase analysis was performed 
with the aid of a DRON-4 X-ray diffractometer with CuKα radiation. 

Results and discussion 

One gram of MWCNTs was dispersed in 300 mL of concentrated sulfuric acid under 
stirring for an hour. Then 5 g of KMnO4 was added, and the mixture was stirred on an oil 
bath for an hour at a temperature that was not over 17 0C. After that, the mixture was 
heated on an oil bath to 55 0C within 30 min. Then the solution was brought up to 65 0C, 
held for 20 min and cooled to room temperature. To remove possible by-product 
(manganese dioxide), the resulting mixture was poured into 400 mL of bidistilled water with 
ice, which contained 5 mL of H2O2. Then filtration was performed using a dense, fine-
pored paper filter. The filtered off precipitate was transferred into a colloidal solution in 
bidistilled water. To reduce the product, two samples were prepared by the above 
procedure. One sample of oxidized product was reduced with an alkaline solution of 
sodium hypophosphite (pH = 11) and the other with an alkaline solution of sodium sulfite 
(pH = 11). The reduced substance was filtered off using a dense, fine-pored paper filter; 
after this, it was separated from the filter and dried in a desiccator at 140 0C for three 
hours. The product obtained was investigated by electron microscopy and X-ray phase 
analysis. Figure 3 shows X-ray diagrams of products obtained by reduction with sodium 
hypophosphite (Fig. 3 (b)) and sodium sulfite (Fig. 3 (a)). In the XRD pattern of RGO 
(which is exfoliated into individual platelets and then agglomerated into a powder form), 
the major peak is observed at about 23 – 24°. This gives an interlayer spacing of 
approximately 3.7 – 3.8 Å (8-11).  
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Fig. 3: X ray phase analysis of samples based on RGO obtained by reduction with sodium 
hypophosphite (b), RGO obtained by reduction with sodium sulfite (a). 

Figures 4 and 5 show micrographs of RGO, which was obtained using different reductants. 
Thus, it can be concluded from the analysis of electron micrographs and comparison of the 
peaks in the X-ray diagrams with literature data that the above procedure gives nanosized 
FGO strips. 

 

Fig. 4: Micrograph of RGO obtained with the use of sodium hypophosphite as a reductant. 
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Fig. 5: Micrograph of RGO obtained with the use of sodium sulfite as a reductant. 

Oxygen electrodes have been made by pressing, RGO being used as an active layer. The 
electrodes obtained were investigated on a mockup of oxygen fuel cell with alkaline 
electrolyte. Electrodes with active layer of starting MWCNTs have been made for 
comparison. 

Electrocatalytic characteristics were investigated on the oxygen electrodes obtained. 
Figure 6 shows plots of potential against current density for oxygen electrodes based on 
graphene oxide reduced with sodium hypophosphite (curve 1, Fig 6) and RGO obtained by 
reduction with sodium sulfite (curve 2, Fig 6). This figure (curve 3) shows for comparison 
the characteristics of electrodes with starting MWCNTs, from which RGO samples have 
been synthesized.  

 

Fig. 6: Dependence of potential on current density for oxygen electrodes with active layer (0.02 
g/cm2) based on RGO obtained with the use of sodium hypophosphite as a reductant (1), RGO 
obtained with the use of sodium sulfite as a reductant (2), initial multiwalled carbon nanotubes (3). 
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As is seen from Fig 6, the oxygen electrodes containing graphene oxide reduced with 
sodium hypophosphite have the best electrocatalytic characteristics. The electrodes 
containing graphene oxide reduced with sodium sulfite are inferior in characteristics to the 
electrodes containing graphene oxide reduced with sodium hypophosphite. The results 
obtained may be attributed to the fact that the active mass contains unreacted or not 
completely “broken” carbon nanotubes as impurities. It has been found that electrode 
made of  graphene oxide reduced with sodium hypophosphate is greatly superior to that 
made of starting carbon nanotubes in electrochemical characteristics in oxygen reduction 
reaction. RGO has better characteristics than nanocomposite based on manganese 
dioxide deposited on multiwalled carbon nanotubes, which follows from comparison with 
the data presented in Ref (2). The results of an investigation of the characteristics of RGO-
based electrodes in time showed their values to remain invariable during six-month tests. 

Conclusions 

Thus, it can be concluded that reduced graphene oxide obtained by the oxidation of 
multilayer carbon nanotubes with subsequent reduction with sodium hypophosphite is a 
promising material for fuel cell oxygen electrodes and does not require the use of highly 
toxic reagents. 
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Abstract 

In this report, some examples of alternatives to high-cost materials in fuel cells are 
proposed based on new preparation methods. Non-precious cathode electro-catalysts 
were pursued by synthesizing organic metal complexes on carbon powder substrate, and 
then heat-treating in Ar gas. Transition metal complexes of N,N’-mono-8-
quinolylphenylenediamine were newly synthesized, and tested as oxygen reduction 
reaction (ORR) electro-catalysts in acid media. As the metal center, Mn, Fe, Co, Zn proved 
to be promising candidates which, especially in combined states, showed good synergistic 
effect (ladder-step effect) due to electron hopping via shifted redox potentials. The second 
is carbon paper gas diffusion layer (GDL) made from Japanese paper (Washi). The 
morphology-retaining carbonization process was developed to prepare porous carbon 
materials with good electric conductivity. Fuel cell operation tests revealed good 
performances in polarization curves and power density that are comparable with a 
commercial GDL. 

Introduction 

Polymer electrolyte fuel cells (PEFCs) are expected as an important solution for energy 
and environment issues, but still cost reduction is a big problem [1]. There are several 
components in PEFC, and these are all expensive: electro-catalysts, polymer electrolyte 
membranes, gas diffusion layer (GDL), separator, and so on. Replacing high-cost 
materials with widely acceptable alternatives is an ultimate research objective at the stage 
of commercialization of PEFC for stationary as well as transport applications.  

Non-precious electro-catalysts, especially in acidic media, are very difficult target. This is 
also an urgent topic in the PEFC industry because of the high cost and scarcity of 
platinum. Several alternatives of platinum as oxygen reduction reaction (ORR) electro-
catalysts have been proposed since 1960s, e.g., transition metal macrocycles [2-4], heat-
treated macrocycles on carbon substrate [5-7], metal chalcogenides [8], graphene carbon 
modifiers [9-11], iron-carbon-nitrogen mixtures [12-14], etc. 

In this report, new class of organic metal complexes, which could potentially solve the 
above problems, are proposed for ORR electro-catalysts. In ORR, O-O bond splitting is a 
crucial step for efficient 4-electron reduction [15]. Good ORR catalysts should be featured 
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from two aspects [16]: first, electron structure modification of the metal (d-band vacancy) 
which enables O2 adsorption and O-O bond weakening, and second, smooth electron 
transfer from the metal center to O2 molecule. In order to attain these points, a new 
concept is proposed in which 2 or 3 kinds of complexes cooperate in the electron transfer 
steps so that a high energy barrier of ORR is mitigated. 

As a second example of high cost materials, replacement of carbon paper gas diffusion 
layer (GDL) is considered, because very few works have been reported so far on this 
material with success. Commercial GDLs are unwoven carbon fibers or woven carbon 
cloths [17], produced by carbonization of synthesized polymer materials and cost about 

$20 for 10 10 cm size. 

As a new process, Japanese paper (washi) is proposed and this precursor material is 
carbonized in a specific method. The inherent porous structure of washi would fit the 
specification of GDL, if other parameters such as electric conductivity and mechanical 
properties are optimized. Natural abundance and wide market of washi may also 
contribute to reduce the synthesis cost of GDL. Morphology-retaining carbonization is 
attempted for the first time to produce porous carbon materials with high carbon yield from 
cellulose [18]. The performances of washi GDL will be tested, and some advantages of 
washi GDL as compared with commercially distributed GDL will also be discussed. 

Experimental 

ORR Electro-Catalysts 

N,N’-mono-8-quinolylphenylenediamine (mqph) was synthesized as yellowish powder in a 
procedure reported elsewhere [19]. Transition metal acetates were purchased and used 
without further purification. Chromium(III) acetate, manganese(II) acetate tetrahydrate,  
iron(II) acetate, cobalt(II) acetate tetrahydrate, nickel acetate  tetrahydrate, copper acetate 
and zinc acetate dehydrate were obtained from Wako Pure Chemical Industries, and 
molybdenum(II) acetate dimer was obtained from Aldrich. 

Equi-molar amount of mqph and transition metal acetate were dissolved in methanol and 

mixed on a hot stirrer (40 C). Complex formation was confirmed by the change of colors of 
the solution. Solid precipitates were used to as catalyst material. The catalyst (20 wt%) 
was mixed with carbon in ethanol in a mortar, mixed and dried in air. As carbon substrate, 
Vulcan XC-72R (abbreviated as VXC) and Ketjen Black EC300J (abbreviated as KB) were 
used. In some cases two or three kinds of catalysts were mixed with carbon (in total 20 
wt%), and prepared in the same way. The powder was put in a tube furnace, and heat-

treated in Ar gas at 300 through 500 C for 2 hours. 

Evaluation of the catalysts for ORR was made using a rotating ring disk electrode (RRDE). 

Catalysts were loaded on a glassy carbon disk (6mm ) with the amount 0.071 mgcm-2 of 
the electrode area. Three-electrode glass cell was filled with 0.05M H2SO4, bubbled with 
N2 or O2 gas. Working electrode was catalyst loaded RRDE, counter electrode was Au 

wire and reference electrode was RHE. Measurements were made at 25 C, typically at a 
rotation speed of 500rpm. After cycling the potential between 0.05 V and 1.0 V for 30 
minutes, cyclic voltammograms and current-potential curves were recorded at 50mVs-1 
and 5mVs-1, respectively. Four-electron reduction efficiency (%H2O) of ORR was 
calculated from the ring and the disk current. 
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Washi Carbon Paper 

Washi was treated with I2 vapor in a sealed glass vessel for about 10 days, then 

carbonized for 1 hour at 800 C in an electric furnace in the atmosphere of Ar gas [20]. I2 
treatment was essential in order to prevent cellulose from thermal decomposition in 
carbonization at high temperatures. After carbonization, some samples were subjected to 

further heat-treatment in Ar for 30 min at 1400-2600 C. This latter process increased 
crystallization of carbon paper and electric conductivity. 

Membrane electrode assembly (MEA) was made from Nafion 115 membrane and washi 
carbon paper. After hydrophobic treatment with PTFE, washi carbon paper was loaded 
with 20wt% Pt/C catalyst (ElectroChem EC-20-PTC) with 0.6 mg(Pt) cm-2 amount, then cut 

into a 2 2 cm2 piece both for the anode and the cathode. MEA was prepared by hot-

pressing the anode, cathode and the membrane at 135 C, 100 kg cm-2 for 3 min. As a 
reference, commercial carbon paper was also used. 

A single fuel cell installed with MEA was operated with H2/O2 or H2/Air modes at 70 C 
using a fuel cell test stand. Anode gas (H2) flow rate was 50 ml min-1, and cathode gas 

flow rate was 100 ml min-1 O2 or 400 ml min-1 air, both humidified at 60 C. Polarization 
curves were obtained by scanning the potential at 0.12 V min-1, and Ohmic resistance was 
measured by a current interrupter. 

Results and Discussion 

 
Fig. 1: (A) Polarization curves (5mVs-1) of ORR for Mn(mqph), Co(mqph) and Zn(mqph) on VXC 
and (B) cyclic voltammograms (50mVs-1) measured on RRDE. 
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ORR Electro-Catalyst 

Polarization curves of Mn(mqph), Co(mqph) and Zn(mqph) supported on Vulcan XC-72R 
revealed only small activity when used individually as shown in Fig. 1. Cyclic 
voltammograms show specific curves for each catalyst, depending on the central metal. 
For Mn(mqph), redox potential is apparent at 0.3V (note the peak above 0.6V is due to the 
functional groups on carbon), and for Co(mqph), in addition to 0.3V peak, a new peak 
appears around 0.5V, while for Zn(mqph) a new peak appears around 0.6V. 

 

Fig. 2: Polarization curves of ORR for (A) Mn(mqph)+Co(mqph) and (B) 
Mn(mqph)+Co(mqph)+Zn(mqph) on VXC. 

When Mn(mqph) and Co(mqph) are mixed and supported on VXC, a good synergistic 
effect occurs and ORR is enhanced as shown in Fig. 2A. Similarly, when Mn(mqph), 
Co(mqph) and Zn(mqph) are mixed together and supported on VXC, ORR is enhanced as 

shown in Fig. 2B. The heat-treatment temperature was optimized at 400 C. It is to be 
noted that ORR efficiency, %H2O is also improved when the catalysts are mixed. For 
example, %H2O for single components Mn(mqph), Co(mqph) and Zn(mqph) on VXC were 
32%, 47% and 78%, respectively, and for mixed components Mn(mqph)+Co(mqph) and 
Mn(mqph)+Co(mqph)+Zn(mqph) on VXC were 53% and 95%, respectively. 

Carbon substrate affects the ORR behavior, and KB made much more enhanced ORR as 
compared with VXC as shown in Fig. 3A and Fid. 3B. This might be due to the difference 
in specific surface are of carbon substrates, where VXC has 212 m2g-1 and KB has 780 
m2g-1, resulting in better dispersion of the metal complex on carbon surface for KB than for 
VXC. %H2O for mixed components Mn(mqph)+Co(mqph) and 
Mn(mqph)+Co(mqph)+Zn(mqph) on KB were 84% and 93%, respectively. Another 
example was Fe(mqph)+Co(mqph)+Zn(mqph) on KB, but %H2O was lower (73%). 

 

Fig. 3: Polarization curves of ORR for (A) Mn(mqph)+Co(mqph) and (B) 
Mn(mqph)+Co(mqph)+Zn(mqph) on KB. 
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Fig. 4: ORR performances for several combination of mqph catalysts. In each box, top symbol 
shows VXC and bottom symbol shows KB as carbon substrates. ◎: very good, ○: good, △: fair, 
×: poor. Hydrogen oxidation activity is also shown. 

Figure 4 depicts the matrix where ORR performances of several kinds of metal mqph, 
either in single or mixed states, were summarized. There is observed a tendency that Fe, 
Co and Zn would make good ORR electro-catalysts. 

 

Ladder-Step Effect in Mixed Catalysts for ORR – a New Concept 

For transition metals, there is a relationship between the electron spin (i.e., magnetic 
moment) and ORR activity, and it can be assumed that unpaired d electrons of metals can 
interact with unpaired electron of O2 molecules which resides in the anti-bonding orbital of 
O2. In this respect, Fe and Co made good metal centers of the complex. Mn(mqph) and 
Zn(mqph) might have taken a role of electron transfer sites in the mixed catalysts, in 
combination with reaction centers Fe(mqph) and Co(mqph). 

Macrocycles have long been investigated as ORR electro-catalysts, and a mechanism was 
proposed that O-O bond weakening occurs after an electron is added to the anti-bonding 
orbital of O2, which forms reaction intermediates [21]. The redox potential of the central 
metal of macrocycles was correlated to the ORR activity [22], and it was found that the 
structure of macrocycles as well as the central metal modify the redox potential and 
therefore, ORR activity. By utilizing this idea, it is anticipated that smooth electron transfer 
may occur if several kinds of ORR active centers of different redox potentials coexists in a 
catalyst system. ORR may proceed through step-by-step electron transfer processes, and 
by allocating different metal complex to different electron transfer steps, smooth ORR may 
be realized. This is called “ladder-step effect”, which enables a high energy barrier to be 
mitigated by a system of catalysts. 

The role of N ligands in the complex should also be mentioned. In the periodic table, the 
electrons are filled from lower energy levels and in this line N takes 3 unpaired electrons. 
As ligands of the complex, this would make strong interactions with the central metal, and 
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modify its d-electron structure, which favored the adsorption of O2 molecule on the metal 
center. The planar configuration of N ligands on the metal center would facilitate the high-
spin state of the metal [23], and this factor also assisted to result in strong metal-O2 
interactions. 

 

Properties of Washi Carbon Papers and Fuel Cell Performances 

 
Table I. Properties of Carbon Papers after Heat-Treatment. 

Washi 

samples

H.T. 

temp.

Original 

thickness/mm

CP

thickness/mm

Conductivity

S cm-1

App. density

/g cm-3

Sisal

-

1400 C

2200 C

2600 C

0.61

0.38

0.35

0.6

0.39

0.38

0.35

0.34

-

18

23

22

0.3

0.28

0.31

0.33

Gasen

-

1400 C

1800 C

2200 C

2600 C

0.53

0.3

0.29

0.29

0.53

0.29

0.28

0.28

0.27

0.28

7

42.5

45

49

43

0.61

0.52

0.52

0.56

0.53

Gampi

-

1400 C

1800 C

2200 C

2600 C

0.43

0.22

0.23

0.23

0.43

0.23

0.22

0.22

0.21

0.20

-

26

30

34

37

0.4

0.39

0.36

0.38

0.35

Commercial PAN 0.28 100 0.45
 

 

Carbonization of washi brought about the shrinkage of size about 20%, but the original 
fibril structure of washi was retained. Various sources of washi were tested, which are 
listed in Table 1 together with some physical parameters. The electric conductivity (in-
plane) of carbonized washi was less than 10 Scm-1, but it increased to 20-50 Scm-1 after 
the heat-treatment. Gasen showed the highest conductivity and Sisal showed the lowest 
value. The porosity of washi carbon paper ranged between 60 and 80%, while that for 
commercial carbon paper was 78%. 

Figure 5 summarizes the peak power density obtained with washi carbon papers of 
various sources and various heat-treatment temperatures. The cell performance increased 
with increasing heat-treatment temperature, and for some materials the performance 
became comparable to or better than that of the commercial carbon paper. Sisal made the 
best performance, although its electric conductivity was lowest among washi carbon 
papers tested (Table 1). Washi carbon paper outperformed the commercial carbon paper 

at heat-treatment temperatures higher than 1400 C for Sisal, >1800 C for Gasen, 

>2200 C for Gampi, >2200 C for filter paper, but Kouzo was inferior to commercial carbon 
paper at all heat-treatment temperatures. 
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Fig. 5: Peak power density obtained for MEA with washi carbon paper plotted against heat-
treatment temperature. 

Specific Characters of Washi Carbon Paper 

 

Fig. 6: Pore size distribution of washi before and after carbonization at 800 C. Data for commercial 
carbon paper is shown for comparison. 

After investigating the bulk properties in Table I and fuel cell performances in Fig. 5, it is 
expected that bulk properties merely cannot explain the fuel cell performances. One such 
point would be the gas permeability of GDL, and another point would be the interface 
(contact) properties between GDL and polymer electrolyte membrane or the catalyst layer. 

Pore size distribution was measured for two types of washi carbon papers before and after 

carbonization at 800 C, using a N2 gas transmission method. Data on Sisal and Gampi are 
depicted in Fig. 6, together with that of commercial carbon paper. It is found that after 
carbonization Sisal shows pore size distribution very similar to that of commercial carbon 

paper, but for Gampi pore size distribution shifted to smaller pore size of < 10 m. It is 

anticipated that pores of about 20 m size would fit the requirement for good gas 
permeability of GDL. 

The surface morphology of commercial carbon paper observed using a laser microscope 
is shown in Fig. 7A. It consists of straight carbon fibers, and show large opening but large 
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surface roughness. This morphology would be good for gas transport, but in terms of the 
three-phase boundary with gas, electron and H+ accessibility, large surface waving means 
poor adhesiveness with the catalyst layer and the membrane. 

As a good example of washi carbon papers, surface morphology of Sisal heat-treated at 

2600 C after carbonization, is shown in Fig. 7B. Compared with commercial carbon 
papers, washi carbon paper shows fine fibril structure. Sisal revealed large opening 
structure and smooth surface, which might be a positive feature of this material to exhibit a 
high power density of fuel cells. 

 

Fig. 7: Laser microscope images of (A) commercial and (B) Sisal carbon papers. Top: surface 
morphology, bottom: 3-dimensional image. 

Conclusions and Future Prospects 

Non-precious ORR electro-catalysts are desired in the present stage of PEFC 
commercialization. In this respect, simple-structured, easy-to-synthesize and low cost 
metal complexes are good options, due to design flexibility and a wide tailoring possibility. 
A new concept, “ladder-step effect” turns out to be an effective solution in designing ORR 
electro-catalysts. In this concept the organic metal complexes of different redox potentials 
are combined and make a system of catalyst, in which smooth electron transfer is realized 
step-by-step through a high energy barrier of ORR. 

A good synergistic effect was found if Mn(mqph), Fe(mqph), Co(mqph) and Zn(mqph) 

were combined and supported on carbon substrate, then heat-treated at 400 C. After 
screening by RRDE experiments of mixed catalysts, Mn(mqph)+Co(mqph), 
Mn(mqph)+Co(mqph)+Zn(mqph) and Fe(mqph)+Co(mqph)+Zn(mqph) on KB were 
obtained as good candidates of ORR catalysts. Future work should aim at more active 
reaction sites, with higher dispersion of the organic metal complexes on carbon substrates. 
Selection of complexes and carbon materials, and optimization of heat-treatment would 
solve this problem. 
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Japanese paper (washi) was utilized as a new material for the gas diffusion layer (GDL) of 
fuel cells, because of its long fibril structure and medium inherent porosity ranging 

between m to tens of m. After chemical treatment with I2, washi was carbonized at 

800 C in inert atmosphere. This morphology retaining process, especially after further 

heat-treatment at higher temperatures (1000 to 2600 C), resulted in GDL with increased 
graphitic structure and electric conductivity. 

Washi derived carbon papers were tested for fuel cell applications, with promising results 
as compared with commercial carbon papers. It was suggested that specific fibril structure 
of washi exhibited advantages over artificial carbon papers, especially smooth surface and 
good interface contact with catalyst layer and polymer electrolyte membrane. The process 
of carbonization and heat-treatment, which are the major cost factors, should be optimized 
in order to further reduce the cost. 

In this report two examples of low-cost alternatives were proposed, but other materials are 
also of interest, such as hydrocarbon polymer electrolyte membranes and low-cost 
separator materials. In such alternatives not only the cost, but also durability of materials 
should be overcome. It is expected that by further efforts low-cost alternatives would be 
realized in 10 years, and this would lead to true commercialization of fuel cell technology. 
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Abstract 

Electrochemical Impedance Spectroscopy (EIS) is one of the many methods available to 
the researcher in electrochemistry. It can be a powerful method, but to take advantage of 
its capabilities, one should understand the method and the underlying principles. In this 
work voltammetry on a stationary electrode, as well as with a rotated disk electrode (RDE) 
are presented together with EIS results. The examples that are given are on reduction and 
oxidation of vanadium salts in 3 mol/l sulfuric acid, work motivated by the energy storage 
community in redox flow cells. This contribution summarizes highlights, but also pitfalls of 
impedance measurements and their interpretation, as they are relevant to the practice and 
theory of electrochemical work. The most significant component in the equivalent circuit is 
the change transfer resistance, which matches well the voltammetric curves of the RDE 
experiment. A high-frequency artifact can be eliminated by formally fitting it to an inductor 
and resistor of series; both of these components have, however, negative value. 

 

The oxidation states of vanadium 

Vanadium has extremely rich chemistry and from electrochemical point of view it is 
interesting because it exists in a number of different oxidation states. Most of the soluble 
species exist in acidic solutions so the work is usually done in sulfuric acid. 

The reduction from dioxovanadium(V) to vanadyl cation 

 VO2
+ +  2 H+   +  e-  → VO2+   + H2O

   E = + 1.0 V 

Reduction of vanadyl to vanadium +3 

 VO2+  +  2 H+   +  e-   →  V+3  + H2O     E = + 0.34 V 

and reduction of vanadium +3 to +2 

 V+3    +   e-   →   V+2        E = - 0.26 V 

 

The colors are also interesting and can guide during the experiment: VO2
+  yellow, VO2+   

blue,   V+3    green,  V+2   purple. 

Following the standard potential values, one might predict existence of three consecutive 
peaks on a cyclic voltammogram, as demonstrated in this simulation (Fig. 1). 
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Fig. 1: Three consecutive peaks for vanadium species. The cyclic voltammogram is simulated 
using Digisim®. 

The diagram follows the standard potentials from Pourbaix (1). However, as is often the 
case, activation energy can suppress transition between some states and the reactions 
are dependent on the electrode material as well. Thus, for example, Rahman (2) 
demonstrated on glassy carbon transitions from V(II) to V(III) and back and transitions 
from V(IV) to V(V),  but the reaction V(III)/V(IIII) was absent. 

Graphite electrodes for vanadium redox flow cells are preferred for many reasons, 
including cost, but they also have the advantage when used as a negative electrode, since 
the hydrogen evolution reaction there is sluggish (3). Contrary to the prediction of the 
Pourbaix diagram (1), Skyllas-Kazacos and collaborators (4) demonstrated that 2 mol/l 
V(V) in concentrated sulfuric acid will not precipitate over reasonable temperature range. 

The cell utilizing the vanadium redox states is based on two redox processes occurring on 
separate electrodes. The process on the positive electrode will be  

2+ + +

2 2VO + H O e VO + 2 H   

whereas the process on the negative electrode will be 

3+ 2+V + e V  

The third reaction, reduction of vanadyl to vanadium(III) is not used in the working system. 
Fig. 2 shows the general diagram of the operation.  
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Fig. 2: Diagram of the vanadium redox cell. 

Typical parameters for a projected industrial vanadium redox battery are: 

 Vanadium salts 1 mol/l, sulfuric acid 5 mol/l 

 Average cell potential 1.26 V 

 ca. 5 kg of vanadium needed per 1 kW-hr, that is ca. 100 liters of solutions 

 (note that 1 liter of gasoline has energy of 9 kW-hr) 

 cost of vanadium ranges from $21/kg to $2100/kg (lab grade) 

 Cycle time 12 hours (for power generation balancing) 

 Advantage: “mechanically” rechargeable system  

 Possibly low annualized capital cost 

 Drawback - low energy density 

The system is relatively safe, if we discount the concentrated sulfuric acid. Accidental 
mixing of the 1 mol/l cathode and anode solutions will not result in overly dangerous 
reaction. It will be an exothermic process, of course. A 1 mole of (i.e., one liter each) 
oxidant and reducing agent will generate approximately 120 kJ of energy. With estimated 
heat capacity of 5 mol/l sulfuric acid and its density 1.3 g/l, the temperature of the mixture 
will increase by 30 oC, appreciable amount, but not leading to a spectacular conclusion. 

Redox vanadium electrochemical cell is an interesting concept, which dates back to NASA 
patents (5) and early work by Skyllas-Kazacos and Grossmith (6, 7). The work has 
recently received renewed interest and studies were made not only to the chemistry, but 
also to economical feasibility of this scheme (8-12). To study the impedance response on 
the vanadium system was inspired by a recent thesis I had an opportunity to review (3). 
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Fig. 3: (a) A Rotated Disk Electrode experiment on the vanadium redox system. (b) Nyquist and (c) 
Bode plot of impedance taken at the point highlighted in (a). 

The above three figures are an example of a voltammogram taken during a rotated disk 
electrode (RDE) experiment and the resulting impedance (the Bode and Nyqyist plots) 
taken at a point shown. There is certain correlation between voltammetry at a given point 
and impedance data set at the same potential point. Impedance, in some sense, is a 
derivative of the voltammetric curve. Although this explanation holds to some extent, the 
deviations will be discussed later. Impedance methods are fairly common in investigation 
of components for the vanadium flow cells (13-17) or for the cell longevity (18).  

In order to demonstrate feasibility of voltammetric studies, and subsequent impedance 
runs, to study separately the catholyte and the anolyte, we generated appropriate 
electrolyte solutions for each half of the cell electrolytically by passing current through a 
simple H-cell, containing solution of 2 mol/l vanadyl sulfate in 5 mol/l H2SO4. The 
electrodes were platinum, the electrolysis was in a constant current mode at extended (12 
hours) period and gas evolution on both sides was allowed to occur. Fig. 4 shows cyclic 
voltammetry performed on the two solutions obtained after extend electrolysis in the H-cell 
(Fig. 5). 

 

Fig. 4: Voltammogram on a platinum electrode for the catholyte and anolyte, prepared previously 
in the H-cell. 
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Fig. 5: Detail of the H-cell after extended electrolysis of a vanadium salt in 5 mol/l sulfuric acid 
(right side the reduced form, left the oxidized. 

Impedance studies that use the rotated disk electrodes have the advantage that the 
experiment can proceed at relatively constant conditions of a steady state system, as 
opposed to experiments in unstirred solutions where diffusion over time makes the system 
unsuitable for impedance data interpretation. 

Fig. 6 shows a simulated RDE voltammetric sweep with all four components (the four 
oxidation states of vanadium) present in the solution throughout the experiment. Note that 
the components are not present concurrently. Rather, they are generated as the potential 
of the working electrode changes.   

 

 

Fig. 6: Rotated disk electrode potential sweep experiment. (a) redox mixture, (b) only a single 
oxidation state present at the experiment onset. 

The only difference, depending on which of the forms of vanadium is added as the analyte, 
is at shown in Fig. 6b, which shows displacement of the curves along the Y-axis, 
depending on the initial composition of the solution..  

It was observed, however, that even in the RDE experiment, although a steady state is in 
principle achieved on the Pt electrode, a hysteresis is observed, as demonstrated in Fig. 7. 
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Fig. 7: RDE voltammetry experiment on vanadyl sulfate (2 mol/l in 5 mol/l sulfuric acid) at the 
different RPM on smooth platinum. Note the hysteresis of the response at both of the 
hydrodynamic values. 

A systematic study of impedance at various potentials on the RDE curve (Fig. 7 or Fig. 3a) 
wee carried out. Fig. 8 illustrates the Nyquist and the Bode plots as measured at 1.48 V 
vs. SCE. 
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Fig. 8: Impedance response at 1.480 V vs. SCE in 2 mol/l V(III)/V(IV) in 5 mol/l H2SO4 on Pt RDE 
at 1000 RPM. 
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Fig. 9: Nyquist plot of a series of impedance responses taken at different potentials during RDE 
experiment in 2 mol/l V(III)/V(IV) in 5 mol/l H2SO4 on Pt RDE at 1000 RPM. 

Desirable interpretation of the impedance data would involve on “universal equivalent 
circuit” that could be used for all the potential applied. Whereas a simple parallel RC 
circuit, with small constant solution resistance in series would be sufficient at higher 
potentials (e.g., 100 mV vs. SCE, as shown in Fig. 10a, it was not sufficient at lower 
potentials, e.g., 600 mV, Fig. 10b, where an evidence of the Warburg impedance was 
apparent.  

 

Fig. 10: Nyquist plot of the vanadium system on Pt RDE (1000 RPM) at (a) 1000 mV and (b) 
600 mV vs. SCE. 

An equivalent circuit that was useful for fitting of the impedance data at all potentials is in 

Fig. 11. It is a rather complicated diagram. The Warburg impedance (W) on the right hand 

side is used only at lower potentials; otherwise it is excluded.  The constant phase element 
(CPE) with a series resistance R3 is the typical combination used to couple double layer 
capacitance with parallel charge transfer resistance.  The factor n of the CPE was close t0 
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0.9 and thus can be considered capacitance in the first approximation. R1 is the usual 
solution resistance, a parameter that indeed was invariable throughout the measurement.  

 

Fig. 11: An equivalent circuit used for the impedance evaluation. 

A curiosity on in the circuit is the inductance L with a parallel resistor R2, because typically 
inductance is not encountered in electrochemical systems. To understand it inclusion, one 
needs to take a more detailed look at the high frequencies in Fig. 10a, which is shown in 
Fig. 12.  

 

Fig. 12: Impedance data detail for Fig. 10, Nyquist plot of the vanadium system on Pt RDE (1000 
RPM) at 1000 mV. 

At higher frequencies, there is small semicircle, which extends into the second quadrant of 
the Nyquist plot.  Fig. 12 shows in detail both the data point and the nonlinear least square 
fit, which as demonstrated matches the experimental data very well. This additional fit was 
achieved by adding the inductor and the series resistor R2. It should be noted that both of 
these components have however negative values, with L approximately - 20 μH and R2 
approximately - 13 Ω. This impedance behavior at the higher frequencies is caused by the 
time constants of the reference electrode inputs on the Solartron potentiostat. They are 
experimental artifacts. The inclusion of the components simplifies fitting of the whole suite 
of the data; however, the values of these two components have no relevance to the 
electrochemistry on hand.   
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Fig. 13: Value of the charge transfer resistance R3 (line with dots, scale on left, green in on-line 
version), matched along the voltammetric curve of the RDE experiment (solid curve, scale on right, 
red in on-line version). 

The most significant dependence on applied potential had the R3 value of the equivalent 
circuit, already described as the charge transfer resistance. This value relates to the 
electrochemical processes occurring on the platinum electrode of the RDE system. As 
seen in Fig. 13, this resistance reaches maximum at the potential values, where the 
current flowing through the working electrode is near or at zero, indicating lack of any 
electrochemical process. Therefore, at those conditions the charge transfer resistance 
follows, reaching high values, with identical implication; a lack of a redox process.  
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Abstract 

The wettability of channel walls and gas diffusion layer has a great influence on the water 
management of fuel cells. In this paper, a numerical study has been carried out to examine 
the effect of the wall and gas diffusion layer wettability on gas channels. The investigation 
employed a three dimensional numerical simulation using the volume-of-fluid (VOF) 
method to simulate the air-water flow in a straight micro-channel representing a gas 
channel in a PEM fuel cell. Nine combinations of wall and GDL wettabilities were 
investigated. Different wettability combinations were found to give different water 
behaviour. For fixed wall wettability, the pattern of the analysed parameters was changing 
between uniform cyclic, random cyclic and continuous. In addition, it was found that 
changing the GDL wettability has a greater impact on the analysed parameter compared to 
changing the wall wettability. 

Introduction 

Achieving and maintaining a high performance proton exchange membrane (PEM) fuel cell 
can be done by a proper water management (a sufficient membrane hydration and 
effective liquid droplet removal from catalyst layers, gas diffusion layers, and flow 
channels). Since liquid water is formed frequently on the gas diffusion layer (GDL) surface 
in the flow channels, liquid water is an important area of research in the PEM fuel cells (1-
3). Water can be observed in the channels from two sources: 1) condensed water vapour 
from the inlet gas flow, and 2) water formed from the fuel cell chemical reaction in the 
reactions sites and transported from the cathode catalyst layer to the gas channels. The 
behaviour of water droplet in the PEM fuel cell gas channels has been studied through 
numerical simulation and experimental studies. 

A number of experimental studies in the literature (4-6) showed the impact of material 
characterization on the liquid transport and flooding mechanism inside PEM fuel cells. Two 
studies (4,5) investigated the liquid water behaviour in an actual operating fuel cell as a 
function of channel wall wettability. Different PTFE coatings were applied on the channel 
wall surface to change its wettability to get a better understanding on the flooding 
mechanism and through-plane liquid transport. In these studies, a liquid droplet formation 
was observed on the side walls in a hydrophobic coated channel, while a liquid film layer 
was formed by water stretch to the entire wall of the surface in a hydrophilic channel. Zhu 
et al. (6) used a high resolution X-ray imaging system to study the water movement in 
operating fuel cells with two types of graphite channels, hydrophobic and hydrophilic. After 
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operating the cell for a period of time, different water behaviours were noticed. The surface 
properties of the channel walls and diffusion layer found to have significant impact on fuel 
cells water management through their experimental analysis. However, the manufacturing 
and processing cost can be reduced by using mathematical modelling to investigate the 
different phenomena in the fuel cell. 

The volume-of-fluid (VOF) is a mathematical model used to understand the two-phase flow 
in gas channels because it is unique in the way it tracks the interface between the two 
phases. This method was developed in the early 1980s [7]) and in the past decade it was 
a leading method in understanding the behaviour of water droplets in PEM fuel cells gas 
channels (8-12). The wettability effect on liquid droplet behaviour in micro-channels was 
studied qualitatively by Cai at el. (9). They found that the hydrophobicity is advantageous 
in moving the water droplets faster along a surface. However, a hydrophilic side walls are 
more beneficial to gas transportation from the channel into the MEA for both wettability 
scenarios, hydrophobic and hydrophilic, of the MEA from a qualitative point of view. 

On the other hand, Zhu et al. (13-15) tracked the gas-liquid interface in a three-
dimensional flow that included the water emergence into the channel. In their simulation, 
the MEA layer was neglected and they focused on a straight gas channel with a single 
pore in the bottom surface to inject liquid water and represent a GDL. In order to reduce 
computational cost, a small sized domain but representative of the real gas channels in a 
PEM fuel cell was used. They focused on the geometrical structure effect through a variety 
of parametric studies to analyse the liquid water behaviour. An analytical study was 
conducted on water droplet detachment diameter and time, and water coverage ratio with 
different channel cross-section geometries (13). Additionally, an analysis was conducted 
on a simple domain with various GDL contact angles to study its impact on water droplet 
detachment (14). Since the water was injected via a single pore, the droplet didn’t reach 
the side wall and the side wall wettability effect was not included in the study. Recently, 
Zhu et al. (15) carried out more work to study the effect of the side wall wettability on the 
water droplet behaviour by shifting the pore to the side. They found that the behaviour of 
the water droplet only depends on the GDL wettability when it is located at the centreline, 
in addition to achieving the highest pressure drop. On the other hand, shifting the 
emergence location to the side wall showed more significant effect of the side wall 
wettability because of the unavoidable water droplet attached to it.  

In this paper, a quantitative comparison is conducted on different wall and GDL wettability 
combinations for a flooded straight channel. Nine combinations of wettability have been 
mathematically solved and analysed. The analysis and comparison have been based on 
various aspects: 1) the total pressure difference between the inlet and outlet, 2) the 
amount of water contained in the channel, 3) the amount of water covering the GDL 
surface. 

Numerical Method 

Governing Equations 

The simulated flow is assumed to be laminar, isothermal for the two phases in the micro-
channel, air and liquid water, because the range of operating fuel cell current densities 
correspond to a range of Reynolds number of 0 – 2077 (16). Heat generation and heat 
transfer are neglected to simplify the problem. Since the water dynamic behaviour is to be 
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studied, the flow is transient. The governing conservation equations for mass and 
momentum are as follows: 

      [1] 

   [2] 

where  is the velocity vector,  is the density of the fluid,  is the pressure, and  is the 
external force.  

Both equations are used to govern both the motion of air and liquid water in the flow 
channel. A three dimensional numerical model is implemented using the commercial CFD 
package, FLUENT 13.0.0 (17) with the volume-of-fluid (VOF) method, described in the 
following section, was used to determine the motion and deformation of liquid water in the 
channel. 

 

Volume-of-fluid (VOF) method 

The VOF method uses a single set of momentum equations that is shared by the two 
phases. A volume fraction equation is added to track the interface between the phases. A 
volume fraction coefficient determines if a cell is occupied by a certain fluid (17) 

   [3] 

Ck is the volume fraction coefficient at the kth fluid, and the sum of the volume fraction 
coefficient is equal to 1. 

       [4] 

The volume fraction equation needs to be solved at all cells in the computational domain 

      [5] 

The velocity field for the two-phase mixture in the channel is governed by the momentum 
equation presented earlier. Only one set of momentum equations are solved with the 
density and dynamic viscosity being averaged. They are computed, as follows, to account 
for the variable volume fractions of the two-phase air-water system considered here. 

      [6] 

     [7] 

where subscripts 1 and 2 represent the two phases, air and water, respectively.  

Surface tension is accounted for and expressed in terms of the pressure difference across 
the interface. It is dependent on the surface tension coefficient, and implemented in the 
momentum equation as a body force: 

        [8] 

      [9] 
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where ∆P is the pressure jump across the surface, σ is the surface tension coefficient, and 
R is the radius of the surface curvature.  

The curvature  is computed from local gradients in the surface normal at the interface : 

   [10] 

where  is the unit vector normal to the interface between two phases near wall,  is the 

unit vector normal to the walls,  is the unit vector tangential to the walls, and  is the 
static contact angle at the wall where the contact angle is the angle at which a 
liquid/vapour interface meets a solid surface. If it is small, the liquid drop will spread on the 
surface; if it is large, a liquid drop will bead up. 

The importance of the surface tension and gravitational force can be determined using 
dimensionless quantities, the Capillary number, the Weber number, and the Bond number.  

The capillary number, Ca, represents the relative effect of viscous forces to surface 
tension  

       [11] 

Weber number, We, represent the relative importance of the fluid’s relative inertia, or 
kinetic energy, to the surface tension and may be written as follows: 

      [12] 

Bond number, Bo, represents the relative importance of surface tension compared to body 
forces, as follows: 

      [13] 

The water injection diameter D is used as the characteristic length with the density, 
viscosity, and surface tension coefficient of water. In the current simulations of the micro-
channel conditions, the values for the above dimensionless numbers are Ca = 1.4 x 10-2, 
We = 0.7, and Bo = 3.4 x 10-4. The low values of Ca and We numbers indicate that the 
surface tension dominate over viscous force and relative inertia which impose its 
importance. The low Bo indicates that the gravitational force is negligible. 

 

The computational mesh and domain 

The commonly used shape of fuel cell gas channels is rectangular. The bottom wall 
represent a GDL while the other sides’ represent the walls of a fuel cell gas channel. The 
computational domain used in this study is shown in Figure 1. The domain is 0.25 mm x 
0.25 mm in cross section with a length of 1.50 mm (18). With water emerging via three 
pores from the GDL, air flow into the channel from one end to another. The pores are 0.05 
mm in diameter, which is an accepted average of different GDL pore sizes (18,19). 
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Fig. 1: The computational domain used for all calculations. 

The computational mesh used in all simulations is orthogonal with a total number of 
97,812 cells in all cases. A grid dependence analysis was conducted on the mesh by 
changing the number of cells by 25% and 40% on the case of 45˚ wall contact angle and 
135˚ GDL contact angle as well as changing the time step and they all showed a similar 
water droplet behaviour. 

 

Boundary and Initial Conditions 

All calculations have been conducted here have the same boundary and initial conditions. 
Both the channel air and water pore inlet conditions have uniform velocity profiles. An 
outflow boundary condition was chosen for the channel outlet as the details of velocity and 
pressure were unknown at that location. The no-slip boundary condition (20) was imposed 
along the walls of the channel with specified surface tension and contact angle. For 
different wettabilities, different contact angles were assigned. Different contact angles 
result in different surface tension forces influencing the behaviour of water transport. The 
surface tension of water in contact with air is 0.0725 N/m (21) while the contact angles 
were varied according to Table 1. 

Table 1. The calculated wettability combinations 

                       Wall 

    GDL 

Hydrophilic 

45° 

Moderate 

90° 

Hydrophobic 

135° 

Hydrophilic 

45° 

Wall Ө=45° 

GDL Ө=45° 

Wall Ө=90° 

GDL Ө=45° 

Wall Ө=135° 

GDL Ө=45° 

Moderate 

90° 

Wall Ө=45° 

GDL Ө=90° 

Wall Ө=90° 

GDL Ө=90° 

Wall Ө=135° 

GDL Ө=90° 

Hydrophobic 

135° 

Wall Ө=45° 

GDL Ө=135° 

Wall Ө=90° 

GDL Ө=135° 

Wall Ө=135° 

GDL Ө=135° 

 

The calculated inlet values are 10 m/s of air flowing with a uniform velocity from the 
channel inlet and 1 m/s of water injected with a uniform velocity from each pore on the 
GDL surface. The velocities correspond to Reynolds numbers of 160 and 50, respectively. 
The order of magnitude of air velocity is of the same order as flows encountered in 
automotive fuel cells stacks (22). The order of magnitude of water injection is of the same 
order used in ex-situ fuel cell experiments and corresponds to operation under high current 
density and water production rates (23,24). 
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Result and analysis 

The calculations are performed until the water starts to exit the computational domain for 
all wettability combinations. This is made in order to show any cyclic or continuous 
behaviour of the water dynamic motion and determine the duration that the water takes to 
exit the domain. The simulation was performed for an integration time of 3.5 ms. The 
results from all calculations are compared based on three criteria that may affect the 
humidity of the air flowing in the channel and the speed of water movement along the 
channel for their importance on fuel cell performance, although heat transfer and humidity 
phenomena are not included in the simulations. 

 

Pressure drop 

The pressure drop is the difference of the average-area total-pressure of air between the 
channel inlet and outlet. The total-pressure is calculated for each cell at both inlet and 
outlet boundaries. The pressure is averaged for all the cells at a surface to get the final 
pressure. The pressure drop is then calculated by finding the difference between the inlet 
and the outlet values. 

Figure 2a gives a comparison of pressure drop of air flow between the inlet and outlet of 
the micro-channel for the general cases with different GDL wettability. For the hydrophobic 
case the air flow pressure drop is the highest among three cases because water volume 
forms droplets and blocks the air flow due to the surfaces high contact angle. It drops back 
after the detached coalesced droplet moves out of the channel. Afterward, another 
coalesced droplet is formed making a cyclic behaviour. For the moderate case the air flow 
pressure drop is significantly lower than the hydrophobic case however it still gives a cyclic 
behaviour because water volume forms wavy droplets that block less of the air flow. For 
the hydrophilic case the air flow pressure drop is the lowest because water volume forms a 
slug on the GDL due to the surface low contact angle and it has continuous pressure drop 
behaviour. 

Figure 2b,c,d shows the effect of wall wettability on the pressure drop between the inlet 
and the outlet of the micro-channel for different GDL wettabilities (i.e. hydrophilic, 
moderate, and hydrophobic). Figure 2b shows that for a hydrophilic GDL the change in 
wall wettability is insignificant as the pressure increases continuously as time progresses 
until a water film layer is formed on the GDL surface where the average pressure drop is 
~500 Pa. Figure 2c shows a random cyclic pressure drop behaviour for a moderate GDL 
with all wall wettabilities. The formation and continuous movement of wavy droplets 
causes the random cyclic behaviour of the pressure drop where the average peak 
pressure drop is ~700 Pa. Figure 2d shows a cyclic behaviour of pressure drop in a micro-
channel with a hydrophobic GDL, in addition to a more significant role to wall wettability 
compared to the other GDL wettabilities. The pressure drop increases when the micro-
channel is blocked due to water droplets coalescence and since the GDL is hydrophobic 
the droplets are moved easily by the gas flow. The first coalesced water droplet for a 
hydrophilic wall experience the highest pressure drop because of the wall attraction to 
water that makes it to spread on the micro-channel cross-section. The second coalesced 
water droplet for a hydrophilic wall doesn’t experience as high pressure drop because of 
water hysteresis that causes it to spread along the walls as soon as the droplet is 
coalesced. On the other hand, for a hydrophobic wall the second coalesced water droplet 
causes a higher pressure drop than the first coalesced water droplet because of more 
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water content from the first water inlet due to an early previous droplet detachment. The 
figure (cf. Figure 2c) shows an average peak pressure drop of ~2000 Pa. 

a)  b)  

c)  d)  

Fig. 2: Pressure drop in the channel, a) different contact angles for all surfaces, b) different wall 
contact angles for hydrophilic GDL, c) different wall contact angle for moderate GDL,and d) 
different wall contact angle for hydrophobic GDL. 

 

Water in the channel 

Water in the channel is the amount of water contained in the domain at a specific time. It is 
calculated by dividing the number of cells containing water at a specific time by the total 
number of cells in the domain. The amount of water in the channel represents the amount 
of water trapped in the channel due to the surfaces’ wettability which may affect the 
humidity level in the gas channel. It is also necessary to work out any relation to the water 
discharge time. 

Figure 3a gives comparison of water in the channel for the general cases of different GDL 
wettability. The hydrophobic and moderate scenarios are almost the same with the 
moderate scenario occupying more volume of the channel due to the slower movement of 
the wavy droplets and the neutral contact angle of both the GDL and wall. For the 
hydrophilic case water occupies the most among three cases because water spread out 
on all surfaces due to the low contact angle, moreover, It has been noticed that the time of 
the drop in water content is also the time when water move out of the channel. 

Figures 3b,c,d show the effect of wall wettability on the amount of water in the micro-
channel for different GDL wettabilities (i.e. hydrophilic, moderate, and hydrophobic). Figure 
3b shows for a hydrophilic GDL the change of wall wettability from hydrophobic to 
hydrophilic increases the water in the channel from 16% to 18% which is the highest 
among the three scenarios; furthermore the water takes longer to leave the channel as the 
wall wettability is changed from hydrophobic to hydrophilic. Figure 3c shows for a 
moderate GDL the water still takes longer to leave the channel as the wall wettability is 
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changed from hydrophobic to hydrophilic, however water occupy less of the channel 
compared to the hydrophilic GDL scenario (i.e. 10.5% to 12%). Water occupies more of 
the channel in the second coalesced droplet for a hydrophilic wall because of water 
remaining on the wall from the previous droplet. For a hydrophobic GDL (cf. Figure 3d) it 
takes the same duration for the water to start moving out of the channel and the wall 
wettability doesn’t the highest water occupancy especially for the first coalesced droplet 
(i.e. 11%). 

a) b)  

c)  d)  

Fig. 3: Water fraction in the channel, a) different contact angles for all surfaces, b) different wall 
contact angles for hydrophilic GDL, c) different wall contact angle for moderate GDL,and d) 
different wall contact angle for hydrophobic GDL. 

 

Water on the GDL 

Water coverage of the GDL is the area of the GDL that is covered by water. It is calculated 
by dividing the number of cells containing water on the GDL surface by the total number of 
cells forming the GDL surface. Even though the GDL was treated as a solid surface in the 
simulation, the water coverage could be used to understand the amount of water covering 
the GDL and might diffuse back into the MEA. 

Figure 4a gives comparison of water on the GDL for the general cases of different GDL 
wettability. For the hydrophobic case water cover the least among three cases because of 
droplet formation due to high surfaces contact angle. Cyclic behaviour is observed where 
the coalesced droplets move out of the channel when the water volume fraction drops. A 
random continuous behaviour is observed for the moderate case with water volume 
fraction in between the other two cases. For the hydrophilic case the water on the GDL, 
which is the highest among three cases, increases as time progresses due to low GDL 
contact angle and a continuous behaviour is observed. 

Figure 4b,c,d shows the effect of wall wettability on the amount of water on the GDL for 
different GDL wettabilities (i.e. hydrophilic, moderate, and hydrophobic). Figure 4b shows 
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the water on the GDL for the hydrophilic GDL where the hydrophobic wall scenario has the 
highest water coverage due to the water being rejected from the wall for its high contact 
angle, furthermore, since a film layer is formed due to the low contact angle of the GDL the 
water covers the highest among the three scenarios. Figure 4c shows a random behaviour 
of the water on the GDL for a moderate GDL where the hydrophilic wall has the least 
variation water covering the surface and the moderate and hydrophobic wall have a similar 
behaviour. The water on the GDL for a hydrophobic GDL (cf. Figure 4d) has a cyclic 
behaviour with the moderate wall having the highest water content due to the wall contact 
angle that doesn’t move the water away from the GDL toward the wall nor toward the 
centre of the channel. The  hydrophilic wall has the lowest water covering the GDL 
because the low wall contact angle move the water toward the wall corners as soon as it 
reaches the wall surface. 

a)  b)  

c)  d)  

Fig. 4: Water fraction on the GDL surface, a) different contact angles for all surfaces, b) different 
wall contact angles for hydrophilic GDL, c) different wall contact angle for moderate GDL,and d) 
different wall contact angle for hydrophobic GDL. 

Conclusion 

A numerical study has been conducted to examine the effect of different sidewall 
wettability combinations on the dynamic behaviour of water droplets in an air micro-
channel with water injections representing a PEM fuel cell gas channel. Three-dimensional 
CFD modelling was used for the study incorporating the volume-of-fluid method to track 
the two-phase interface. Three pores on one surface were used to inject water into the 
micro-channel. Three contact angles were chosen to represent different wettabilities for 
the wall and GDL. A total of nine simulations were conducted and compared. The main 
findings from this study are: 

Different combinations of contact angles show different patterns for the pressure drop, 
water occupancy in the channel, and water coverage on the gas diffusion layer. 
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Three main patterns of pressure drop and water volume fraction covering the GDL were 
observed in the results, continuous, random cyclic and uniform cyclic. The uniform cyclic 
pattern, which was noticed in the hydrophobic GDL scenario, is more useful for a periodic 
purge to remove water from the gas channel than the other observed patterns. 

The GDL wettability has a greater impact on the water droplet speed and distribution on 
the different channel surfaces than the wall wettability. 

In terms of pressure drop, the increase in GDL contact angle leads to beaded water 
droplet formation that blocks air flow through the micro-channel. The blockage causes an 
increase in the pressure drop along the micro-channel. 

In terms of water occupancy in the channel, the hydrophobic and the moderate GDL 
scenarios showed a similar pattern and similar water occupancy ratio; however, the 
hydrophilic GDL had a noticeable different pattern and higher water occupancy. 
Furthermore, when the wall wettability effect was investigated for each GDL wettability, the 
hydrophilic wall always showed the highest water occupancy. 

In terms of water coverage on the GDL, the hydrophobic GDL had the least water 
coverage. When the wall wettability effect was investigated for each GDL wettability, the 
hydrophilic wall scenarios always have the least fluctuation for the cyclic patterns. 
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Abstract 

In this study, an analysis of the performance in a commercial Open-Cathode Polymer 
Electrolyte Fuel Cell (PEFC) stack is conducted using simultaneous Electrochemical 
Impedance Spectroscopy (EIS) measurements. The factors that limit the performance of 
the PEFC stack were evaluated with EIS measurements and the impedance model 
developed in the authors’ previous study. The results showed that adsorbed intermediate 
species during the oxygen reduction reaction (ORR) limit the PEFC stack performance. 
The activation overpotential in the stack was dominated by low electrocatalytic activity 
from one of the cells. The inhomogeneity of air flow rate for this particular PEFC stack 
played an important role in oxygen transport limitations and ohmic resistance. This study 
has demonstrated that simultaneous EIS is a powerful tool for in-situ diagnosis of a PEFC 
stack. This EIS understanding has enabled an assessment of the state of health and 
performance of the fuel cell stack. 

Introduction 

Polymer Electrolyte Fuel Cells (PEFCs) generate electrical and thermal energy by 
combining hydrogen and oxygen. Open-Cathode PEFCs have to survive under a range of 
operational environments varying from, for example, a winter low of sub-zero air 
temperatures to a summer high relative humidity. They also have to survive under a range 
of atmospheric compositions which can include sulphur dioxide, nitrogen oxides and ionic 
contamination, as well as fuel impurities that can all potentially cause irreversible damage 
to the PEFC (1). The list of critical contaminants is much longer if we also consider the 
effects of battlefield gases for military applications (2). Electrochemical impedance 
spectroscopy (EIS) is a powerful technique that can be applied in-situ for diagnosis of the 
PEFC performance. The resulting impedance is commonly shown in a complex plane and 
represents the electrochemical and diffusion mechanisms in the frequency domain. In this 
study an analysis of the performance of an Open-Cathode PEFC stack using simultaneous 
EIS measurements has been carried out. The objective of this study is to provide an 
insight into the change in impedance of individual cells within a commercial Open-Cathode 
4-cell stack. The electrochemical and diffusion mechanisms in each cell are calculated 
through the theoretical treatment developed in previous studies (3,4); therefore it is 
possible to have an insight into the factors that limit the performance of the PEFC stack.  
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Experimental EIS Measurements 

A commercial Open-Cathode 4-cell stack with a 16 cm2 area was used for the 
experimental tests. The membrane electrode assemblies (MEAs) were made of Nafion 
211 with platinum loadings of 0.4mg/cm2 and carbon black for the electrodes. The gas 
diffusion layers (GDLs) were made of carbon felt with 200µm width. The 4-cell stack 
consists of open cathodes with two 5V DC fans for oxidant supply (as air) and cooling, as 
shown in Fig. 1a. The stack consists of bipolar plates made of FU4369 HT material with a 
thickness of 5 mm.  

 
Fig. 1: a) Open-Cathode Fuel Cell Stack for EIS measurements, 1b) Polarisation curve 

High purity hydrogen (99.999 %) was used during the tests. The fuel cell stack was run in 
a through flow mode at the anode. Flow rate of hydrogen in the anode was kept constant 
during all the experiments with a stoichiometry of 2. The hydrogen supplied was dry. The 
PEFC stack was operated at ambient temperature 22 °C and the hydrogen back pressure 
was held at 0.4 bar(g). Polarisation curves were recorded prior to impedance 
measurements, as shown in Fig. 1b.  
EIS measurements were carried out through a multichannel frequency response analyzer 
FRA (Z#106 WonATech Co). The multichannel FRA consists of five channels and 
simultaneously measures five impedance spectra through a single induced DC current 
value. The multichannel system is connected with a RBL488 Dynaload. The EIS 
measurements were carried out in a galvanostatic mode with a 5% AC amplitude of the 
DC current to obtain a linear response from the system at frequencies from 10 kHz to 
0.1Hz. Five channels from the Z#106 FRA were used to simultaneously measure the 
impedance of the PEFC stack and the impedance solely for each cell. EIS measurements 
were carried out at three different current densities 0.1875, 0.3125, and 0.4375 A/cm2 of 
the polarisation curve shown in Fig. 1b. The PEFC stack was run over 60 minutes at the 
required current with no variation in the voltage to ensure a steady state for EIS 
measurements. EIS measurements for current densities < 0.1875A/cm2 were not possible, 
as the low AC amplitude superimposed onto the DC current made it difficult for the FRA to 
distinguish between noise and response. At high current densities >0.4365 A/cm2 the 
stack was not steady for a long period of time due to the high water concentration 
produced by the oxygen reduction reaction (ORR). 
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Stack Measurements 
The resulting stack impedance is shown in a complex plane and represents the 
electrochemical and diffusion mechanisms in the frequency domain. The diameter of the 
spectrum decreases from a current density of 0.1875 A/cm2 to 0.3125 A/cm2 and 
increases from a current density of 0.3125 A/cm2 to 0.4375 A/cm2, as shown in Fig. 2. 

 
Fig. 2: PEFC stack measured data at 0.1875, 0.3125 and 0.4375 A/cm2 

EIS measurements have limitations and present disadvantages as the low impedance 
values are obscured for low frequencies and some effects are not visible due to a masking 
effect in the impedance plot (5). Therefore the impedance results of Fig. 2 reflect the 
overlapping of two semicircles. One at high-medium frequencies is related to the charge 
transfer resistance during the ORR and decreases with increasing current density, and the 
other at low frequencies is related to oxygen transport limitations and increases with 
increasing current density (6). At high frequencies there is no inductive effect (EIS 
measurements with positive imaginary components Z’’) of the measurement cables which 
deforms the high frequency region of the impedance spectra (7). The sensing cables of the 
FRA were directly connected to the bipolar plates of the PEFC stack. This allowed the 
reduction of inductive effects on the EIS measurements at high frequencies by placing the 
sensing cables from the FRA as far apart as possible from the inductive source. At high 
frequencies, Fig. 2, it is clearly shown that the 45° straight line represents the ionic 
resistance of the catalyst layer as discussed in a previous study (7). At low frequencies 
inductive effects on the EIS results were apparent for the three current densities. Makharia 
et al. (8) suggested that the possible reason for this inductive effect at low frequencies are 
the side reaction and intermediates involved in fuel cell reactions. Roy et al. (9) developed 
an impedance model to account for the reaction mechanisms that may be responsible for 
the inductive response at low frequencies, the model proposes the formation of hydrogen 
peroxide (H2O2) as an intermediate in a two step ORR. It has been reported (10) that 
crossover of hydrogen to the cathode facilitates the reaction of oxygen and hydrogen at 
the cathode, generating hydroxyl and hydroperoxyl radicals which react further to produce 
H2O2 at the cathode. The hypothesis that H2O2 may be formed at the cathode of a fuel cell 
is supported by the results of Inaba et al. (11). 
 
Individual Cell Measurements.  
The use of the multichannel FRA allows the measurement of the impedance response of 
each cell of the PEFC stack simultaneously. The cells were numbered from the hydrogen 
inlet side starting from 1, as shown in Fig.1a. Fig. 3 shows the impedance response for the 
four cells at 0.1875 A/cm2. The four cells show the inductive effect at low frequencies. 
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There is little difference observed in this inductive effect at low frequencies for the cells at 
different positions in the stack. The cell located closer to the hydrogen inlet (cell 1) results 
in a smaller impedance spectrum than the other cells, as shown in Fig. 3.  The second cell 
shows the biggest impedance spectrum which could be related to the structural features of 
the MEA. The measured data from 10 kHz to 100 Hz are similar for cells 1, 3 and 4. The 
difference in impedance response at low frequencies in cells 1, 3 and 4 could be related to 
limitations in oxygen transport through the cathode. 

 
Fig. 3: Measured data for different cells of the stack at 0.1875 A/cm2 

Fig. 4 shows the impedance results of the four cells at a current density of 0.3125 A/cm2. 
The diameters of the spectra decrease with increasing current density from 0.1875 A/cm2 
to 0.3125 A/cm2. When the kinetics of the ORR dominate the cell performance such as in 
the low current density range of the polarisation curve, the impedance spectrum mainly 
represents the charge transfer resistance during the ORR and its diameter decreases with 
increasing current density (5). At a current density of 0.3125 A/cm2 there is an increase in 
the driving force for the interfacial oxygen reduction process. The impedance spectrum of 
cell 3 at low frequencies is bigger than cells 1 and 4. Cell 2 shows the biggest impedance 
spectrum. 

 
Fig. 4: Measured data for different cells of the stack at 0.3125 A/cm2 

Fig. 5 shows the impedance results at a current density of 0.4375 A/cm2. One of the 
disadvantages of the EIS technique is that multiple energy controlled processes during the 
electrochemical reaction can be masked in the impedance plot. Therefore in Fig. 5 the 
semicircles that represent the charge transfer of the ORR and mass transport effects are 
overlapped in the experimental impedance spectra. Similar results were reported by Yuan 
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et al. (12) when EIS measurements were carried out in a H2/air PEFC stack. Their results 
show that EIS measured data feature a single semicircle at high current densities. The 
increase in diameter of the spectra with increasing current density from 0.3125 A/cm2 to 
0.4375 A/cm2 as shown in Fig. 5 is attributed to an increase in oxygen transport limitations 
(6). 

 
Fig. 5: Measured data for different cells of the stack at 0.4375 A/cm2 

Results  

In this study the factors that limit the performance in the Open-Cathode PEFC stack are 
assessed through EIS measurements and the details of the impedance model published 
elsewhere (3,4). It is possible to generate a deeper understanding of the internal 
phenomenological processes by coupling the experimental EIS technique to the 
fundamental electrochemical and diffusion theories. The use of equivalent circuits with the 
experimental EIS technique is a well-established methodology to characterise processes 
in the PEFC. The electrical circuit that models the PEFC spectrum neglecting anode 
contribution contains a resistance that accounts for the polymer electrolyte membrane 
(PEM), GDL and bipolar plate connected in series with a circuit accounting for the cathode 
catalyst layer (CCL), in which for this specific case is the CCL impedance equation 
reported in the previous work (4), as such: 
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 [2] 
RP is the resistance to the flow of ions in the electrolytic phase of the CCL; RC represents 
the charge transfer resistance presented in the ORR and is defined as )/exp(/ 0 bjbR SC η= , 
where b is the Tafel slope, ηS represents a value of voltage in activation overpotential, and 
j0 is the exchange current; ( ) ( ) 5.05.0 /tanh WWWW TiTiRZ ωω=  is defined as the Warburg impedance 
and describes diffusion across a finite dimension in the frequency domain (13), with 

( )DcFzRTR oW
*22/δ=  defined as resistance for the diffusion process and DTW /2δ=  defined as the 

time constant to diffuse oxygen through the CCL; Y represents a parameter related to 
constant phase element (CPE), superscript P represents a parameter to correct the 
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inhomogeneity in the distribution of charge between the electrode-electrolyte inteface; ω is 
the angular frequency;  i is the imaginary component in impedance; Re represents the total 
ohmic resistance to flow electrons and ions in the bipolar plate, GDL and PEM. 
In the authors’ previous study (6) a reference electrode inserted in a PEFC operated with 
100% relative humidity in the anode and a multichannel FRA allowed the separation of the 
impedance response of the cell and cathode. The results showed that the difference 
between cell and cathode impedance responses accounted to anode contribution 
(hydrogen oxidation reaction) becomes negligible at medium and high currents. In this 
study anode contribution can be considered as negligible for the EIS measurements at 
medium and high currents. The simulated data from Eq. 1 were compared with the 
measured EIS data using a Graphic User Interface (GUI) developed in Matlab®. The use of 
the GUI with Eq. 1 for EIS analysis has already been demonstrated in the authors’ 
previous study (6,7). The GUI allows the fitting of the parameters from Eq. 1 to achieve a 
good agreement between the experimental and simulated data. The least squares fitting 
method was used in order to find the best-fit between the model and the measured data. A 
good quality fit is obtained when the sum of the deviations squared (least square error) 
between the simulated and measured impedance data has a minimum value, for instance 
< 0.1. The results show that Eq. 1 cannot reproduce EIS measurements in the positive 
imaginary part of the complex impedance plane at low frequencies as shown in Fig. 6. 

 
Fig. 6: Comparison between measured data and simulated data from Eq.1  

Adsorbed Intermediate Species  
EIS measurements in the positive imaginary part of the complex impedance plane at low 
frequencies are commonly recognised as an inductive loop. This inductive loop has been 
considered a characteristic of systems containing consecutive heterogeneous reactions 
with potential-dependent adsorbed intermediate species (14). Ambrosi and Sarli (15) 
reported that electrochemical reactions that take place within the electrolyte can be 
governed by both the rate constants and the intermediate species adsorbed on the 
electrode. The authors reported an electrical circuit representing a faradaic process with 
adsorption, as shown in Fig. 7. 

 
Fig. 7: Equivalent electrical circuit representing a faradaic process with adsorption 
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Fig. 7 shows that if intermediate species are involved in the ORR, an additional equivalent 
network formed by a pseudo-capacitance CPEAd in parallel with a pseudo-resistance RAd 
should be added in series with the former RC in the RC-CPE combination that represents 
simple reaction kinetics. As the adsorption only covers a fraction of the total electrode 
area, such a fraction fluctuates at the same frequency of the potential but differs in phase 
with it. Ciureanu and Wang (16) reported the same electrical circuit shown in Fig. 7 to 
account for an electrode with adsorbed intermediate species at the interface between 
dissimilar materials i.e. nafion-carbon. 
The second term on the right-hand side of Eq.1 was derived in previous studies (3,4) by 
considering simple reaction kinetics Re

K
eOx ↔+ −  and does not consider adsorbed 

intermediate species during the ORR which can limit the performance of the PEFC. In Eq. 
1 the term expressed as (RC + ZW) represents the total process resistance during the 
ORR, charge transfer resistance RC in series with mass transport resistance ZW due to 
oxygen transport limitations. Bard and Faulkner (17) reported that the overpotential during 
an electrochemical reaction can be considered as a sum of terms associated with the 
different reaction steps: mass transport overpotential, charge transfer overpotential and 
overpotential associated with a preceding reaction. Therefore the electrode reaction can 
be represented by a resistance composed of a series of resistances representing the 
various steps during the electrochemical reaction. If the term representing the process 
associated with the adsorbed intermediate species during the ORR ( )( )Ad

P
AAdAd RiYRZ Ad

d
ω+= 1/  

derived from the circuit in Fig. 7 is put in series with (RC + ZW) in Eq. 1 to consider the total 
process resistance during the ORR as reported by Bard and Faulkner (17). An 
approximate representation for the impedance response of the PEFC considering 
adsorbed intermediate species can be expressed as: 
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If the parameters represented in Eq. 3 are fitted to the measured EIS data using the GUI in 
Matlab® and considering the least square error < 0.1, it is possible to reproduce the 
inductive loop at low frequencies as shown in Fig. 8. 

 
Fig. 8: Comparison between measured data and simulated data from Eq. 3 

The results show that Eq. 3 is able to reproduce the low frequency loop which is related to 
adsorbed intermediate species in the ORR. The electrochemical and diffusion 
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mechanisms of the measured data were calculated through Eq. 3 and the results are 
shown in Tab. I. The parameter RAd that accounts for the adsorbed intermediate species 
during the ORR resulted in a negative number and became more negative with increasing 
current density for all cells, as shown in Tab. I. Bai and Conway (18) demonstrated in their 
work that the inductive loop at low frequencies in electrochemical systems with adsorbed 
intermediate species is related to a negative value of adsorbed species coverage φ 
depending on potential (dφ/dE). Ciureanu and Wang (16) reported EIS measurements in a 
H2/ H2+CO PEFC. EIS measurements showed the inductive loop at low frequencies with 
increasing bias potential. In their study the electrical circuit shown in Fig. 7 was applied 
with EIS measurements and this resulted in negative values for RAd. They concluded that 
the negative values in RAd are a result of the decrease of CO coverage on the electrode 
with increasing bias potential due to oxidation of CO by oxygenated species on the 
electrode-electrolyte interface. The process responsible for the inductive characteristic at 
low frequencies shown in Fig. 8 could be attributed to hydrogen crossover through the 
PEM or bipolar plates to form H2O2 during the ORR as reported by Roy et al. (9). A further 
study to consider crossover of hydrogen through bipolar plates made of FU4369 HT 
material should be investigated. 
 
Charge Transfer Resistance.  
The measured data from 10 kHz to 100 Hz are similar for cells 1, 3 and 4, as shown in 
Figs. 3, 4 and 5. The temperature distribution through this particular stack is not very 
significant in the kinetics of the electrochemical reaction as the measured data in the 
frequency range of 10 kHz - 100 Hz presented the same trend at the same current density 
with an exception for cell 2. The parameter charge transfer resistance RC calculated from 
EIS measurements and Eq. 3 is shown in Tab. I. The charge transfer resistance RC, 
whose dependence on electrode potential is given by the Tafel equation and reflects the 
increase in the driving force during the ORR, remains constant for cells 1, 3 and 4 at the 
same current density. RC is a function of the exchange current density j0, as 
such )/exp(/ 0 bjbR SC η= . A decrease in j0 results in an increase of RC and thus a decrease in 
the activity of the electrode surface is produced. Cell 2 shows a higher RC than the rest of 
the cells at the same current density which can be attributed to low electrocatalytic activity 
in cell 2. Therefore the activation overpotential in the PEFC stack is dominated by the 
charge transfer resistance of cell 2. As expected RC decreases in the four cells with 
increasing current density.  
 

61



13th Advanced Batteries, Accumulators and Fuel Cells Fuel cells and methods 

Table I. Charge transfer resistance RC, mass transport resistance RW and adsorption resistance 
RAd calculated from Eq. 3 

 Rc Ω.cm2 RwΩ.cm2 RAd Ω.cm2 

0.1875A/cm2   
Cell1 0.7712 0.0128 -0.128 
Cell2 0.9312 0.1216 -0.192 
Cell3 0.7712 0.1584 -0.176 
Cell4 0.7712 0.0736 -0.16 
0.3125 A/cm2    
Cell1 0.6544 0.064 -0.136 
Cell2 0.8144 0.176 -0.184 
Cell3 0.6544 0.2304 -0.2 
Cell4 0.6544 0.152 -0.184 
0.4375 A/cm2    
Cell1 0.6336 0.1952 -0.184 
Cell2 0.7568 0.4272 -0.232 
Cell3 0.6336 0.504 -0.328 
Cell4 0.6336 0.3552 -0.248 

 
Ohmic Resistance.  
Fig. 9 shows the high frequency region of the EIS measurements at the three different 
current densities. The measured data of cell 2 are not shown in Fig. 9 as the data of this 
cell from 10 kHz to 100 Hz showed a different trend compared to the rest of the cells as 
shown in Figs. 3, 4 and 5. Cell 3 shows a slightly higher ohmic resistance than cell 1 and 4 
at the three current densities, this effect can be noticeable in the real part Z’ at 10 kHz of 
the measured data, as shown in Fig. 9. The increase in ohmic resistance could be 
attributed to dehydration in the PEM which may have been caused by an increase in 
reaction generated heat in cell 3. Ohmic resistance seems to be more sensitive than 
charge transfer resistance to the temperature distribution through the stack. 

 
Fig. 9: High frequency EIS measurements for cell 1 ◊, cell 3 ∆ and cell 4 ○; a) 0.1875A/cm2, b) 
0.3125 A/cm2, c) 0.4375 A/cm2 

Oxygen Transport Limitations.  
The mass transport resistance RW, due to gaseous oxygen transport limitations and as a 
function of the gaseous oxygen equilibrium concentration in the CCL-GDL interface, 
increases with increasing current density for all cells, as shown in Tab. I. Cells 2 and 3 
show higher mass transport resistance than cells 1 and 4. Cell 3 shows the highest mass 
transport resistance as shown in Fig. 10. The increase in mass transport resistance of cell 
3 could be attributed to high water concentration produced by the ORR which affects the 
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transport of oxygen to reach the reaction sites in the CCL; however the increase in ohmic 
resistance (PEM dehydration) in cell 3, shown in Fig. 9, demonstrates a contrasting case.  

 
Fig. 10: Estimation of mass transport resistance in each individual cell 

Santa Rosa et al. (19) studied the effect of critical conditions on an Open-Cathode 8-cell 
stack operated at ambient temperature and pressure. Three different fans for oxidant 
supply and cooling were used to investigate how the air flow rate affects the stack 
performance. A 5 V DC fan was found to be the best option because it ensures enough 
stack cooling and oxidant supply. The authors concluded that a fan with lower voltage 
affects the stack performance at medium-high currents because lower air fan flow rate 
cannot expel excessive reaction generated heat which in turns leads to dehydration in the 
PEM (high ohmic resistance). In this study, simultaneous EIS measurements demonstrate 
that inhomogeneity of air flow rate in an Open-Cathode PEFC stack not only leads to an 
increase in ohmic resistance but also leads to an increase in oxygen transport limitations 
in the cells. Limitations in air flow rate decrease the gaseous oxygen equilibrium 
concentration in the GDL-CCL interface and increase mass transport resistance. The 
position and distance of the fans with respect to the open cathodes in this particular stack 
played an important role for oxygen transport limitations. Two 5V DC axial fans were 
centred 1cm over the open cathode of cell 3 as shown in Fig. 1a. Air enters the fan evenly 
as it follows the physics of moving from a high pressure area into a low pressure area. The 
air then spreads outwards as it leaves the fan due to a centrifugal force. This results in a 
vacuum area absent of air flow in the centre of the fan and therefore the majority of the 
airflow is around the sides of the fan. A fan characteristic curve (FCC) presents three 
typical regions for axial fans: a stalling, an unstable and an optimal operating region (20). 
Sasmito et al. (20) reported that the interception between the operating point of an Open-
Cathode fuel cell stack and a FCC should be located in the optimal operating region and 
be sufficiently far away from any unstable and stalling region. With most fans there is no 
air flow right in the centre of a fan. The majority of the airflow is around the sides of the 
fan; this effect limits the pressure within the open cathode in cell 3 and thus the operating 
point of cell 3 corresponds to the stalling point in the FCC. This effect could explain the 
increase in oxygen transport limitations and the increase in reaction generated heat in cell 
3 which increases the ohmic resistance. 

Discussion 

The inhomogeneous performance along a PEFC stack can be monitored with the use of 
simultaneous EIS measurements. One of the disadvantages of the EIS technique is that 
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multiple energy controlled processes during the electrochemical reaction can be masked in 
the impedance measurements. The interpretation of the electrochemical and diffusion 
mechanisms which are truly happening in a PEFC stack can be unveiled by relating the 
electrochemical impedance data to the fundamental theory of PEFCs. It is possible to 
diagnose degradation in MEAs which yield low electrochemical activity in the electrodes 
through experimental EIS and modelling. Oxygen transport limitations due to flooding can 
be diagnosed at low frequencies of EIS measurements. EIS measurements can also 
provide a direct correlation about variations in air flow through the open cathodes in an 
Open-Cathode PEFC. Finally another common effect limiting the stack performance is the 
presence of adsorbed intermediate species during the ORR. This effect has been 
identified in EIS measurements as an inductive loop at low frequencies. Open-Cathode 
PEFC stacks are exposed to a range of atmospheric compositions which can include 
sulphur dioxide, nitrogen oxides, ionic contamination, carbon monoxide, etc. This level of 
understanding is critical to industry to drive the development, optimisation and running of 
PEFCs as reliable commercial products. A further investigation to include poisoning effect 
on Open-Cathode PEFCs which is normally represented in the positive imaginary part of 
the complex impedance plane at low frequencies will be researched in future work. 

Conclusions 

This study has demonstrated that simultaneous EIS is a powerful tool for in-situ diagnosis 
of a PEFC stack. EIS measurements that account for each cell in an Open-Cathode PEFC 
stack were compared with simulated data from the model reported in the authors’ previous 
study (3,4). The model was modified to include adsorbed intermediate species 
mechanisms during the ORR and the results showed a good agreement between 
measured data and simulated data. Electrochemical and diffusion mechanisms for each 
cell in the PEFC stack were calculated through EIS measurements and the model. The 
results showed that the activation overpotential in the whole PEFC stack is dominated by 
low electrocatalytic activity in one of the cells. The results also showed that oxygen 
transport limitations and ohmic resistance are attributed to variations in flow of the air 
through the open cathodes in the stack. The results also revealed that adsorbed species 
during the ORR limit the performance of the PEFC stack. Further experiments to account 
for the exact intermediate species should be carried out. This newly established EIS 
knowledge will enable an assessment of the state of health of operational fuel cell stacks. 
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Abstract 

The effect of image resolution on gas permeability through the x-ray reconstructed carbon 
paper gas diffusion layer (GDL) of a polymer electrolyte fuel cell (PEFC) is examined in 
this paper. The 3D models of the GDL at 6 different resolutions are obtained by the x-ray 
tomography imaging technique. Each GDL image is then characterized its gas 
permeability through the lattice Boltzmann (LB) numerical method. The results suggest 
that the image resolution has a great impact on gas permeability in both principal and off-
principal flow directions. The coarser resolutions can contribute to significant changes in 
the resulting permeability. However, it can reduce computational time to a great extent. 

The results also indicate that the GDL image at the resolution of 2.72 m provides a good 
compromise between computational time and accuracy. 

Introduction 

Gas diffusion layer plays an important role in the overall performance and durability of a 
PEFC by serving several functions including providing pathways for reactant gases to 
access the reaction sites; product water removal; heat and electronic transport and also 
serving as a mechanical support for the membrane. The GDL is a heterogeneous porous 
carbon-based material typically made of woven carbon cloth or non-woven carbon paper 

with a thickness in the order of 100 m (1). To date, experimental measurements of fluid 
flows and related parameters in the diminutive structure of the GDL remain difficult. 
Therefore, several numerical models have been extensively developed and applied to 
examine fluid transport through the GDL.  

Among various approaches, the particle-based LB method has been increasingly utilized 
to investigate fluid transport in porous GDL structures. This is because it has the capability 
to implement boundary conditions in such complex geometries by imposing the bounce-
back scheme where it is assumed that any particle that hit the solid boundaries simply 
bounce back to its original position (2). With such treatment, the LB method is technically 
superior to the conventional CFD method where the incorporation of boundary-fitted grid in 
a complicated boundary is extremely difficult.  
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Recently, in order to accurately reflect the actual GDL as manufactured, the x-ray 
computed tomography reconstruction technique has been employed to generate 3D 
representative structures of GDL samples. The combination of the two advanced 
techniques has also been successfully applied to study fluid movement through PEFC 
GDLs in recent publications (2-8). However, the high computational demand of the LB 
method together with a tendency to use the highest available resolution of the x-ray 
images has limited its application to analyze only a very small volume of the GDL. With 
such high resolutions, the LB flow simulation is also extremely time-consuming.  

In this work, the effect of image resolution on gas permeability through the x-ray 
reconstructed GDL is examined by using the LB method. The binary 3D models of the 
GDL at 6 different resolutions are acquired by using the x-ray imaging technique. Each 
image is then integrated into a single-phase LB numerical solver to characterize its gas 
permeability. The resulting permeability, its sensitivity to the resolution variation and the 
computational time are analyzed to identify the optimum resolution for the representative 
model of the GDL.  

Methodology, Results and Discussion 

 

Lattice Boltzmann method 

In this study, the three-dimensional single-time relaxation LB model is used to simulate 
gas flow through the GDL. Principally, the LB method tracks the movement and collisions 
of a number of fictitious fluid particles in a lattice domain. The movement of each fictitious 

particle is described by the particle distribution function  ,if x t  which defines the mass 

of a particle at location x and time t moving with the velocity i  along the direction i  

 
1
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if x t   is the value of ,if x t  at an equilibrium state and  is the dimensionless 

relaxation parameter that control the rate at which ,if x t  approaches ,eq

if x t . For 

incompressible flow, the ,eq

if x t  is calculated from  
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where iw  is a weighting factor depending on the magnitude of the velocity i , cs is the 

speed of sound. The fluid density  and fluid velocity u are obtained by summing the 

corresponding moments of all incoming particles at each node in the lattice domain as 
follows 
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The D3Q19 LB scheme is employed in this work where fluid particles in each lattice node 
are able to move in 19 directions from the origin in the 3-dimensional regime as shown in 
Figure 1. 

 

Fig. 1: The 19 velocity directions in the D3Q19 LB scheme. 

The LB implementation involves a collision step and a streaming step. In a collision step, 
the term on the right-hand side of Eq.[1] is calculated as 

* , , ( , ) ,eq

i i i if x t f x t f u f x t . The streaming step moves the outcomes of 

collisions * ,if x t   from the location x to the nearest location ix t  along their direction 

of motion at time t t  to become *, ,i i if x tξ t t f x t . After the streaming step has 

been completed, the gas density  and velocity u for each node in the lattice domain is 

then updated through , ,
i

x t t f x t t  and 0 ,ii
u f x t t , respectively (2). 

 

Permeability calculation 

In this work, the permeability of the GDL is calculated from the detailed gas velocity 
distribution across the domain at the microscopic scale obtained by the LB simulation. The 
absolute permeability of the GDL at macroscopic scale is defined by Darcy’s law as  
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where  is the gas density, q  is the average gas velocity through the GDL in the direction 

of the pressure gradient, P  is the applied pressure gradient across the GDL image, L is 
the size of the domain and    is the dynamic viscosity. The dynamic viscosity is related to 

the dimensionless relaxation time as follows  
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 2 0.5 / 3x t    [6] 

By applying a pressure difference in the through-plane direction, gas can also flow in the 
in-plane direction. The three components of permeability tensor in principal and off-
principal flow directions can be calculated as  
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where xq , 
yq , zq  are the average velocities and xL , 

yL , zL  are the sizes of the domain in 

x-, y- and z-directions, respectively. The average velocities in the three directions are  
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Digital 3D model 

In this study, the digital image of a carbon paper GDL sample is originally generated at the 

resolution of 0.68 m/pixel through the x-ray tomography imaging technique. In general, 
there are three key steps to generate the 3D images including progressive 2D imaging via 
x-ray tomography, image processing, and digital 3D reconstruction. The details of image 
acquisition and reconstruction of the GDL were reported in (2, 3).  

In order to examine the pixel size effect on the absolute permeability, a number of 3D 
images are then further generated based on the original resolution starting with 2 times up 
to 6 times larger than the original pixel size.  Therefore, the GDL images with the 

resolution of 0.68, 1.36, 2.04, 2.72, 3.40, and 4.08 m/pixel, respectively are employed to 
study the impact on the resulting permeability.  

The reconstructed GDL sample with the size of 211 m  204 m  224 m and the 
domain division into 4 regions is illustrated in Figure 2 and 3 while Figure 4 compares the 
images of the 6 different resolutions of region 1 used in this study. The size of each region 
in voxels and physical dimensions for each resolution are shown in Table I.  
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Fig. 2: 3D image of the GDL sample with domain division into 4 regions. 

 

 

Fig. 3: 2D image of the GDL sample with 4 regions of interest. 

 

Table I. Image size for each region of the 3D GDL image with 6 different resolutions. 

Resolutions 

( m/pixel) 

Image size in voxels Image size in m 

x y z x y z 

0.68 155 150 329 105.40 102.00 223.72 

1.36 78 75 164 106.08 102.00 223.04 

2.04 52 50 109 106.08 102.00 222.36 

2.72 39 38 82 106.08 103.36 223.04 

3.40 31 30 65 105.40 102.00 221.00 

4.08 26 25 54 106.08 102.00 220.32 
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Fig. 4: 3D images of region 1 with 6 different resolutions including 0.68, 1.36, 2.04, 2.72, 3.40 and 
4.08 m/pixel, respectively. 

 

Simulated permeability 

The single-phase LB model with the D3Q19 scheme is applied to each of the 4 regions of 
the GDL images reconstructed with the 6 different resolutions including 0.68, 1.36, 2.04, 

2.72, 3.40 and 4.08 m/pixel.  To simulate the gas flow through the GDL, the pressure 
difference of 10 Pa is applied to each region and the entire void space is assumed to be 
filled with air. The principal flow direction is set in the through-plane direction along the 
GDL thickness. The detailed gas velocity field obtained from the LB simulation is then 
used to predict the gas permeability through the simulated GDL domain by using Darcy’s 
law. All simulations are carried out on a quad-core 2.33 GHz workstation with 3.25 GB 
RAM. 

Figure 5(a)-(c) illustrate the simulated permeability when the pressure gradient is imposed 
in the principal through-plane flow direction (z-direction) and the simultaneous permeability 
in the off-principal in-plane flow directions (y- and x-directions). According to Figure 5(a)-
(c), the gas permeability in all flow directions varies locally among each simulated region 
thus the means are properly considered as the representative values for all regions. The 
mean simulated values of the gas permeability both in principal through-plane and off-
principal in-plane flow directions, and the average calculation time for each of 6 resolutions 
are given in Table II.  

The results indicate that the variation of the image resolution contributes to a great 
difference on the predicting permeability in all flow directions. Assuming that the GDL 

image reconstructed by the original resolution of 0.68 m provides the most accurate set 
of permeability values, all sets of results over the range of resolutions show that the 
differences are up to 30%, 32% and 26% for the resulting through-plane permeability and 
in-plane permeability in y- and x-directions, respectively as illustrated in Figure 6. For the 
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through-plane direction, the lowest resolution of 4.08 m gives a largest difference in the 

resulting permeability as in the x-direction while the 3.40 m resolution causes the greatest 
increase in permeability in the y-direction. On the other hand, these two coarsest 
resolutions lead to a massive reduction in terms of computational time from approximately 
1620 minutes per each region of the original resolution to just about 1 minute as shown in 
Table II.  

 

 

 
Fig. 5: Simulated absolute permeability in (a) through-plane direction (z-direction); (b) in-plane y-
direction; (c) in-plane x-direction; for the 4 regions with 6 different resolutions including the mean 
values. 
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Figure 6 also illustrates that the 1.36 m image resolution produces the least difference of 
7.1% from the original resolution for the through-plane permeability as expected. However, 

the image resolution of 2.04 and 2.72 m offer the more accurate results with only 2.8% 
and 0.3% difference for the in-plane y- and x-direction, respectively while the differences 

are more than 13% and 8%, respectively for the case of 1.36 m resolution. This therefore 
demonstrates that the higher resolution does not always provide the more accurate results 
than the lower resolutions. 

The results also indicate that the GDL image at the resolution of 2.72 m provides a good 
compromise between accuracy and simulation time. The resulting permeability values are 
less than 8%, 5% and 0.3% difference for the through-plane direction and in-plane in y- 
and x-direction, respectively while the calculation time reduces greatly to just 4 minutes 

which is approximately 400 times less than the original resolution. By utilizing the 2.72 m 
resolution, simulations are also able to analyze the gas flow characteristics in a 64 times 
larger in terms of domain size. 

Table II. Mean simulated through-plane, in-plane permeability in y- and x-direction and calculation 
time in each region of 6 different resolutions. 

Resolutions 

( m/pixel) 

Mean through-plane 

permeability 

(mm
2
) 

Mean in-plane 

permeability 

y-direction 

(mm
2
) 

Mean in-plane 

permeability 

x-direction 

 (mm
2
) 

Mean Calculation 

time 

(min) 

0.68 15.7332 1.2022 1.0981 1620 

1.36 14.6168 1.3642 1.1893 63 

2.04 12.5515 1.2353 1.1845 10 

2.72 14.3591 1.2612 1.1006 4 

3.40 17.2916 1.5874 1.2636 1 

4.08 20.2754 1.4397 1.3783 <1 

 

 

Fig. 6: Percentage difference on the mean permeability in the through-plane direction and in-plane 
in y- and x-direction of the GDL images at resolutions of interest, comparing with the 0.68 m 
resolution image.  
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Conclusions 

This study was conducted using the LB method and the x-ray computed tomography 
technique. The 3D models of the GDL at 6 different resolutions were generated via the x-
ray reconstruction technique. Each of the images was then incorporated into the LB solver 
to predict its permeability. The effect of image resolution on gas permeability through the 
representative models of the actual GDL was studied. It was found that the resolution 
variation has a great impact on the resulting permeability in both principal and off-principal 
flow directions. The coarser resolutions contribute to significant changes in resulting mean 
permeability up to 30% and 32% for the principal and off-principal flow directions, 
respectively. Conversely, the average calculation time reduces greatly from 27 hours to 
less than 1 minute over the range of resolutions. The results also suggest that the GDL 

image at the resolution of 2.72 m, a 4 times larger than the original resolution, gives a 
good compromise for permeability simulation. In addition, with this resolution it is possible 
to investigate gas flows in a 64 times larger domain. 

In conclusion, it is worth considering the effect of image resolution to identify an optimum 
resolution for the representative GDL model which potentially improve computational 
efficiency in terms of simulation time reduction then substantially lowering computational 
costs or even allow simulation in a greater GDL volume while the accuracy is still 
satisfactory.  
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Abstract 

The use of biofuel cells (BFC) is a promising approach to generate electricity. Among 
different kinds of BFC glucose-based enzymatic BFC is a good option to power 
implantable devices due to the high availability of the fuel (glucose) in body fluids. 
Moreover, it shows excellent catalytic selectivity and good chemical safety. In this paper, 
the kinetics of the detailed energy conversion processes especially for anode, occurring 
inside the BFC system, have been investigated from both an experimental and theoretical 
point of view. The proposed model describes the glucose oxidation at the anode of a BFC 
and includes the diffusion for all (electro-) chemically active species. The modeling results 
considering the reaction orders are qualitatively and quantitatively in good agreement with 
the experimental results. 

Introduction 

The challenges in the area of developing power sources for implantable devices have 
motivated the industry and research institutes to work on various advanced energy 
systems (ES) and low-power electronics. As a result, various types energy harvesting, 
electricity storage systems, and low-power electronics technologies are under investigation 
or penetrating the market (1). Among these, biofuel cells (BFC) are promising to generate 
electricity, enabling long-term autonomous operation and miniaturization of medical 
implants. In combination with energy storage and appropriate energy/power management 
as schematically indicated in Fig. 1 (2, 3), BFC are an essential power source for future 
miniaturized implantable applications. 
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Fig. 1: Block scheme of a fuel cell device integrating the Bio-Fuel Cell, power management, and 
energy storage. 

The glucose-based enzymatic biofuel cells seem to be the most promising candidate for 
the applications in implantable devices due to the highly specific and active enzymes and 
the fuel abundance in body fluids (3). The working principle of such BFC is schematically 
shown in Fig. 2. Glucose oxidase (Gox) and Laccase (Lac) are examples of biocatalysts 
for the anode and cathode, respectively. FAD is the active centre of Gox. Glucose and 
oxygen are used as fuel and oxidant, respectively. The cell voltage (∆E) is determined by 
the formal potential of the two redox mediator molecules (M and M’) reacting at the surface 
of the anode and cathode separately. 

 

Fig. 2: Working principle of glucose-based enzymatic fuel cells. The voltage is defined vs. the 
Ag/AgCl reference. 

The electronic coupling between the enzyme active centers and electrodes is the key 
factor influencing the performance of a BFC (4). As the active centers of most redox 
enzymes are buried deep inside the isolated protein matrices it is, however, very hard to 
achieve direct electron transfer between the enzymes and electrodes. A way to overcome 

this problem is to employ 2( ) ( )Glucose Gox FAD Gluconolactone Gox FADH  a mediator, a 

small organic molecule or metal complex, to assist electron transfer. Ferrocene-carboxylic 
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acid (Fc) is a stable one-electron exchanging mediator for Gox (5). The detailed anode 
reactions involving Fc as mediator are shown in Eq.1-3. Glucose is homogeneously 
oxidized in the electrolyte by glucose oxidase (Gox(FAD)) to become gluconolactone. FAD 
will obtain two protons and two electrons to become FADH2 during the catalytic reaction 
(Eq.1). The reduced form of glucose oxidase (Gox(FADH2)) will chemically transfer two 
electrons to two oxidized ferrocene-carboxylic acid molecules (Fc+) and release two 
protons (Eq.2) that will be transferred through a membrane to the cathode. The reduced 
form of ferrocene-carboxylic acid (Fc) finally reacts at the electrode surface to form its 
oxidized state again, releasing electrons through which the current is generated (Eq.3). 

 2( ) ( )Glucose Gox FAD Gluconolactone Gox FADH
 [1] 

 2( ) 2 ( ) 2 2Gox FADH Fc Gox FAD Fc H
 [2] 

 2 2 2Fc Fc e (at electrode surface) [3] 

Regarding (electro) chemical kinetic studies and theoretical modeling of such BFC 
reactions only a few reports can be found in the literature. For instance, in the theoretical 
work by Kjeang et al. a conceptual model for an enzymatic fuel cell was shown, without 
presenting experimental details (6). They tried to optimize the structure of a microfluidic 
enzymatic fuel cell, involving three-step-catalyzed methanol oxidation. Delle Noci et al. 
used a one-dimensional numeric model to obtain kinetic information from cyclic 
voltammetry experiments (7). Ohgaru et al. adopted some empirical relationships to 
estimate the kinetic parameters of the enzymatic driven reactions (8). 

The optimization of the BFC performance requires a deeper understanding of the energy 
conversion processes. This can be achieved by developing models describing the BFC 
thermodynamics and kinetics. For this purpose a detailed kinetic study and a systematic 
model description of the homogeneously mediated BFC anode reactions has been set up 
in this paper.   

Experimental 

Gox (160 kDa) was selected as catalyst for anode. And Ferrocene-carboxylic acid was 
used as mediator. The solution was bubbled with argon or nitrogen to eliminate dissolved 
oxygen.  Both enzyme and mediator were dissolved in 20 mL electrolyte, consisting of a 
0.067 M Phosphate Buffer Solution (PBS) of pH=7.2. During this experiment, a glassy 
carbon disk electrode was used as working electrode, Ag/AgCl as reference electrode and 
a porous, high surface area, Pt electrode as counter electrode. Before the electrochemical 
measurements, the glassy carbon disk electrode was polished to a mirror-like surface 
using 0.3 µm Al2O3 powder followed by a 0.05 µm Al2O3 polishing step. Then the polished 
electrode was ultrasonically cleaned in distilled water and ethanol, successively, to remove 
the adsorbed alumina particles. Finally, the electrode was dried in air. The geometric 
surface area of the glassy carbon electrode is 0.18 cm2. 
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Fig. 3: Block scheme of the BFC test set-up. 

The experimental set-up shown in Fig. 3 consisted of a potentiostat (PGSTAT30 from 
Metrohm-Autolab, the Netherlands), an in-house developed glass electrochemical  
3-electrode cell with a gas supplying system and a personal computer (PC).  

Different electrochemical methods, i.e. Cyclic Voltammetry (CV), and Chronoamperometry, 
were employed to measure the anode performance in a half-cell configuration under a 
wide range of experimental conditions. All electrochemical measurements were performed 
at room temperature and all potentials in the half cell experiments are given with respect to 
the Ag/AgCl reference electrode (0.198 V vs. NHE).  

The most relevant experimental data will be shown in the comparison with following results 
of the theoretical studies. 

Mathematic modeling and simulation 

The kinetics of enzymatic-driven reactions have, in general terms, been studied by 
Bisswanger et al. (9). To improve the performance of BFC further, the reaction kinetics of 
the glucose oxidation reaction have been investigated in more detail. The mathematic 
description of the complex reaction sequence, given by Eqs. 1-3, has been set up and will 
be presented in this section. 

The glucose oxidation is based on a shuttle mechanism for homogeneously mediated 
reactions, which is appropriate for the current BFC system with Fc as mediator and Gox as 
enzyme. Our mathematical model includes Nernst-Planck diffusion and migration for all 
(electro) chemically active species involved and allows us to mathematically derive the as-
denoted Michaelis-Menten equation. The most relevant simulations performed with this 
model will be described in this section. The simulations will be validated with experimental 
results. 

The simplest description of the enzyme-driven reaction kinetics under steady-state 
conditions is based on the work of Michaelis and Menten (10) and considers just one 
catalyzed reaction. For the presently described BFC system, a mediator is used to couple 
the homogeneous reaction, occurring at the active sites of the enzyme, to the charge 
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transfer reaction at the electrode, making this reaction sequence much more complex. The 
mathematical description of Michaelis-Menten has therefore to be expanded significantly. 
Eq.4-6 show the (electro) chemistry of the enzyme- and mediated-catalyzed glucose 
oxidation reaction (see also Eq.1-3)  

 

1
2

1

k k

ox redk
E G EG E P

 [4] 

 

3
4

3
22 2 2

k k

red ox ox redk
E M EM E M H

  [5] 

 

5

5

k

red oxk
M M e

 [6] 

in which glucose is denoted by G, the reaction product gluconolactone by P, the oxidized 
and reduced form of the enzyme (E) by Eox and Ered, respectively and the oxidized and 
reduced form of the mediator (M) by Mox and Mred, respectively. EG and EM2 are the 
intermediate reaction products. 

The concentration of the species j in this reaction mechanism will be denoted by Cj. Each 

concentration depends on time and distance to the electrode surface, i.e. C C ( , )j j tr . The 

position r operates within 3-dimensional space as =(x, y,z)r  and hence 3Rr . The gradient 

operator is
, ,

x y z  and, consequently,                           . For each reacting species 

the Nernst-Planck fluxes [mol m-2 s-1] can be defined, assuming that polarization effects 
can be neglected. 

 j j j jD C C uJ
 [7] 

where ( , )j j tJ J r   is the flux of species  j [mol m−2 s−1] at position r  at any moment of 

time t, jD  is the diffusion coefficient of  j [m2 s−1], jC  is the concentration gradient [mol 

m−4] and ( , )tu u r  is the velocity of the solvent [m s-1] at position r  at any moment of time 

t. Herewith it is assumed that no convection takes place in the electrolyte and u  is, 
therefore, considered zero. The development of the concentration profiles can then be 
described by the following dynamic Partial Differential Equations (PDEs) in Eq.8-16. 
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Conservation laws (mass balances) for both the mediator and the enzyme require that: 

 red ox 2M M EM( , ) ( , ) ( , )C t C t C t dr r r r
 [17] 

and 

 red ox 2E E EG EM( , ) ( , ) ( , ) ( , )C t C t C t C t dr r r r r
 [18] 

are constant. Under steady-state conditions the concentration gradients are fixed which 

implies that
oxEC

t , 
EGC

t , 
redEC

t   and 
2EMC

t  are zero. Equations 8, 9, 11, 13 can then be 

rewritten as: 

 2Eox 1 G Eox 1 EG 4 EM0 k C C k C k CJ
 [19] 

 EG 1 G Eox 1 EG 2 EG0 k C C k C k CJ
 [20] 

 2

2

Ered 2 EG 3 Ered Mox 3 EM0 k C k C C k CJ
 [21] 

 2 2 2

2

EM 3 Ered Mox 3 EM 4 EM0 k C C k C k CJ
 [22] 

When furthermore changes in concentrations of the intermediate species ( EGC  , 2EMC , 

oxEC and redEC ) across the bulk of solution are neglected and the conservation law for the 

amount of enzyme in various forms ( EC ) is considered, this leads to: 

 ox 21 G E 1 EG 4 EM0 k C C k C k C
 [23] 

 ox1 G E 1 EG 2 EG0 k C C k C k C
 [24] 

 red ox 2

2

2 EG 3 E M 3 EM0 k C k C C k C
 [25] 

 red ox 2 2

2

3 E M 3 EM 4 EM0 k C C k C k C
 [26] 

 ox red2E EG EM E EC C C C C
 [27] 
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The overall reaction rate r of the anode reaction can be expressed by the conversion rate of 

2EM  in Eq. 28. 

 24 EMr k C
 [28] 

The system of Eq.23-27 can now be solved with respect to 
2EMC  in order to find r. The 

solution for 
2EMC is as following after derivations:  

 ox

2

GM

1

cat E

GM

K C
r

KK

CC
 [29] 

in which the combined rate constants are defined as 
2 4

2 4

cat

k k
K

k k , 
2 3 4

3 2 4

( )

( )
M

k k k
K

k k k  and 

4 1 2

1 2 4

( )

( )
G

k k k
K

k k k .     

Equation 29 is very similar to the Michaelis–Menten equation for BFC where catK , MK , GK  

have been denoted as the enzyme catalytic constant and the Michaelis constants for Mox 
and Glucose, respectively. However, in line with Eq.5, the derived Eq.29 takes into account 
the 2nd order reaction kinetics for enzyme oxidation. This therefore differs from the classical 
Michaelis–Menten equation which is based on a first order reaction (10).  

    In order to model the current generated at the anode, the charge transfer reaction of the 
mediator Eq.6 should be considered together with the derived enzyme kinetics. In equation 

6, 5k  and 5k are denoted as forward (oxidation) and backward (reduction) reaction rate 

constants. As 5k and 5k  are functions of the electrode voltage, the partial anodic and 

cathodic currents can be described by 

 red

0

M 5

F
E

s RT
aI FAa k e

              and                 ox

(1 )
0

M 5

F
E

s RT
cI FAa k e  [30] 

where 
s

ja  is the (surface) activity of species j [mol∙m-3], A the electrode surface area [m2], F  

the Faraday constant (96485 [C∙mol-1]), R the gas constant (8.314 [J∙mol-1∙K-1]), T  the 
absolute temperature [K] and is the charge transfer coefficient for the charge transfer 

reaction of the mediator at electrode surface shown in Eq.6. 

In the equilibrium state, obviously, no concentration profiles are established, implying that 

the surface activities are equal to their corresponding bulk activities, i.e. s

j ja a . Moreover, 

in equilibrium 
0

c aI I I  where 0I  represents the exchange current. From Eq.30 it follows 

that under these conditions the equilibrium potential eqE  can be represented by 

 

ox ox

red red

0 0

5 M 5 M

0 0

5 M 5 M

ln ln lneq k a k aRT RT RT
E

F k a F k F a  [31] 

which can be recognized as the Nernst equation for the electrode potential. The first term 
on the right-hand side represents the standard redox potential and the second term takes 
into account the concentration dependence.  
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An expression for the overall current ( a cI I I ) can be derived directly using the previous 

equations. This will finally result in complete voltage-current relationship. 

 

red ox

red ox

(1 )
0 M M

M M

F Fs s

RT RT
a a

I I e e
a a

 [32] 

in which eqE E  is the overpotential.  Note that Eq.32 can be further simplified to the 

Butler-Volmer equation as Eq.33 when  
ox oxM M/ 1sa a  and  

red redM M/ 1sa a . 

 

(1 )
0

F F

RT RTI I e e

 [33] 

The voltage-current relationship Eq.32, the Nernst equation Eq.31 and the bulk 
concentration Eq.8-16 equations have been solved in Matlab coupling with Comsol. The 
kinetic data of Fc and Gox have been taken from literature [7, 11] and the parameter values 
used in the present simulations are DM=8∙10-6 cm2 s-1, DE=5∙10-6 cm2 s-1, DG=DP=6∙10-6 
cm2 s-1, DH

+=9.31∙10-5 cm2 s-1, KM=0.13 (mM)2, Kcat=350 s-1, KG=4.16 mM. Fig. 4 illustrates, 
as an example, the simulated steady-state oxidation current as a function of the 
overpotential. The simulations (lines) are in good agreement with the experimental results 
(symbols) and clearly reveal the kinetic- and diffusion-controlled regions. 

 

Fig 4: Measured (symbols) and simulated (lines) current-overpotential curves (vs. Ag/AgCl) of a 
BFC anode in a buffered electrolyte (PBS pH=7.2), containing 1 mM Fc as mediator, 3µM Gox and  
1 mM Glucose (a), 10 mM Glucose (b) and 20 mM Glucose (c). 

The development of the concentration profiles for Mox and P as a function of time are 
shown in Fig. 5a and b, respectively. It clearly shows that the concentration of Mox at the 
electrode surface is increasing quickly and that the concentration gradient is very strong at 
the electrode surface (close to distance 0). The same holds for the reaction product 
gluconolactone although it should be noted that the concentrations are much lower in this 
case and that the built-up of the Product (P)-gradient seems to be delayed with respect to 
that of Mox.       
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Fig. 5: Development of the concentration profiles of (a - left) oxidized form mediator (Mox) and (b-
right) Gluconoactone product (P) as a function of time and distance to the electrode surface.  

Conclusion and perspectives 

The anode reactions of Bio-Fuel Cell are described experimentally and theoretically using 
glucose oxidase as biocatalyst and ferrocene-carboxylic acid as mediator. To further 
optimize the performance of the mediated BFC in a homogenously diffusive system, the 
kinetics for anode, including the homogeneous chemical reactions in the bulk of the 
electrolyte and the electrochemical charge transfer reaction at the electrode surface are 
discussed in detail. 

Based on the experimental kinetic studies, a systematic mathematic model describing the 
homogeneously mediated anode reactions has been designed. From the mathematic 
description, a second order Michaelis–Menten equation has been derived. The simulations 
are both qualitatively and quantitatively in good agreement with the experimental results. 
The concentration profiles of reactive species have been calculated as a function of time 
and distance from the electrode surface. 

In the near future, this study will be expanded, focusing on three main areas: Firstly, the 
model will be extended to cathode part. Then a complete model will be composed 
describing the three-dimensional cell, including anode, cathode, and proton-exchange 
membrane, which will be used to simulate the operation of a practical BFC. This model will 
also demonstrate the influence of working conditions on the kinetic behaviors. The new 
model will be closer to practical fuel-cells and will help to improve the development of BFC 
for miniaturized implantable applications. Secondly, miniaturization of BFC is essential. 
Micro-fabrication of BFC will be studied in connection to relevant modeling. Finally, the 
kinetic studies and mathematic modeling will be extended to the immobilization of the 
reactive species (enzyme and/or mediator), which is crucial for the development of more 
stable and miniaturized BFC. 
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Abstract 

Four gas Diffusion Layer (GDL) materials have been investigated. Each Membrane 
Electrode Assembly (MEA) was manufactured with identical catalyst and binder loadings. 
MEAs were tested in-situ using a ‘Fuel Cell Component Analyser’ and polarisation curves 
produced and compared. GDL properties obtained in a previous work were considered for 
the analysis of the results. Results show differences in the polarisation response for 
different GDL structures; indicating changes in resistance loss, mass transport loss, and 
the flooding effects on fuel cells due to GDL structure. 

Introduction 

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) offer the potential of efficient, 
sustainable power solutions for the future. A key element in these devices is the Gas 
Diffusion Layer (GDL). It is critical for the transport of reactants to the catalyst active sites, 
the transport of charge into and out of the cell, and water management in the MEA. The 
variation in performance for different GDLs has been reported in the literature (1, 2). The 
difference is explained by the variation in the characteristics of the samples tested, 
however, due to the many variables in the GDL materials properties, explaining the 
variation in GDL performance can prove to be challenging. Some studies have focused on 
testing GDL properties in order to achieve a better understanding of GDLs behaviour and 
the relationship between the different properties (3) (4) (5). 
Usually, a GDL consists of a carbon fibre substrate that is carbonised and teflonated. 
Commonly GDLs have a Micro-Porous Layer (MPL) painted on one side of the substrate 
to enhance water transport away from the catalyst layer, and provide a smooth surface 
with lower contact resistance for the catalyst layer. Different fibre structures are used for 
GDLs, namely; woven cloths, non-woven straight fibres paper, and non-woven felt paper. 
The fibre structure of the substrate in the GDL plays an important role in its function and 
therefore affects the performance of the cell. Previous work has indicated that woven 
carbon GDLs have higher power densities (6), (7) and are more efficient at higher humidity 
(8).  In comparison non-woven carbon fibres, ‘Papers’ and ‘Felts’, are competitive on price, 
easier to work with, and mechanically stiffer.   
This paper discusses preliminary results to date of in-situ testing for MEAs of different 
GDLs with the variation of structure and bulk density.   
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Method 

Two, Intelligent Energy Ltd (I.E. Ltd), Fuel Cell Component Analysers (FCCA) were used 
to establish baseline measurements on a wide variety of commercially available GDLs.  
Both consist of four test chambers, each with independent anode and cathode gas flow 
and pressure control.  Cell humidification is achieved through a humidification membrane 
supplied by the exhaust gases form the cell reaction,  achieving 100% relative humidity 
once a steady state is established(9). 
The fabricated MEAs active surface area is 11.34 cm2.The mono-polar plates used are 
graphite, with a circular, single serpentine, flow field.  
The Gas Diffusion Electrode (GDE) anode material was held constant.  Commercial JM 
electrode ELE00165 is used with a catalyst loading of 0.4 mg.cm-2. A variety of other 
GDLs were tested on the cathode side. TKK Pt/C catalyst based ink was hand painted on 
the GDLs to achieve a loading of 0.4 ±0.05 mg.cm-2.  Nafion 212 Polymer Electrolyte 
Membranes (PEM) are used. The electrodes and the membrane are hot pressed at 125 °C 
and 1800kg.  The following cathode materials are presented in this paper. All cathode 
GDLs had a Micro Porous Layer (MPL) on one side of the GDL. 

 E-TEK  LT1200N (Non-woven carbon paper) 
 E-TEK LT1200W (Woven carbon cloth) 
 Sigracet SGL 24 BC (Non-woven carbon paper) 
 Sigracet SGL 25 BC (Non-woven carbon paper) 
 Sigracet SGL 34 BC (Non-woven carbon paper) 
 Sigracet SGL 35 BC (Non-woven carbon paper) 

Three MEAs of each cell type were fabricated to limit any errors resulting from MEA 
fabrication and during testing.  
Table 1: Selected materials data for GDLs (3) 

  
The study will focus on the samples LT1200W and LT1200N to study the effect of 
structure, and SGL 24BC and SGL 25BC to study the effect of substrate bulk density. 
Samples SGL 34BC and SGL 35BC are also analysed in this paper.  
The MEAs were soaked in deionised water (resistivity = 18MΩ.cm) overnight to accelerate 
the membrane activation process.  The MEAs were then randomly assigned to one of 
seven test chambers for in-situ testing, under the following operating, set point, conditions: 

 H2 flow rate: 80 sccm 
 Air flow rate: 200 sccm  
 Back pressure: 2 Bar 
 Cell temperature: 70 °C  
 Data logging rate: 1 Hertz 
 Relative humidity: 100% 
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MEA ‘conditioning’ was achieved by holding the cells at variable current load to induce a 
potential of 0.6 ± 0.03 V for a period of three hours.  Once completed the MEA was 
subjected to 25 ‘rapid’ polarisation curves.  A three second time step was initiated, with 25 
current settings increasing to the maximum current load achievable by the MEA.  
Polarisation curve number 25 of the sequence was recorded. A further polarisation curve 
with a 10 second step time was also carried out and recorded.  Polarisation curves are 
plotted by averaging the V / I values across each time step.  

Results 

 
Fig. 1: polarisation curves for all GDLs with peak power 

 
Figure 1 shows the result of the polarisation curve from the best, representative, test 
sample from each material. 
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Fig. 2: Comparison of  LT1200W and LT1200N samples 

Fig. 2 shows a higher performance for the non woven LT1200N compared to the woven 
LT1200W. Comparison of the nonwoven (LTN 2A) variant to the woven (LTW 3A) shows 
that the non-woven GDL outperforms the woven sample in rate of Ohmic loss in the 
polarisation curve, the onset of mass transportation losses in the final third of the curve, in 
the rate of mas transport loss and also in the peak current drawn. Fig. 1 also reveals that 
peak power is superior for the non-woven LTN 2A test piece. Closer examination of the 
temperature during testing shows that the non-woven GDL was actually tested at a 
significantly lower temperature (65.9oC for LTN 2A, compared to 70.2oC for the LTW 3A 
test sample). This leads to the conclusion that the improved performance of the LTN 
sample has actually been suppressed by the test conditions.  Comparison to Table 1 
shows that hydrophobicity (indicated by water contact angle), resistivity and permeability 
values are similar.  Density, thickness, porosity and mean pore diameter are all 
significantly different.  It should be kept in mind that the test cells have undergone uniform 
clamping pressures, and gasket heights have not been optimised for each GDL.  The 
increased thickness for the woven sample (LTW) could limit the effective porosity of the 
material still further through excessive clamping force. 
The non-woven material is superior in this instance, and the reduced mean pore size, 
combined with the increased total porosity, offers a possible mechanism to explain this.  
The increased total pore volume requires a greater volume of liquid water to fill before 
significant limits to the flow of reactants around and through the GDL are detected.  The 
reduced mean pore size may also play a role in accelerating liquid water away from the 
reaction surfaces. 
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Fig. 3: Comparison of  24BC  and 25BC samples 

In Fig. 3 we see a reduced performance for the 25BC variant of GDL 
The 24 and 25 BC GDLs are examined in Fig. 3 and in this case there is a similarity in the 
GDL thickness, however porosity, density mean pore diameter and water contact angle 
differ.  In the BC tests, both samples have been tested in a narrower temperature range 
(68.7 oC and 72.1oC respectively).  If we refer to the previous results for the LT woven and 
non-woven materials; we see that smaller mean pore diameter and a greater porosity 
volume are linked to improved performance, as discussed previously.  Examination of the 
material properties for the 24BC 2A and 25BC 2A test pieces reveals a similar relationship.  
The most significant difference in properties between the two samples is mean pore size:  
The 24BC GDL materials have a measured mean porosity 2.450 µm, and the 25BC have a 
mean pore diameter 0.842µm. 
25BC 2A outperforms 24BC 2A in rate of Ohmic loss in the polarisation curve, the onset of 
mass transportation losses in the final third of the curve, and also in the peak current 
drawn. Fig. 1 also reveals that peak power is marginally superior for the 25BC 2A test 
piece.  The fact that the rate of mass transport loss is slightly inferior (i.e. steeper) in the 
25BC variant is interesting, and suggests that mean pore diameter is not dominant in this 
section of the curve, though more testing is required to confirm this to a reasonable degree 
of certainty. 
Once again we suggest that the reduced mean pore size, combined with the increased 
total porosity, of 25 BC 2A when compared to 24BC 2A, offers an explanation for the 
improved performance of 25BC 2A, through the same mechanisms discussed earlier. 
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Fig. 4: Comparison of  34BC  and 35BC samples 

Fig. 4 shows a more uniform performance from the two GDLs, with 34BC being marginally 
better, especially in the mass transport section of the curve 

 
Fig. 5: Peak power 34 BC and 35 BC 

In the 34 BC and 35 BC GDLs we can examine the mean pore diameter and total porosity. 
Table 1 reveals a smaller mean pore diameter and a larger total pore volume in 35 BC. 
From our recent discussion we would expect to see 35 BC outperforming the 34BC GDL. 
However comparison to Fig. 4 at first glance indicates that 34 BC is marginally superior. 
The test temperature for the two samples was extremely uniform, with 70.3 °C for the 
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34 BC and 69.9 °C. This narrow temperature range should not have a significant impact 
based on our previous observations. The thickness of the sample is also at the higher end 
of the ranges tested, with 35 BC being the thickest of all the GDLs tested. The 
compression force experienced in the test cell will be greatest for this material. Plotting the 
peak power for these two samples, shows a very close match between the two, and the 
highest recorded peak power in this set is 0.3847W.cm-2 for sample 35 BC, exactly as 
predicted.  We suggest that the effect could be even more pronounced if the gasket height 
were optimised for both of these samples (thereby eliminating excessive compression 
forces from ‘closing off’ the porous structure). 

Initial Observations: 

Based on the tests to date (55 of 90 test specimens completed): 

 Woven  structures do not out-perform non-woven materials in these tests 
o This may be due to the lack of cell optimisation for the increased through 

plane thickness of the woven sample used  
 Reduced mean pore size and  increased total porosity dominate in determining  

peak power  output for MEA assemblies 
Table 2: Key material properties and measured outputs 

  24BC 2A 25BC 2A   
temperature during test 68.7 72.1 °C 
mean pore D 2.45 0.84 microns 
% porosity 40.0 36.5 % 
Ohmic Loss -0.4456 -0.4109 Ohms 
Rate of Mass transport Loss -2.2769 -2.305 Ohms 
maximum current 0.7561 0.7961 A.cm-2 
Peak power 0.3570 0.3958 W.cm-2 

    
  LTW 3A LTN 2A   
temperature during test 70.2 65.9 °C 
mean pore size 1.06 0.77 microns 
% porosity 34.0 65.0 % 
Ohmic Loss -0.4046 -0.353 Ohms 
Rate of Mass transport Loss -3.9527 -1.7455 Ohms 
maximum current 0.6955 0.7817 A.cm-2 
Peak power 0.3613 0.4128 W.cm-2 

    
  34 BC 2A 35 BC 1A   
temperature during test 70.3 69.9 °C 
mean pore size 2.20 1.47 microns 
% porosity 47.5 52.6 % 
Ohmic Loss -0.4017 -0.4084 Ohms 
Rate of Mass transport Loss -2.1787 -3.659 Ohms 
maximum current 0.7411 0.7088 A.cm-2 
Peak power 0.3835 0.3847 W.cm-2 
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Abstract 

This contribution deals with an idea of smart grids, a physical realization of a DC smart 
grid laboratory model (E.E.S.) and a strategy of its control. An author’s idea is to utilize a 
maximum of renewable energy which is available in an every moment. It would be a logical 
and the most economical principle, but it is in a contradiction with physical principles of 
electrical energy, with requirements coming from consumers and with possibilities of an 
electrical distribution system and information and control systems. A saving electrical 
energy is a difficult problem. In the contribution authors specify most of existing 
possibilities of the electrical energy saving. In a chapter DC laboratory smart grid authors 
describe and design a physical realization of the DC smart grid with saving into different 
technologies. And one of these ways is hydrogen. 

Introduction 

A principle of a hydrogen management is usage of hydrogen as an energy carrier and 
storage. The hydrogen is used to power automobiles, aircrafts, heating, but also for a 
preservation of electricity in the fuel cell, etc. For hydrogen sources utilized in the 
hydrogen management, there are several basic solutions. One of them is to use energy 
excesses from the largest hydroelectric power plants such as in Canada. Another option is 
to use photovoltaic cells placed in large areas such as the Sahara that convert solar 
energy into electrical. The actual technology of hydrogen electricity has several variants. 
The most modern way is the electrolysis of hot steam (at 900 to 1000 ° C), with the 
expected efficiency over 85%. The classical approach is the electrolysis of water - acidic or 
alkaline aqueous solution, by an electric current, but it has a low efficiency (about 70%). 

Storing large quantities of hydrogen is also solved. For example, for the U.S. space 
program large quantities of liquid hydrogen are stored in vacuum freezing tanks, where 
one tank holds up to 3400 m3 of hydrogen. The liquid hydrogen can also be transported 
across sea and by road or path in tanks with a capacity of 75.7 m3. Underground tanks can 
also be used for storage. They are usually used now for the storage of mixtures of a 
methane and hydrogen. In the USA and South Africa hydrogen is transferred using 
pipeline to a distance of 80 km and in Europe to distance of 200 km. The storage of 
smaller amounts (e.g. for households and automobiles) trays containing alloys were 
designed. For example LaNi5 may absorb up to 7 moles of hydrogen per 1 mole of LaNi5 
at normal temperature and pressure of 253 kPa (1 kg can absorb 32.6 grams - 362 liters of 
gaseous hydrogen). Density of dissolved hydrogen is doubled in compare with the 
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liquefied gas and stored energy density is about 35 times larger than in conventional lead-
acid batteries. 

In our case, for our experiments we use a small hydrogen power plant with a metal hydride 
canister for Smart grid. These plants for Smart grid can be divided into three parts. The 
first is electrolyzer (hydrogen generator) with a purifier, the second part is the storage, in 
our case the storage is a metal hydride canister with a valve system to switch between a 
charge operation and consumption, and the third one is a fuel cell. (1) 

Electrolyzer/ Hydrogen generator 

A hydrogen generator is based on an innovative alkaline membrane technology and 
produces 100 sl of hydrogen per hour. The generator produces hydrogen on demand from 
water, directly compressed, dry and pure using a patented electrolytic process. It contains 
5 l water tank. With an output pressure up to 30 bar the generator can be used to refill 
compressed gas cylinders. But the supplied hydrogen purity of 99.94% is not suitable to 
refill metal hydride canisters. Therefore the purifier is added to generator and it purifies 
hydrogen to the desired value. 

Ovonic™ Solid Hydrogen Storage Canisters 

OvonicTM Sofld Hydrogen Storage Canisters are used to store pure gaseous hydrogen in a 
solid form and under a low pressure level. The stored hydrogen can be use by a fuel cell 
system or by other hydrogen consuming systems. 

The Ovonic Solid Hydrogen Storage canisters utilize a proprietary metal hydride 
technology to safely store hydrogen in a compact manner at a low pressure. The metal 
alloy powder contained in the canister absorbs and release hydrogen – it’s a similar 
process like when a sponge absorbs water. The absorption of hydrogen is an exothermic 
process; the releasing hydrogen is an endothermic process. The canisters are designed to 
operate at ambient temperatures with no requirement for added heat and they can store 
several times more hydrogen than similarly sized high-pressure compressed hydrogen 
cylinders. 

The hydrogen pressure in the storage canister mainly depends on the temperature of the 
metal alloy (Fig. 1). A gas pressure in the storage canister rises with an increasing canister 
temperature. Depending upon filling level, various pressures can be achieved. The 
following diagram shows approximate values for a typical pressure-temperature behavior 
of the used storage alloy. To avoid a sudden increase of pressure, a fully filled canister 
should never be heated without simultaneously releasing hydrogen. (2) 

94



13
th
 Advanced Batteries, Accumulators and Fuel Cells Fuel cells and methods 

 

 

Fig. 1: Charging of canister (2) 

In case of leakage or canister damage, hydrogen may be released. Due to the nature of 
metal hydrides, only a small portion of the stored hydrogen will be released spontaneously. 
The canister temperature will decrease and subsequent hydrogen production will occur at 
a fairly low rate (2). The metal hydride canister with size 760 sl will be incorporated in our 
plant. Important information is related to charging pressures of the canister. The nominal 
pressure is 10 bar at 20 °C and maximum 17 bar.  This value must not be exceeded 

Fuel cell 

Fuel cells with a polymer electrolyte membrane are characterized by a high current 
density, which allows the construction of a low weight and small dimensions. The solid 
electrolyte membrane simplifies sealing in a chemical process, reduces corrosion and 
increases the life of the cell. PEMFC works at low temperatures, which allows faster start-
up time and immediate reaction when desired power changes. 

Low operating temperature also means that the fuel cell does not produce the heat 
required for the endothermic reforming reaction of the fuel. Contemporary PEMFC use a 
hydrated membrane as electrolyte. 

Due to the low operating temperature a platinum is required as a catalyst. The platinum is 
suitable because it is sufficiently reactive for binding to H and O intermediates, and it is 
also capable to effectively release intermediates during the formation of the final 
compound. Molecular hydrogen binds H atoms at the anode Pt and then they are released 
as H + and e-: 

 H2 + 2Pt → 2 Pt-H  [1] 

 2 Pt-H → 2 Pt + 2 H+ + 2e- [2] 
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The electrode contains a porous carbon with small particles of Pt. CO is strongly bound to 
the platinum at temperatures lower than 150 ° C. Therefore, only a few ppm of CO are 
tolerated in the fuel. Because reformed hydrocarbon fuel contains approximately 1% of 
CO, it is required to include devices for its removal in front of entry into the cell. 

In the PEMFC water is not produced in the form of steam, but as a liquid. An important 
requirement of these types of cells is to secure high water content in the electrolyte due to 
ionic conductivity. The ionic conductivity of the electrolyte is higher, when the membrane is 
fully saturated, which means lower electrical resistance and a higher efficiency. 

Another important part is how to supply hydrogen to a cell. A plate is pressed on the outer 
surface of the diffusion layer. This board has two purposes: a gas distribution and a 
current outlet. The plates are made of a lightweight, strong, impenetrable to gas and 
electrically conductive material, usually metal, graphite or a composite material. 
Distribution channels are created for the purpose of gas distribution on the side adjacent to 
the cover layer. Their structure has an impact on the efficient supply of reactants to the 
active surface of the electrode and the drain water. The set of all the above components 
forms one elementary fuel cell. The cells are connected into larger units, in order to 
increase a nominal output voltage and a power. A cathode and an anode current collector 
would be side by side in the classic series connected.  To reduce the overall weight and 
size it is used only one bipolar plate, which separates the adjacent cells. On the one site, 
the system has distribution channels for hydrogen and on the other side it has distribution 
channels for oxygen. (3) In our case it is the type H200. An inlet pressure must be 0.4-0.55 
bar and it can give power 200 W (Fig 2.). For this purpose is used 48 cell, which require 
high purity hydrogen 99.995%. 

 

Fig. 2: Power characteristic of the fuel cell (4) 

Model of a DC smart grid 

The authors believe that the first steps towards a methodology of smart grid is a 
representative modeling of electrical grid with connected most suitable existing renewable 
as well as classic electric energy sources. One of the options is a purely mathematical 
model. In order to get more practical results, a real model of the energy network has been 
assembled. This network has been for simplification chosen as a DC network with safe 
voltage 24 V. This solution is sufficient for energy flow modeling. The system is not 
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concerned with other problems connected to AC networks. In the Fig.1 there is an 
electrical and technology block diagram of a DC smart grid laboratory with a title 
Experimental Energy Network E.E.S. 

 
Fig. 3: Block diagram of Experimental Energy Network E.E.S. 

Many small electrical power sources a category of renewable energy ones are connected 
to the grid. Some of these power sources are placed within reach of the Laboratory 
Automation, where the E.E.S. is located. It is at first a solar power and an air turbine, 
which is situated on a roof of the building. Other plants must be placed in the other 
locations from practical reasons. A connection to the grid of such power source is 
implemented using a wireless data transmission with information about current power. 
Using these data, each remote power source is modeled by controlled source of electrical 
energy (output power) which is realized like a controlled power from a battery or from 
electrical network (230V, 50 Hz) in the laboratory. Each source is connected to the 
network via a module which enables an energy flow control. The energy flow in the 
network is controlled by a computer, which has got information about the status of all the 
accumulators and about the energy supplies from the particular sources. For the network 
control also other information sources have to be used. For example, it is possible to use a 
weather forecast for a prediction of the energy production in the solar power station, wind 
power station, or even hydroelectric power station. The sources are equipped with local 
accumulators which can serve also as local distributed energy storages. However, the 
main energy storage, which is designed to cover the instability of the renewable sources, 
is the hydrogen storage. 

97



13
th
 Advanced Batteries, Accumulators and Fuel Cells Fuel cells and methods 

 

Hydrogen power plant 

The whole power plant from the perspective of the E.E.S. is treated as a single entity with 
certain dynamism. The aim of our work is to set parameters and control of the entire plant 
so that it is easy to handle and the same time it operates at the maximum efficiency.  

The power plant can operate in four modes: 

1. Standstill mode  
Neither electrolyzer nor fuel cell do not work  

2. Charge mode 
Stores excessed energy into hydrogen. Electrolyzer fills the metal hydride canister. 

3. Discharge mode 
Discharge hydrogen from storage container and generates electricity using the fuel 
cell 

4. Run-to-run mode 
Electrolyzer creates hydrogen which is immediately transferred into the fuel cell 
where is used. This mode is unusable and therefore it is not used for anything in 
control. 

Switching modes are secured by two electronic valves on/off and direct control electrolyzer 
and fuel cell (Fig 4.). A CompactRIO system made by National Instruments ensures a 
complete control. It is a powerful platform with a processor and a field-programmable gate 
array (FPGA), which contains several input and output modules. These modules are used 
mainly to detect the actual pressure and flow rate of hydrogen in pipelines using various 
sensors. Furthermore the platform contains output modules which control the above 
mentioned valves on/off and a RS232 which is used to control the electrolyzer and the fuel 
cell.  

 

Several tasks must be secured for a correct operation of power plants: 

1) 

Switching on and off elements must be precisely adjusted for efficient work of power plant. 
Switching mainly depends on the various time constants of electrolyzer and a fuel cell . 
Under normal conditions this adjustment is hardly ever needed. But it is useful to quickly 
switch between charging and discharging of the container. 

2)  

A further task for testing is an appropriate selection of a pressure in the pipelines during 
charging of the canister. Because the canister and the electrolyzer have different nominal 
working pressures, it is needed to find the optimal pressure for sufficiently fast filling of 
canister and for electrolyzer work without problems 

3) 

The major task for an investigation is the suitability of using metal hydride canister in 
Smart grid. The canister is not directly pressurized but the pressure depends on the 
temperature of the canister, therefore we cannot know the power that will be in the future. 
In our case this fact is not so critical, because our fuel cell needs pressure 0.4 bar. But if 
the canister would be connected to other fuel cell, this problem must be solved. One option 
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is to maintain a constant temperature of the container. This condition may not always be 
met and, therefore, there is another option. Canister temperature and other variables can 
be measured and approximate temperature, which is needed, is calculated by the model. 

4) 

The last task is the possibility of using a metal hydride canister for balancing rapid small 
fluctuations of electric power due to e.g. photovoltaic power plants. 

 

Fig. 4: Hydrogen power station 

Conclusions 

The presented Experimental Energy system ( E.E.S.), which is under construction in our 
laboratory as a physical model, aims to simulate a real power network with a large share of 
renewable sources. It will serve mainly for a development and a validation of predictive 
control algorithms of power system utilizing the most comprehensive information on the 
temporal power distribution of different types of renewable resources in a region, a farm or 
a village.  

The paper deals particularly with the hydrogenous subsystem of the E.E.S. - one effective 
and possible used power subsystem of island smart grids. Research will be particularly 
focused on a measurement and an evaluation of effectiveness of the hydrogenous 
subsystem. In the paper, there are therefore described in details the principles of single 
components of the hydrogenous subsystem, hence the electrolyzer, fuel cell, hydrogenous 
storage containers.  The main research and remaining investigation tasks on the 
hydrogenous sub-system are specified at the end of the contribution. 
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Abstract 

Currently, the cathode material, LiFePO4/C, is the most promising active material for high-
power lithium-ion batteries for electric vehicles applications and it has been observed that 
its response is also dependent on the nature of the carbon used as support. This paper 
presents the preliminary results from the synthesis of LiFePO4 supported on carbon fibers 
where phosphate and fibers are synthesized together at a single stage. The electrodes 
built with this material have a good electrochemical response with the typical behavior of 
LiFePO4. In addition, the behavior of these materials has been characterized from the 
viewpoint of the electrochemistry of charge/discharge processes in order to provide 
knowledge for the global modeling of batteries.  

A Battery Management System (BMS) is also currently being developed, in order to control 
the operating condition and the state of charge of the Li ion batteries. The development of 
a BMS requires an adequate modeling of the dynamic accumulation processes taking 
place in the battery. A general model has been derived and validated in terms of the 
experimental performance of a Li ion battery, some results are presented below. 

Introduction 

The LiFePO4/C composite is currently the most promising active material for cathodes of 
lithium ion batteries for high power, mainly because its composition (non-toxic), low price 
and good stability (chemical and thermal) during cycling. But it has been observed that the 
response of these materials is also dependent on the nature of the carbon used as support 
(1). In this paper we present the results of the preliminary synthesis of LiFePO4 supported 
on carbon fibers wherein the phosphate and the carbon fibers are synthesized 
simultaneously in a single step. This is carried out by combining two synthesis techniques. 
One is the glycine-assisted combustion (2) and the other is the decomposition of porous 
polymers (3). Here cotton fibers were used as porous polymer which carbonizes during the 
LiFePO4 sintering at 750 °C under argon atmosphere. The material obtained was 
physically characterized (SEM, EDS, TEM) and electrochemically characterized by the 
usual techniques for lithium ion batteries electrodes (charge-discharge cycling, cyclic 
voltammetry and EIS). Electrodes show a good response and the typical electrochemical 
behavior of these materials. 
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Experimental 

Sample Preparation 
The samples were prepared by solid-state glycine assisted synthesis under Argone flowing 
atmosphere, but the reagents were solved in water. An [0.5 M] aqueous solution of LiNO3, 
NH4PO4H2, FeC6H6O7 and glycine was totally absorbed in cotton fibers. This was moved 
to the tube furnace, dried at 300°C for 5 hours under Ar atmosphere and sintered at 750°C 
for 6 hours. The sample was grinded in a ball mil for 1 hour afterwards. The samples were 
physically characterized by XRD, TEM, SEM. 

Electrochemical characterization 
The electrodes for electrochemical measurements were prepared by mixing the prepared 
LiFePO4/C composite with Super C carbon and PVDF binder in weight ratio 80:10:10 
together with N-Mehyl-Pyrolidinone solvent. Thin layer of mixture was coated on aluminum 
foil by doctor blade, dried and pressed. The experiments was performed in a metal three 
electrode El-Cell® testing cell assembled in Ar atmosphere glovebox with O2 and H2O 
concentration < 1ppm, using metallic lithium  like counter and reference electrodes. The 
voltammograms were recorded at 0.1mV/s, 1 mV/s and 10 mV/s between 2.7V and 4.2V. 
For charge/discharge cycles a current of 1 C was used, with cutoff potentials of 2.7V and 
4.2V. The rate capability experiments were recorded whit the same charge rate and cutoff 
potential with discharge rates C/5, C/2, C, 2C, 5C and 10C. Electrochemical impedance 
spectroscopy was made using amplitude 5mV of excitation sinus voltage in frequency 
range 10kHz to 5mHz. Measurements were made at various states of charge at OCV. 

Results and discussion 

As shown in Figure 1(a) the obtained material from the combination of both synthesis 
procedures maintain the fibrillar structure from the chose polymer (cotton fibers). This is 
composed basically of carbon fibers which are decorated with LiFePO4 particles as shown 
in more detail in Figure 2(a). From the EDS spectra, can be obtained an atomic ratio P:Fe 
close to 1:1, indicating that the stoichiometric ratio approaches the expected for LiFePO4 
Figures 1(b) and 2(b). Looking in detail Figure 1(b) corresponding to the EDS spectrum of 
a broad field, the carbon content it would be quite high compared with the optimum for this 
type of electrodes. From the calcination of the samples, was determined a carbon content 
higher than 50%. Initially would imply that the electrodes prepared with these samples 
should provide a response with lower capacities than those expected for LiFePO4/C 
electrodes. 

   

Fig. 1: (a-left) SEM images of the obtained samples and (b-right) EDS spectra from image  
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Fig. 2: (a-left) SEM image whit higher magnification and (b-right) EDS spectra from image  

The electrodes show a plateau potential at 3.4V whit a good cyclability (Figure 3) but the 
capacity was lower than estimated for LiFePO4. This response was presumed taking in 
account the amount of carbon on the samples.  
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Fig. 3: (a-left) Galvanostatic discharge at C/5 and (b-right) discharge capacity Vs. cycles at 1C. 

The reversibility and the kinetic behavior of these materials was the typical response of the 
LiFePO4/C, for the reason that this experiments are not serious influenced by the 
concentration of active material on the electrodes (Figure 4). 
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Fig. 4: (a-left) Cyclic Voltamograms at 0,1and 1 mV/s at 25°C. (b-right) Nyquist EIS diagrams at 
high frequencies and entire range of frequencies 
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Battery Model Formulation for BMS: 

A general model has been derived, which describes the accumulation process, in the 
electrodes of a Li ion battery, as a series combination of a pure integrator and a high pass 
filter coupled to a static nonlinearity function, If (Butler Volmer type equation). In the model 
only the dynamics of the controlling electrode is taken into account. This model has been 
validated in terms of the experimental performance of a Li ion battery. 

Figure 5 depicts a scheme of the complete battery model. In the figure the term r, 
accounts for the ohmic resistance between electrodes, G(s), corresponds to the Laplace 
transform of the high pass filter and 1/(Qmaxs), is the Laplace transform of the integrator  

 

Fig. 5: Battery Model 

Figure 6 and 7 show a validation of the proposed model, in terms of the simulation of the 
potential response to a given current perturbation signal using a commercial Li-ion battery. 

 

Fig. 6: Commercial Li ion Battery: (a-left) Applied current and (b-right) Measured and predicted 
potential response. 

Conclusions 

This paper presents the preliminary results from the synthesis of LiFePO4 supported on 
carbon fibers where phosphate and fibers are synthesized together at a single stage. 
Cotton fibers were used as porous polymer which carbonizes during the LiFePO4 sintering 
at 750 °C under argon atmosphere.  The electrodes built with this material have a good 
electrochemical response with the typical behavior of LiFePO4. Results have 
demonstrated that these materials have electrochemical properties comparable to those 
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typically produced by commercial method. A general model has been derived and 
validated in terms of the experimental performance of a Li ion battery, some results are 
presented. 
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Abstract 

Layered structure materials of the general formulae of LiMO2 (M is Mn, Ni, Co) and lithium-
rich integrated Li[LiMnNiCo]2 compounds for positive electrodes in Li-cells have attracted 
much attention of the researchers in the field of advanced Li-ion batteries. The integrated 
materials represent a type of layered LiMO2 compounds that can be partially substituted by 
a structurally compatible [Li1/3Mn2/3] unit. Electrodes based on the xLi2MnO3

.(1-x)LiMO2 
integrated materials can operate up to 4.6 – 4.8 V and provide reversible capacities >200 
mAh/g. The main goal of the present work was studying the electrochemistry of LiMO2 and 
Li[LiMnNiCo]O2 electrodes at 30 and 600C in relationship with the structural changes of the 
active material due to the lithium extraction at high anodic potentials. The LiMO2 and 
Li[LiMnNiCo]O2 materials were synthesized by the self-combustion reaction using Li, Ni, 
Mn, and Co nitrates, and sucrose. Transmission electron microscopy (TEM) study of the 
integrated materials demonstrated that they are comprised of nano-domains of both 
rhombohedral LiNiO2-like and monoclinic Li2MnO3 structures, which are integrated and 
interconnected with one another at the atomic level. It was shown that electrodes 
comprising the Li[LiMnNiCo]O2 submicron particles demonstrated reasonable cycling 
behavior at various charge/discharge rates at 30 and 600C. They can be cycled 
successfully at a moderate rate of C/5 at the elevated temperature. At higher rates of 
charge-discharge at the elevated temperature, these electrodes show reversible cycling 

performance and capacity 250 mAh/g in the earlier cycles while capacity fades upon 
prolonged cycling. It was found that the aging of LiMn1/3

Ni1/3
Co1/3

O2 nanoparticles, even at 

60 C, do not result in pronounced changes of their bulk structure. 

Introduction 

Among several challenges in the field of Li-ion batteries, one of the most important is the 
replacement of the commonly-used LiCoO2 cathode with more advanced materials of a 
higher voltage and capacity, better safety features and lower prices. Natural substitutes are 
LixMnO2

 (1) and LixNiO2 (2) materials, which however are problematic in regard of the 
structural and surface stability. The most stable form of LixMnO2 is LiMn2O4 spinel whose 
capacity and high temperature performance are limited (3). It was found that Li[NiCo]O2 is 
a better cathode material than both LiNiO2 and LiCoO2, and recently, a further modification 
produced LiNi0.8Co0.15Al0.05O2 (LiNCA) as an excellent cathode material for Li-ion batteries, 
with reasonable stability, cycleability, safety features and an initial capacity > 190 mAh/g 
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(4, 5). In parallel, extensive work on manganese compounds resulted in a description of 
LiNi1/2Mn1/2O2 with a layered structure as a promising high-capacity cathode in which the 
red-ox activity of Ni

2+ Ni3+ Ni4+ may provide capacities up to 200 mAh/g (6, 7). 
This material develops a unique surface chemistry that allows the good passivation of the 
active mass, enabling its prolonged cycling at elevated temperatures (8). However, from 
most of the publications devoted to this compound, one can conclude that the material is 
slow in Li charge-discharge reactions, mostly due to the mismatch of ions in the lattice (Li+ 
vs. Ni2+ and Mn4+ ions), which impedes the fast bulk transport of Li ions in LixNi1/2Mn1/2O2

 

particles (9). As a further improvement, LiMn1/3
Ni1/3

Co1/3
O2 (LiMNC) was suggested as a 

promising cathode material  for Li-ion batteries (10-13). The replacement of part of the Mn 
and Ni by Co in the layered structure seems to have a stabilizing effect, which prevents 
mixing between Li and transition metal ions in the lattice, thus allowing a smooth and fast 
Li ions bulk transport in this material (14, 15). Important progress in the field was 
demonstrated by the recent works on Li[Li-Mn-Ni-Co]O2 "integrated" lithium-rich 
compounds. Some of these systems provide a very high reversible capacity, up to 250 
mAh/g in the potential range of 4.8 - 3 V (16 – 19).  

Apparently, the use of nanomaterials as cathode materials for Li batteries in general 
should be considered as favorable for achieving high rate capability, since solid-state Li-
ion transport in the bulk materials may be the rate-determining step for the entire cathodic 
processes. Hence, the use of nanoparticles means reducing to minimum the diffusion 
length for Li-ion transport. Indeed, it was clearly demonstrated that the cathodes 
comprising nanoparticles of LiNi1/2Mn1/2O2

 (8) and LiMn1.5Ni0.5O4 (20) demonstrate faster 
kinetics than electrodes based on micrometric-size particles. However, the use of 
nanoparticles in these composite electrodes may interfere badly with their electrical 
integrity and the inter-particle electrical contact. Moreover, electrode materials such as 
LiMO2 may be reactive with components of the standard electrolyte solutions based on 
alkyl carbonate solvents and LiPF6 (which unavoidably contain detrimental contaminants 
such as HF, trace water, PF5 and POF3) (21). In this paper, we synthesized submicronic 
and nanoparticles of LiMO2 and Li[LiMnNiCo]2 and studied them as cathode materials for 
Li-ion batteries.  

Experimental 

Nanocrystalline LiNi1/2Mn1/2O2, LiMn1/3Ni1/3Co1/3O2 and LiNi2/5Mn2/5Co1/5O2 layered and 
integrated layered-layered xLi2MnO3

.(1-x)LiMn1/3Ni1/3Co1/3O2 materials were synthesized 
by a self-combustion method. We used the stoichiometric amounts of lithium, nickel, 
manganese and cobalt nitrates, which act as the oxidants, and sucrose as the fuel. 
Typically, the reaction can be described as follows: 

LiNO3 + 0.5 Ni(NO3)2.6H2O + 0.5 Mn(NO3)2.4H2O + 0.3125 C12H22O11 + 0.25 O2  
LiNi0.5Mn0.5O2 + 3.75 CO2 + 8.4375 H2O + 1.5 N2 

The amount of sucrose used was chosen for the oxidant/fuel ratio = 1:1 (8). In order to 
improve the crystallinity and to increase the crystallite size of as prepared samples they 
were calcined (annealed) at 700ºC for 22 hours and at 9000C for 22 hours, in the air 
atmosphere. From the elemental chemical analysis (by ICP technique) and energy 
dispersive spectroscopy studies, atomic ratio 1:1 was measured for Mn and Ni of the 
LiNi1/2Mn1/2O2 compound and 1:1:1 and 1:1:0.5 (accuracy is 99 %) for Mn, Ni, Co of the 
LiMn1/3Ni1/3Co1/3O2 and LiNi2/5Mn2/5Co1/5O2 compounds, respectively. The active surface 
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areas of the above materials were measured by Brunauer, Emmet and Teller (BET) 
method with Gemini 2375, Micromeritics (multipoint mode). Their particle size was 
estimated from HRSEM images and particle size distribution was measured using 
Mastersizer-2000 (Malvern Instruments Ltd.). X-ray diffraction (XRD) measurements were 

performed using an AXS D8 Advance diffractometer (reflection  -  geometry, Cu K  
radiation, receiving slit 0.2 mm, scintillation counter, 40 mA, 40 kV) from Bruker, Inc. X-ray 
photoelectron spectroscopy (XPS) and Raman spectroscopy measurements were carried 
out as described in (22). Aging of the materials was performed in an EC-DMC 1:2/LiPF6 

1.5 M solution in dynamic conditions (magnetic stirring) at 30 and 60 C. Chemical analysis 
of the solutions remaining after aging of LiMn1/3Ni1/3Co1/3O2 samples was carried out using 
ICP spectrometer Ultima-2 (Jobin Yvon Horiba). Electrochemical measurements were 
conducted in two- and three-electrode cells of a coin-type 2325 configuration or in tea-bag 
cells with a polypropylene membrane separator (Celgard, Inc.). The working electrodes 
were compositions (by weight %) of the active lithiated oxide material - 80, a super P 
carbon additive - 10, and a PVdF binder – 10, prepared from a slurry in N-methyl-
pyrollidone, pasted on both sides of the Al-foil (> 99.9 %, Strem Chemicals Inc., USA) 
current collector. All the potentials in this work are given vs. Li/Li+ reference electrode. The 
electrolyte solution of Li battery grade comprising dimethyl carbonate (DMC) and ethylene 
carbonate (EC) (2:1, by weight) and 1.5 M LiPF6 (from Tomiyama) was used as received. 
The content of HF and H2O in solution was around 100 ppm and 20 ppm, respectively. 
The electrochemical measurements were carried out using a multichannel battery test unit 
from Maccor, Inc., model 2000.  

Results and discussion 

  

                                   (a)                                                                        (b) 

Fig. 1: XRD patterns of the LiNi1/2Mn1/2O2, LiMn1/3Ni1/3Co1/3O2 and LiNi2/5Mn2/5Co1/5O2 particles 
obtained by the SCR and annealed further in air at 9000C for 22 h (a) and of the xLi2MnO3

.(1-
x)LiMn1/3Ni1/3Co1/3O2 produced by the SCR and further annealed in air at 900 0C for 22 h (b). The 
inserts show weak reflections (020)M and (110)M of the monoclinic Li2MnO3 phase within 2  range 
20 - 24 . 

From the XRD patterns of the LiNi1/2Mn1/2O2, LiMn1/3Ni1/3Co1/3O2 and LiNi2/5Mn2/5Co1/5O2 
layered materials produced by SCR and further annealed at 9000C for 22 h in air we 
conclude that the diffraction lines (Figure 1a) can be indexed on the basis of a hexagonal 

lattice structure of -NaFeO2, space group 166, R-3m. Highly resolved splitting of the 

108



13th Advanced Batteries, Accumulators and Fuel Cells Lithium-ions accumulators 

006/012 and 018/110 peaks of the LiNi0.33Mn0.33Co0.33O2 and LiNi2/5Mn2/5Co1/5O2 materials 
and ratio of the lattice parameters c/a =4.96 – 4.98 provide evidence of a characteristic 
well-ordered layered structure of these compounds. Moreover, ratios of the integrated 
intensities of 003 and 104 peaks of the XRD patterns were found to be around 1.2 and >1, 
respectively for the above materials. This may indicate therefore no cation mixing (17, 20) 
and high electrochemical activity of the cathodes materials in lithium cells (23). Low values 
of the R-factor R=(I102 + I006)/I101, around 0.41 – 0.44, which relates to the integrated 
intensities of the corresponding well-resolved peaks of the LiMn1/3Ni1/3Co1/3O2 and 
LiNi2/5Mn2/5Co1/5O2 materials also confirm their high hexagonal ordering (24). 

HRSEM images of the LiNi1/2Mn1/2O2, LiMn1/3Ni1/3Co1/3O2 and LiNi2/5Mn2/5Co1/5O2 particles 
annealed at 9000C for 22 demonstrate that these particles are of submicron size ranged 

from 0.1  to 0.5 . Individual LiNi1/2Mn1/2O2 particles obtained by calcination at 7000C for 
22 h have nano-sized dimensions of 60 – 75 nm.  

Figure 1b shows XRD patterns of the synthesized material xLi2MnO3
.(1-

x)LiMn1/3Ni1/3Co1/3O2 (x=0.3, 0.5 and 0.7) annealed at 900 0C/22 h. Each of these patterns 
can be interpreted as corresponding to the integrated structure comprising two 
components: the rhombohedral phase possessing the structure of LiNiO2 (space group R-
3m) and the monoclinic phase Li2MnO3 described by space group C2/m. Accordingly, 
strong peaks in the diffraction profile were considered as a superposition of reflections 
related to both phases and could be indexed in terms of the hexagonal unit cell  
representing the rhombohedral structure (a=2.852Å, c=14.229 Å) and on the basis of the 

monoclinic unit cell with the parameters a=4.940 Å, b=8.555 Å, c=5.021 Å and =108.98 . 
In Figure 1b the indices related to the monoclinic Li2MnO3 phase are marked with subscript 
M. The monoclinic component of the xLi2MnO3

.(1-x)LiMn1/3Ni1/3Co1/3O2 material manifests 

itself in appearance of two characteristic weak peaks (020)M and (110)M within 2  range 

20-24  (see inserts) that are due to the existence of Li+ ions from the Li2MnO3 component 
in the transition metal layers. As expected, the integral intensity of these peaks increases 
with increasing the Li2MnO3 content in the series of the synthesized of xLi2MnO3

.(1-
x)LiMn1/3Ni1/3Co1/3O2 materials.  Measurements of the peak intensity ratio R=(I012 + 
I006)/I101 (the indices are related to rhombohedral phase) have shown that it is about 0.31. 
This fact, along with the value c/a=4.99 obtained for the unit cell of rhombohedral phase, 
provide additional evidence that all synthesized xLi2MnO3

.(1-x)LiMn1/3Ni1/3Co1/3O2 
compounds comprise  integrated Li2MnO3/LiNiO2-like components with characteristic 
layered structure. Further structural characterization of the xLi2MnO3

.(1-
x)LiMn1/3Ni1/3Co1/3O2 material was performed employing the Rietveld refinement method. 
X-ray diffraction profile obtained from the material produced at 9000C during 22 h (x=0.5) 
was chosen for analysis. The model used for the refinement was based on two-phase 
system with rhombohedral LiNiO2 and monoclinic Li2MnO3 components. A good fit was 
obtained and the Bragg factors characterizing the agreement between the observed and 
calculated intensities for rhombohedral and monoclinic phases were 7.0 % and 9.7 %, 
respectively.  

 Figure 2a represents behavior at different rates of discharge of the electrodes comprising 
nano-LiNi1/2Mn1/2O2 particles (70 nm, calcination at 7000C/22 h), whereas Figure 2b 
demonstrates plots of the capacity vs. discharge rate of the LiNi1/2Mn1/2O2electrodes, 
made from submicron particles (around 0.2 μ, calcination at 9000/22 h). Typically, nano-
LiNi1/2Mn1/2O2 electrodes exhibit initial discharge capacity of 160 mAh/g at C/15 rate, high 
capacity retention (98 %) after testing these electrodes at various rates up to 3C, and 
stable prolonged cycling behavior at C/5 (Figure 2a). 
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Fig. 2: Cycling behavior at various rates of discharge (as indicated) of the composite electrode 
comprising (a) submicron LiNi1/2Mn1/2O2 and LiMn1/3Ni1/3Co1/3O2 particles produced by SCR and 
further annealed in air at 9000C/22 h. T=300C, potential range was 2.5 – 4.5 V, and (b) nano-sized 
LiNi1/2Mn1/2O2 particles produced by SCR and further annealed in air at 7000C for 22 h. T=300C, 
potential range was 2.5 – 4.5 V. Cycling protocol was constant current – constant voltage providing 
potentiostatic steps at 4.5 V during 5 h for C/15 rate, 1 h for C/5 rate, 30 min for C/2 rate and 10 
min for 1C and at 3C rate.  

As expected, nano-LiNi1/2Mn1/2O2 electrodes develop faster electrochemical kinetics due to 
smaller path for Li insertion/deinsertion and higher reversibility. By comparing the results 
represented in Figures 2a and b, it was established that electrodes comprising submicron 
particles of LiNi1/2Mn1/2O2 (annealed at 9000C/22 h) behave similarly to their nano-
counterparts while they demonstrate higher discharge capacities at C/5 to 3C rates (Figure 
2b). This may relate to higher crystallinity of the submicron particles due to the elevated 
temperature of their annealing. In addition, nano-particles of this material are characterized 
by higher value of cation mixing and they have lower degree of hexagonal ordering. 
Although the electrodes comprising nano-LiNi1/2Mn1/2O2 particles demonstrate faster 
electrochemical kinetics in comparison to those prepared from submicron or micronic 
particles (8), it seems that the calcination conditions influence strongly the cation 
ordering/disordering, and therefore, the electrochemical activity of the material. Annealing 
at 7000C for 22 h may be considered as inappropriate for obtaining LiNi1/2Mn1/2O2 cathode 
material with desirable cycling properties. We have established that LiNi1/2Mn1/2O2 
cathodes comprising submicron particles display very stable cycling at 1C rate during 
more than 350 charge/discharge cycles. Capacity fading was found to be around 0.1 
mAh/g per cycle in this case. As regarding LiMn1/3Ni1/3Co1/3O2 and LiNi2/5Mn2/5Co1/5O2 
electrodes made from submicron particles, it is expected that these electrodes would be 
electrochemically active in terms of cycling and high rate capabilities due to high 
hexagonal ordering (c/a values of 4.96 – 4.97), lesser exchange of Ni2+ and Li+ cations 
from their (3a) and (3b) sites, respectively, as well as small values of the R-factor R=(I012 + 
I006)/I101. Indeed, LiMn1/3Ni1/3Co1/3O2 electrodes show remarkable highly stable 
performance at 3C rate during more than 450 cycles at 300C. Importantly that an 
intermediate cycling of these electrodes at 8C rate and aging every 100 cycles for 1 week 
at a discharge state only slightly influence their capacity fading (23). This may be 
attributed, to some extent, to small enough specific surface area (2.6 m2/g) of the 
LiMn1/3Ni1/3Co1/3O2 submicron particles.  

110



13th Advanced Batteries, Accumulators and Fuel Cells Lithium-ions accumulators 

 

Fig. 3: Cycling behavior of electrodes prepared from the xLi2MnO3
.(1-x)LiMn1/3Ni1/3Co1/3O2 

materials annealed at 900 C for 22 h. Galvanostatic charge-discharge was performed at 30 0C first 
at a C/20 rate for several initial cycles and then at C/10 in the potential range of 2.0 – 4.8 V. EC – 
DMC (1:1)/1 M LiPF6 solutions. 

The electrodes comprising integrated layered-layered lithium-rich materials demonstrate 
stable cycling behavior at 30 0C (Figure 3), and a steady discharge capacity around 175 
mAh/g can be obtained from xLi2MnO3

.(1-x)LiMn1/3Ni1/3Co1/3O2 electrodes (x=0.3; x=0.7) 

after 20 cycles. Much higher reversible capacity ( 220 mAh/g), is delivered by the 
0.5Li2MnO3

.0.5LiMn1/3Ni1/3Co1/3O2 electrodes (x=0.5). The latter also demonstrate superior 
cycling behavior at various charge/discharge rates (25). It was also found that electrodes 
corresponding to x=0.7 demonstrate inferior performance at high rates but reasonable 
capacity retention. The latter can be attributed, to some extent, to low cobalt content at 
x=0.5 and x=0.7 in the integrated materials. The high reversible capacities and cycling 
stability of electrodes comprising integrated xLi2MnO3

.(1-x)LiMO2 materials can be 
ascribed to the high content of active Mn4+/Mn3+ redox sites. 

By studying the surface chemistry of lithiated transition metal oxides used as cathode 
materials for Li-ion batteries we could identify several possible surface reactions of LixMOy 
cathode material in electrolyte solutions based on alkyl carbonate solutions. The surface 
oxygen of these oxides can attack nucleophilically alkyl carbonate molecules, thus forming 
surface ROCO2Li, (ROCO2)yM, ROLi and (RO)xM species. The basic oxygen reacts with 
acidic species such as HF, thus forming surface fluorides (LiF, MFx). Transition metals at 
high oxidation states can oxidize alkyl carbonates, thus forming CO2 and transition metal 
ions at lower oxidation states. Such ions can dissolve in solutions more easily than 
transition metal ions at high oxidation states. Finally, alkyl carbonates, especially EC, can 
be polymerized on the LixMOy particles' surfaces, probably by cationic mechanisms, to 
form polycarbonate species. The order of reactivity of LixMOy compounds in standard 
solutions based on alkyl carbonate solvents and LiPF6 was found to be LiNiO2 > LiCoO2 > 
LixMnO2 (layered structure) and LiMn2O4 spinel structure (21). LiMn1.5Ni0.5O4 spinel and 
LiNi1/2Mn1/2O2materials were also found to be very reactive towards solution species in 
standard electrolyte solution based on alkyl carbonates and LiPF6 (8, 21). These materials 
seem to develop surface films comprised of Li and transition metal fluorides, alkoxides and 
metal alkyl carbonate species, and polycarbonates. We found evidence that upon aging in 
solutions, the particles of these Li[MnNi]O2 materials develop a core-shell structure. The 
shell is formed by the surface reactions and the reversible dissolution of transition metals 
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that leads to changes in the stoichiometry of the material near the surface, and hence, to 
the formation of new phases. 

In the present work, the surface chemical studies concentrated on LiNi1/2Mn1/2O2 and 
LiMn1/3Ni1/3Co1/3O2 nanoparticles and electrodes. The following information was obtained 
from the FTIR spectra measured by the diffuse reflectance from pristine and aged powders 
(Figure 4).  

 

Fig. 4: FTIR spectrum of ethylene carbonate (EC) and spectra measured from pristine and aged 
nano-LiNi1/2Mn1/2O2 powders. Ageing was carried out in DMC-EC (2:1)/1.5 M LiPF6 solution in a 
sealed polyethylene vial (argon atmosphere) at T=600C for 20 days. Possible surface species 
formed are indicated. 

The spectrum related to the pristine powder is nearly featureless in most of the relevant 
range. The main IR peaks are of the surface –OH groups (3360 cm-1), residual 
atmospheric CO2 (indicated) and peaks at low wavenumbers (400 – 600 cm-1) that 
probably belong to M-O vibrations. The IR spectrum of the aged powder is rich in peaks, 
around 3000 cm-1 (related to C-H bonds), around 1800-1600 cm-1 (carbonyl C=O peaks), 
and many peaks below 1450 cm-1, which belong to the fingerprint region of organic 
species. The comparison with the spectrum of EC shows that the spectra of the aged 
electrode material do not reflect the presence of residual EC. Hence, the carbonyl peaks in 
the 1800-1600 cm-1 range in the spectrum of the aged LiMn1/3Ni1/3Co1/3O2 powder indeed 
reflect the formation of polycarbonate and ROCO2M species. 

112



13th Advanced Batteries, Accumulators and Fuel Cells Lithium-ions accumulators 

 

 

Fig. 5: XPS spectra (O1s, F1s and P2p) of pristine LiMn1/3Ni1/3Co1/3O2 nano-particles (calcination 
at 7000C/1 h after SCR) and spectra of nano-particles aged in an EC-DMC/LiPF6 solution, at 600C 
for 2 weeks.  

Figure 5 compares X-ray photoelectron spectra of O1s, F1s and P2p measured from pristine 

and aged LiMn1/3Ni1/3Co1/3O2 powders. Aging included storage at 60 C in an EC-DMC 
1:2/1.5 M LiPF6 solution. These surface studies demonstrate pronounced changes in the 
surface composition of this material upon contact with the electrolyte solutions. New 
fluorine and phosphorous surface species are formed. The oxygen spectra also reflect 
pronounced surface changes. The new broad oxygen peak at high binding energies (up to 
535 eV) reflects the formation of surface oxygen compounds. This is in line with the FTIR 
spectrum (not shown) of the aged material that reflects the formation of surface carbonate 
and polycarbonate species.  

 

Fig. 6: Raman spectra of the pristine LiMn1/3Ni1/3Co1/3O2 nanoparticles (annealed at 700 C/1 h) 
and particles aged in EC – DMC (1:2)/1.5 M LiPF6 solutions at 30 C during 8 weeks and at 60 C 
during 6 weeks.  

LiMn1/3
Ni1/3

Co1/3
O2 has typical Raman spectra, which are demonstrated in Figure 6 (peak 

assignment therein). The Raman peaks at 595 and 480 cm-1 are attributed to the active 
A1g and the Eg modes, respectively, and they correspond mainly to vibrations of oxygen 
atoms of LiMO2 compounds (27). As seen in this figure, the ageing of LiMn1/3

Ni1/3
Co1/3

O2 
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nanoparticles, even at 60 C, does not seem to change their bulk response. It should be 
also noted that aged particles retain their structure as was confirmed by comparative XRD 
measurements (patterns are not shown). 

Conclusions 

Using the self-combustion reactions based on transition metal nitrates, Li nitrate and 
sucrose we produced layered Li[NiMn]O2, Li[NiMnCo]O2 and the layered-layered 
integrated xLi2MnO3

.(1-x)LiMn1/3Ni1/3Co1/3O2 materials (x=0.3; x=0.5; x=0.7) with 
adjustable particle size. Following by calcination in air, nano-, submicronic and micron size 
particles can be produced as a function of the temperature and duration of the final 
calcination process. LiNi1/2Mn1/2O2 can be considered as a high capacity cathode material 
(up to 200 mAh/g at C/10 rate), but slow in the Li-intercalation/deintercalation reactions. 
LiMn1/3Ni1/3Co1/3O2 can provide a lower capacity (up to 170 mAh/g), but it is a very fast 
electrode material, i.e., the capacity retention is more than 50% at 8C rate, while for 
LiNi1/2Mn1/2O2 a 50% decrease in capacity was already measured at 1C rate. The 
LiNi2/5Mn2/5Co1/5O2 electrodes demonstrate intermediate values between the above two 
materials in terms of both maximal capacity and rate capability. All of these materials 
develop a similar surface chemistry in EC-DMC/LiPF6 electrolyte solutions. When using 
FTIR and photoelectron spectroscopies we detected polycarbonates, Li or transition metal 
alkyl carbonates, and perhaps alkoxides and metal fluorides, as surface species. XPS also 
detected surface species containing phosphorous. It is interesting that the aged 
LiMn1/3Ni1/3Co1/3O2 nano-particles show, by XPS measurements, much higher Ni/M 
(M=Co, Mn) ratios close to the surface, compared to the bulk (pristine) ratios. This finding 
may reflect the pronounced reactivity of the oxygen bound to Ni, and thus its reactions with 
acidic or electrophilic solutions species leave the Ni ions in the surface species.  

It was concluded from HR-TEM studies that nano-particles of xLi2MnO3
.(1-

x)LiMn1/3Ni1/3Co1/3O2 are comprised of nano-domains of both rhombohedral LiNiO2-like 
and monoclinic Li2MnO3 structures, which are closely integrated and interconnected with 
one another at the atomic level. It was shown that reversible capacities around 220 mAh/g 
can be delivered by the 0.5Li2MnO3

.0.5LiMn1/3Ni1/3Co1/3O2 electrodes containing integrated 
materials annealed at 9000 C for 22 h (submicron particles). It was found that the electrode 
impedance associated with the resistance of the electrode's surface films remains almost 
constant after the electrochemical activation of the Li2MnO3 component and subsequent 
cycling, possibly due to the passivating effect of the MnO2 species which are formed 
during activation and incorporated into the electrode surface films (17).  
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Abstract 

Skutterudite-type CoSb3 has been synthesized with the application of mechanochemical 
and wet chemical methods. Analysis of structural data reveals that unlike in the case of 
mechanochemical method, solvothermal and polyol synthetic routes lead to materials with 
admixture of phases other than CoSb3. On the other hand, wet chemical methods allow for 
obtaining nanometric grains. The materials have been electrochemically tested as possible 
anode materials for Li-ion cells, demonstrating in some cases capacities exceeding those 
known for graphitic materials, although at the same time suffering from very poor cyclic 
stability. Impact of phase composition as well as charge/discharge regime on the 
electrochemical parameters has been discussed. 

Introduction 

Lithium-ion batteries are a group of chemical power sources, which have attracted the 
worldwide attention after the first commercialization by Sony in the early 90’s. When 
compared with other rechargeable batteries such as lead-acid, nickel cadmium and nickel 
metal hydride, lithium ion batteries have noticeable advantages of high cell voltage, high 
energy density, no memory effect and low self-discharge rate. Currently, they are the most 
common power sources for portable electronic devices such as laptops, cell phones, 
cameras, etc. It is believed that this type of battery will soon be applied to power electric 
vehicles and medical equipment. Lithium ion batteries are today produced billions of units 
per year and they account for almost 80% of the worldwide battery sale [1-3]. Rapid 
progress in portable electronic devices demands increasing performance in battery energy 
density and cycle life. These parameters strongly depend on the selection of the anode 
materials [4, 5]. Commercially used graphite anodes have good electrochemical properties 
but their capacity is insufficient to satisfy the market requirements. Numerous insertion 
materials have been reported as electrode materials, for example lithium titanate, tin oxide 
or silicon [6]. The main drawback of non-graphite electrodes is the rapid capacity fade 
upon repeated cycling resulting from the large volume changes during the lithium 
insertion/deinsertion process. Nanostructuring of anode materials can be an effective 
strategy to alleviate the volume change effect due to the small particle size and large 
specific surface area [7]. 
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Skutterudite-type CoSb3 is a promising thermoelectric material owing to high electrical 
conductivity and large Seebeck coefficient. Skutterudite is a cage type structure with large 
voids where different atoms can be inserted. It is also good candidate for anode material 
because of antimony which reversibly connect with lithium. CoSb3 compounds are usually 
synthesized using mechanical alloying, ball milling or hot pressing methods but these 
mechanical methods lead to obtain materials with large grain size. Wet chemical methods 
such as solvothermal or polyol have the advantage of obtaining nanostructured material 
with grain size below 50 nm. Chemical methods also don’t require the use of high 
temperatures and allow to achieve high reproducibility and large scale production. The 
disadvantage of chemical methods is difficulty with obtaining pure phase CoSb3 [8, 9]. 

The aim of presented study was the synthesis and physicochemical characterization of 
skutterudite type CoSb3. Synthesized materials were electrochemically tested in terms of 
reversible lithium cations insertion. 

Experimental 

Skutterudite CoSb3 was prepared by three different synthesis methods according to 
literature, it was mechanical hot pressing, solvothermal synthesis using stainless steel high 
pressure reactor [8] and polyol method in tetraethylene glycol [10]. Analytically pure CoCl2 
∙ 6H2O and SbCl3 were used as metal precursors and NaBH4 was the reducing agent. 

In the beginning of the reaction process the strong reducing agent rapidly and completely 
reduces cobalt and antimony cations to metallic elements and after thermal activation they 
react with each other to form CoSb2, which further reacts with antimony atoms to finally 
form CoSb3 phase [11]. 

The phase structure of the obtained powders were investigated by X-ray diffraction (XRD) 
using Philips PW 1130/90 diffractometer.  

The texture and morphology of the CoSb3 material was observed by scanning and 
transmission electron microscopy on Zeiss EVO 40 (SEM) and JOEL JEM 1200 EX (TEM) 
instruments. 

The electrodes for the electrochemical tests have been prepared by casting the slurry with 
active material onto the copper current collectors. The slurry consists of 75 wt.% CoSb3 
powder, 15 wt.% carbon nanotubes as conducting agent and 10 wt.% PVdF 
(polyvinylidene fluoride) as binder. The electrodes have been tested in Swagelok-type 
cells with metallic lithium as counter and reference electrode and a conventional lithium-
conducting electrolyte. 

The cells were galvanostatically charged/discharged at a current density 10 mA g-1 
between 0 – 2 V versus Li+/Li. Typically five complete galvanostatic cycles were 
performed. Potentiodynamic tests were performed with a scanning rate 0.05 mV s-1 
between 0 and 2 V. All electrochemical measurements were carried out using VMP3 
Bio Logic instrument. 

Results and discussion 

Fig. 1 shows XRD patterns of powders prepared by polyol synthesis route at different 
reaction temperatures. Our experiments confirm that temperature and duration of the 
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reaction are key parameters determining the phase composition of the final product. At 
180°C only antimony oxide phase was obtained. When the reaction temperature was 
increased to 200°C peaks from CoSb2 phase were the most intensive and after elevating 
temperature to 240°C skutterudite CoSb3 phase became the dominant phase. Fig. 2 
presents XRD patterns of powders obtained by polyol method at 240°C in different 
reaction time. After 15 minutes of reaction peaks from CoSb3 and metallic antimony are 
slightly visible. Prolonging time to 1 hour results in obtaining material with dominant CoSb3 
skutterudite phase. 

Fig. 3 presents the XRD patterns of materials prepared by solvothermal synthesis route at 
different reaction time and temperature. For sample synthesized at 240°C for 72 h 
antimony is the dominating phase and the triantimonide CoSb3 can hardly be found in the 
XRD pattern. When two step heating was applied with first temperature 190°C for 24 h 
followed by 240°C for 48 h the peaks of CoSb3 can be visible. Prolonging the second step 
reaction to 96 h increases intensity of the skutterudite phase peaks. 

Autoclave filling percentage is also parameter determining phase composition. Our results 
reveal that 70% filling of the high pressure reactor give the most intensive peaks of the 
skutterudite phase. 

 

Fig. 1: XRD patterns of samples prepared by polyol method at different reaction temperature. 
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Fig. 2: XRD patterns of samples prepared by polyol method in different reaction duration. 

 

Fig. 3: XRD patterns of solvothermally synthesized CoSb3 powders at different time and 
temperature. 

The pure phase skutterudite CoSb3 was not obtained by wet chemical methods, it was 
only possible using hot pressing mechanical synthesis method. Table 1 presents results of 
Rietveld refinement phase analysis. 
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Table 1: Rietveld refinement phase analysis of samples prepared by different synthesis routes. 

Phase Hot pressed Solvothermal Polyol 

CoSb3 100 56.2±0.38 49.6±0.56 

CoSb2 - 18.6±0.39 19.0±0.59 

Sb - 25.2±0.36 17.8±0.58 

Sb2O3 - - 13.6±0.39 

Scanning and transmission electron microscopy images of synthesized products show that 
CoSb3 particles are composed of small, irregular granules with particle size about 20 nm 
which are connected to each other and form a network structure. Some particles form 
bigger aggregates, as can be seen especially in material obtained by hot pressing method 
(Fig. 4). 

   
 SEM - hot pressed CoSb3 SEM – solvothermal CoSb3 

   
 TEM - hot pressed CoSb3 TEM – solvothermal CoSb3 

Fig. 4: SEM and TEM images of synthesized skutterudites. 

Synthesized materials were tested towards reversible electrochemical lithium cations 
insertion. 
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We examined the influence of the solvothermal CoSb3 end-of-charge potential (EOCP) on 
its basic electrochemical parameters. Fig. 5 shows galvanostatic charge/discharge curves 
in the first cycles at variable EOCP. Fig. 6 presents the potentiodynamic characteristics in 
the first three cycles at different EOCP and Table 1 collects basic electrochemical 
parameters determined on the basis of galvanostatic experiments. From the collected data 
it is evident that cutting the EOCP results in drastic reduction of discharge (reversible) 
capacity, which is quite obvious. Less obvious is the finding that together with cutting the 
EOCP the efficiency of charging is very significantly improved and reaches maximum for 
EOCP=0.4 V (83%). This suggests that by stopping the first charging earlier one gets rid of 
large portion of useless irreversible capacity. These lost fractions of irreversible capacities 
can clearly be seen on potentiodynamic curves. On the CV curves we can also see that 
the charging process in the first cycle is quite complex and involves probably several 
different reactions. The charging process changes significantly at the second and third 
cycle, which suggests that material undergoes some kind of structural transformations 
after the first charging cycle. 

 

Fig. 5: Galvanostatic charge/discharge characteristics at variable EOCP for solvothermal CoSb3. 

Table 2: Electrochemical parameters of solvothermal CoSb3 at various end-of-charge potentials. 
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Fig. 6: Comparison of potentiodynamic characteristics recorded at different EOCP for solvothermal 
CoSb3. 

Cycling stability is a severe problem in CoSb3 type materials. The capacity in the 15th cycle 
is only 30% of that observed in the first cycle. Rapid capacity fade upon cycling is mainly 
due to large volume changes to which the active materials are exposed as lithium cations 
are repeatedly inserted and deinserted into and from their crystal lattices. 

Scanning electron microscopy images of the electrode before and after lithium insertion 
process show how the material morphology has changed. Before electrode reaction we 
can see nanostructured CoSb3 with carbon nanotubes as conducting agent. After the 
reaction the material obviously changes its original morphology (Fig. 7). 

   
 before GC after GC 

Fig. 7 SEM images of CoSB3 electrode before and after galvanostatic cycling. 
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Fig. 8 shows comparison of galvanostatic characteristic for CoSb3 materials synthesized 
using three different synthesis methods. For solvothermal and polyol CoSb3 two plateaus 
during the first charge can be observed. Taking into account that it’s not pure phase 
CoSb3, first plateau may be ascribed to the reaction of lithium with metallic antimony 
(reaction 1) and the second plateau may be due to the process of decomposition of CoSb3 
and subsequent formation of lithium antimonide (reaction 2). In the second cycle only one 
plateau is observed at about 0.8 V and this is value at which pure antimony alloys with 
lithium (reaction 1). It is believed that only antimony provides the anode capacity, while 
cobalt acts as an electronic conducting matrix. Furthermore, cobalt matrix prevents 
antimony from congregating and can buffer some volume changes during cycling. In the 
case of hot pressed CoSb3 which is pure phase CoSb3, we observe only one charge 
plateau in the first cycle at about 0.4 V which is due to CoSb3 decomposition process and 
in the second and other cycles the charge plateau is positioned at 0.8 V as in the case in 
other materials. This is the reaction of antimony with lithium. Our experiments are in 
accordance to some other reports [12]. 

 

 

Fig. 8: Galvanostatic charge/discharge characteristics (0.4 – 1.5 V) for CoSb3 synthesized using 
three different synthesis methods. 

Conclusions 

Skutterudite CoSb3 was synthesized by polyol, solvothermal and mechanical synthesis 
methods and evaluated in terms of reversible electrochemical insertion of lithium.  

Materials synthesized by wet chemical methods contain certain amount of other phases 
(Sb, CoSb2). Their relative content is sensitive to synthesis conditions. 

The materials are capable of storing significant amount of lithium, mostly at ca. 1 V vs. 
Li/Li+ , and can be promising as anode material. Cycling stability can be a major problem 
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to solve. Reversible capacity and charging efficiency strongly depends on the end-of 
charge-potential. 

Our results, in accordance to some other reports, suggest that the material undergoes a 
dramatic structural transformation after the first insertion cycle. Further electrochemical 
process involve alloying-type reaction of lithium with antimony. 
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Abstract 

Charge managing device is important for safety of lithium batteries. It means an electronic 
monitoring of each cell in the battery from viewpoints of overcharging, overload, 
overdischarging and occasional increase of temperature inside any cell. Another approach 
is based on the selection of functional materials, which can maintain the capacity of the 
cells and ensure higher fire resistance of them. Lithium cell contains positive electrode, 
negative electrode and electrolyte. Improvement of LiCoO2 stability by doping with 
potassium ions and modification of spinel – like LiFePO4 were tested as materials for 
anodes, while electrodeposition od silicon was verified for production anode materials with 
enhanced safety and capacity. Both the solvents and polymers were investigated as 
components of electrolyte. High thermal stability of sulfolane seems to be useful. Some 
aspects of treating and possible recycling of used batteries are discussed. 

Risk of lithium batteries 

Lithium batteries accumulate amount of energy close to several hundreds of kWh per 1 kg. 
Any occasional discharge can have disastrous consequences. Two main sources of heat 
must be  kept in mind: 

 Regular, originating in the discharge of a cell 

 Irregular, coming from further unwonted reactions such as burning 

The risky energy evolution can cause fire or even an explosion of the cell, the 
extinguishing of which can be difficult or impossible. Safety issue is described in standard 
No. IEC – EN 600686-4. The protection against the first group is based mostly on the 
prevention. This is based on battery management units, the aim of which is controlling the 
depth of charging and discharging and monitoring the values. In a large battery, a series of 
cells must be used and monitored; they should be disconnected from the system in 
important values have passed over critical limits. This can be seen in rather small cells 
such as those used in “cellular phones”. An example of the circuitry is shown in the 
figure 1. 
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Fig. 1: Conventional type of Li-ion battery with safety circuit.  

Irregular generation of heat 

Irregular bursts of heat can originate from components not involved in the basic 
electrochemical process of a battery. We have to keep in mind following: 

 Anode materiel is either graphite, petroleum coke or any kind of carbonaceous 
material. Therefore, it is always combustible and the heat of combustion 
exceeds the reversible heat of the cell. 

 Cathode material is a transition metal oxide and even in fully discharged state, 
still possesses some energy able to oxidize flammable materials. 

 Electrolyte is a solution of lithium salt in organic aprotic electrolyte. It must be 
considered to be a flammable material. 

 In gel polymer batteries, the electrolyte contains considerable amount of 
macromolecular substance, which should be subject of burning as well. 

The composition of lithium ion and lithium polymer battery resembles somehow a black 
gun powder mixed from charcoal, sulfur and potassium nitrate. It is known generally that 
its main property is to burn even in the absence of oxygen and this process may be very 
fast. 

The means used for fire prevention or protection can be divided in few groups: 

1. Selection of components used in the electrolyte with lower ease of incineration, 
higher flash point and which leave an inert unburnable ashes slowing the rate of 
burning 

2. The use of anode materials with slower or lower reduction activity 
3. Cooling of the system - not quite practical for a 10 kW battery 
4. Addition of fire retardants such as triphenyl phosphates, phosphazines or 

similar substances will slow the process of fire initiation and propagation 
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5. Developing of automated fire extinguishers flooding the battery case and 
quenching occidental incineration 

6. Verification of substances suitable for extinguishing fire or preventing an 
incineration as a whole 

Methods 

We select solvents and gel polymers and test their properties. For solvents, we 
concentrated our interest on sulfolane. As for polymers, we tested methacrylate polymers, 
their networking binders and metal-silicon monomers with the aim of lower the 
flammability. 

Solvents 

First, we measure the flash point either of pure solvents or of their mixtures.  

Sulfolane seems to be a good candidate. It increases the flash point of other solvents 
considerably as it is shown on following figure 2 and figure 3 below. 

 

Fig. 2: Flash point of sulfolane mictures with other solvents. Curve 1 represents the propylene 
carbonate + sulfolane mixture, curve 2 – propylene carbonate + sulfolane, curve 3 – 
dimethylsulfoxide + sulfolane and curve 4 –dimethyl carbonate + sulfolane. 

As a benefit from the use of mixed solvents we can suppress the freezing point fairly below 
0oC. From these measurements, we have estimated the cryoscopic constant to an 
unordinary value close to 86 K/Mole. 
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Fig. 3: Melting point dependance on sulfolane concentration in dimethyl carbonate. 

Experimental cells were assembled from lithium perchlorate dissolved in sulfolane as 
electrolyte, and a pair of graphite and LiCoO2 for electrodes. 

An example of two subsequent galvanostatic cycles of charge / discharge is described in 
following figure 4. 

 

Fig. 4: The first two charge – discharge cycles of lithium-ion positive electrode, material LiCoO2. 

Current 0.6 mA and mass of negative electrode 3.5mg were used. 

Electrodeposited highly porous silicon was suggested for the negative electrodes; only 
informative preliminary results are available yet. 

 

128



13
th
 Advanced Batteries, Accumulators and Fuel Cells Lithium-ions accumulators 

Properties of polymeric gel systems 

Gel polymers are prepared from a blend of a lithium solution in aprotic solvent and suitable 
monomer.  

Gel polymer electrolytes 

Methylmethacrylate MMA, ethoxymethylmethacrylate EOMA and trimethoxy-3-
propylmethacrylate TSMPMA were used together with ethylendimethacrylate EDMA as a 
networking agent. These monomers were mixed with lithium salt dissolved in propylene 
carbonate (PC), sulfolane and their blends. Finally, benzoin ethyl ether BEE was added 
and the polymerization was performed by UV illumination. 

The easiest way to study the properties of gels at elevated temperatures is the differential 
thermal analysis DTA/GTA, DTA/STA or other modifications of this method. 

Essentially the test is based on observation changes if the sample is heated by linearly 
increasing temperature. We can detect heat flow from and back of the sample (DTA), 
mass changes (GTA) or gases which are formed by the heat. 

The decomposition of one sample is shown in a figure 5 (a fascimille of the instrument 
output): 

 

Fig. 5: Thermogravimetry and Simultaneous Thermal Analysis of gel specimen. Green curve: loss 
of mass, blue curve: derivative of the former. Left peak is supposed to be evaporation of solvent, 
the other two : two stages of decomposition of the polymeric network 

Three processes are indicated there. First from left should be evaporation of residual 
solvent, followed by depolymerization and burning of the residual substances. Apparently, 
the burning is not 100% and some not burnt solid substance remained even at highest 
temperature used. 
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Fig. 6: Composition of gaseous products of gel decomposition by linearly increasing temperature 
in a DTA device. Right axis: time proportional to temperature, left axis: wavenumber of IR 
absorption of products. Flat peak No. 1 ascribed to evaporation of solvent. Other peak correspond 
to products of polymer thermal decomposition. They correspond mostly to compounds containing 
group C=O generated by decomposition of polymer. 

 

Figure 6 shows the results of a DTA analysis associated with the analysis of the 
decomposition products by IR spectroscopy. We can follow easily the initial evaporation of 
solvent (peak No.1), which is endothermic on contrary to the others which are exothermic. 

Another example shows the influence of surrounding gas on decomposition of the gel: 

 

Fig. 7: Thermal analysis of a gel containing TMSPMA + LiClO4 in nitrogen. Red curve: loss of 
mass, blue curve L evolution of head. 
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Fig. 8: Thermal analysis of a gel containing TMSPMA + LiClO4 in air Meaning of colors the same. 

In Figures. 7 and 8, the difference between gel decomposition in nitrogen and in is shown. 
First, the endothermic process is assigned to evaporation of solvent. As we see, there is 
no considerable heat emission over 400 oC in nitrogen. Contrary to it, at 460 oC in air an 
abrupt loss of mass appears if heated in air. It is connected with an outburst of heat at the 
same temperature. No explosion appeared in nitrogen atmosphere. Apparently, the 
reaction of perchlorate wit organic substances proceed rather slowly, but in can initiate an 
avalanche like explosive reaction with the components of gel with oxygen.Apparently, the 
abrupt decomposition has an appearance of an explosion (see Figure 9). 

 

 

Fig. 9: Explosion of a LiClO4containing gel in air at 450oC. 

 

For comparison, lithium fluoroborate did never show any explosive decomposition like the 
perchlorates did.  
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Conclusion 

Perchlorates and other salts having properties of oxidant should be avoided.  

The first slowly reactions in the gels at elevated temperature can transform into an 
explosion if air is present. 

The cathode should possess high apparent surface area so that there is no possibility of 
decomposition of lithium in the form of metallic whiskers or other nanoform. 

The polymeric backbone as well as organic solvent should be selected from the viewpoint 
of a compromise between flash point, good conductivity and low temperature mechanic 
properties. 

The ratio between polymeric backbone and organic solvent must be balanced carefully to 
obtain a good conductivity and free volume of solvent between the macromolecular chains. 
Outline on figure 10 shown the coexistence of polymer and solvent.  

 

Fig. 10: The movement of ions in liquid part of the gel. We suppose that the ions “flow” in the free 
fraction of the liquid electrolyte without any hindrances by the polymeric chains. 

Selection of substances suitable to extinguish fire in lithium batteries must be investigated 
thoroughly. For example, the usage of solid sodium carbonate or dihydrogenphospate 
must be checked. Also it is not clear yet if the lithiated graphite can be dangerous in 
contact with water. 

Appendix 

To our best opinion, not enough interest is paid to the problem of waste batteries and 
possibility to recycle them. If a battery with nominal capacity 500 Wh (in one single cell) is 
discharged, still as much as 10 Wh remains if the battery had been discharged just to 2_ of 
nominal charge. Such a residual chain may cause unpleasant effect, for example, if short-
circuited occasionally during disassembling.  Also the effect of recycling them would be not 
much profitable. Cells as show do not contain more than 10% of copper and about the 
same amount of transition metal oxides.  Therefore, the question of economic 
disassembling and recycling always would arise. 
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Abstract 

This work deals with TiO2 based anode material for lithium-ion secondary batteries. The 
aims of this study is to synthetize and characterize TiO2 - nanorod based active anode 
material using up scalable process with just slightly modified synthesis method commonly 
used for production of this type material. Low temperature treatment of raw samples was 
made and structural and electrochemical properties in correlation with treatment 
temperature were investigated. Using of these substances as promising li-ion anode 
materials was successfully tested by charge-discharge cycling and structural 
characterization by XRD and SEM was made. 

Introduction 

Lithium ion batteries are very interesting energy storage systems characterized by very 
high energy and power density in comparison with other batteries. Modern lithium ion 
accumulation systems are considered very promising power tools for electric or hybrid 
vehicles with performance comparable to that of oil-fuelled cars. Particular attention is 
presently devoted to the increase of the safety level of the battery in order to make it really 
suitable to be used in the electric vehicles. This important task can be reached by 
modifying the electrode and the electrolyte components[1]. The present configuration 
lithium ion battery involves a graphite anode, a lithium cobalt oxide cathode, and a liquid 
organic-solution electrolyte.  

Especially stable and high-capacity anode material for li-ion battery anode is still a big 
challenge in the world of electromobility and high power applications and it is a “bottle 
neck” in the way to high charge rate lithium-ion batteries. Nowadays, the most often anode 
material used in lithium-ion cells is graphite. These electrodes are characterized by a very 
low working voltage vs. lithium, which is out of the electrochemical stability windows of the 
organic electrolyte. Graphite also suffers from number of other problems, i.e. possibility of 
lithium plating during charge and hence significant safety issues and SEI layer formation 
during the first charge cycle.  As a result, many new anode materials were reported in 
literature, included layered structure, olivine and li-alloying conversion materials. Titanium 
oxide based materials in its various polymorphs, i.e. rutile, anatase and brookite attracted 
large attention of many researchers. Also spinel Li4Ti5O12 is widely discussed and well 
characterized anode active material. 
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Experimental 

In all samples, anatase form of TiO2 was used as a precursor. Mixture of TiO2 and 15M 
NaOH aqueous solution was made and after stirring moved in a Teflon-lined autoclave 
where the suspension was heated to 170°C for 6h. The product was acid-washed and 
neutralized by 0.05M HCl, washed with distilled water and dried. Final material was 
obtained by heating the nanowired titanate precursor for 4h in air at 300°C, 400°C and 
500°C respectively.  

Electrochemical characterization was made on slurry-casted electrodes coated on copper 
foil. The slurry was prepared by mixing PVDF, Super P and obtained TiO2 in w/w ratio 
10:10:80 together with the NMP used as a solvent. Electrochemical measurements were 
made in the coin-type two electrode El-Cell® electrode system with lithium foil used as 
counter electrode and 1M LiPF6 in ethylene carbonate:dimethyl carbonate 1:1 as an 
electrolyte.  All cells were assembled in Ar filled glovebox made by MBraun, Germany with 
O2 and H2O content less than 0.1 ppm. Powder X-Ray diffraction was performed on 
PANanalytical Xpert PRO goniometric difractometer with Cu Kα1 radiation.  

Results and discussion 

SEM pictures shown at Fig. 1.indicates nanostructured rods and short wires with quite 
wide diameter distribution varying from 10 nm to 200 nm which can extend up to several 
micrometers in length. The SEM pictures confirm high yield of nanowires within micro 
structured conglomerates. 

 

 

Fig. 1: SEM images of nanostructured TiO2 anode material at different magnifffication.  
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A powder XRD diffraction patterns for materials obtained by different treatment 
temperatures are shown on Fig. 2. It is possible to see that we gathered poorly crystalline 
material at the lowest treatment temperature and that the 300°C is not enough for 
formation of crystalline phase. The structural measurement of materials treated at 400°C 
and 500°C shows that they are almost identical. It is a mixture of anatase and brookite 
phase with obvious peak broadening probably due to low crystallinity or very small 
particles.  

 

Fig. 2: Powder XRD patterns of TiO2 material treated at different temperatures  

First charge-discharge cycle performed by low rate of 0.1C  is shown at Fig. 3. The sample 
treated by temperature 400°C shows better voltage stability and has short plateau at 1.8 
volts during discharge. Sample treated with 300°C has no stable precise reaction potential 
of lithium intercalation and no flat plateau is visible  but whole discharge proscess occures 
between 1.8 and 1.3 volts. Both samples exhibit no first cycle irreversible capacity 
associated with SEI layer formation known from graphite anodes.  

Fig. 4. shows associated charge and discharge characteristics taken also from the first 
cycle. Despite of lower crystalinity of the sample treated by 300°C it reported slightly 
higher discharge capacity in first cycle than the one treated by 400°C and also has better 
coulombic efficiency. 

 

Fig. 3: (left) First charge-discharge cycle  
Fig. 4: (right) Charge-discharge characteristics from first cycle 
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The sample treated by 300°C exhibits discharge capacity 250 mAh·g-1and sample treated 
by 400°C shows capacity 220 mAh·g-1 which are very promissing results in comparison for 
example with capacity of often used and conventional Li4Ti5O12 ( 170 mAh·g-1 theoretical 
capacity). 

Discharge rate capability as a plot of variation of the active material capacity during 
discharge on a discharge rate changes is shown on Fig. 5. Starting from the discharge rate 
equal to 5C the materials have almost equal behavior. The capacity fading between 0.1 
and 10C is rapid which can be probably caused by low intrinsic electronic conductivity of 
the material. 

 

Fig. 5: Discharge rate capability of TiO2 anode materials treated by different temperature 

Conclusion 

Promising anode material consisting of TiO2 nanorods was prepared by a simple method 
easily scalable to a mass production process. Two variants of this material with different 
treatment temperature were prepared. Both material works well as an intercalation host for 
lithium ions with capacity of 220 mAh·g-1 and 250 mAh·g-1 respectively.  
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Abstract 

High-power converters with high frequency pulse transformers are used in fast-chargers 
for electric vehicles to decrease their size and price. These converters and their input 
rectifiers have significant impact on distribution network. Distribution net impact can be 
split into 3 basic domains: EMC issues, unusually high local concentration of consumed 
power and presence of higher harmonics in input current. The third domain is the main 
objective of the article. An advantageous solution of input rectifier was proposed. A 
conception with a passive diode input rectifier and a DC-link with an extremely low 
capacity is used in this conception. Dimensioning of this DC-link capacitor to ensure 
mentioned low impact on distribution net is presented. The final part of the paper 
demonstrates overall applicability of RN14-140 fast-charger pattern via presentation of 
high harmonics of phase current measurements. 

Introduction 

The power rate of the fast-chargers for traction battery in electric vehicles is increased 
rapidly nowadays. High-power converters with high frequency pulse transformers are used 
in these devices to decrease their size and price. These converters and their input 
rectifiers have significant impact on distribution network. This factor must be taken into 
consideration in the case of mass stationing of electric vehicles. 

Distribution net impact can be split into these several basic domains:  

1) EMC issues, caused especially by high du/dt produced by fast switching power 
transistors used in converters. Problems are solved successfully by: 

o passive input EMC low-pass filters, they are able to reduce emissions 
to net, their usage is necessary for every power-electronic equipment.  

o Soft-switching, special technique to decrease power losses and EMC 
interference, its usage brings some technical difficulties. 

o shielding techniques – simple steel cover of inverters can terminate 
radio-emissions to air.   
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2) Unusual and high local concentration of consumed power 
o Unpredictable power peaks are present in the distribution net when 

the fast-chargers are connected. Their typical behavior is 
characterized by very high power for few minutes. 

o Sufficient short-circuit power of distribution net in connection point 
has to correspond to consumed power. 

These problems will be solved with a complex control of chargers using a global 
master structure called “Smart grids” technologies, where power of every charger 
will be centrally controlled in relation to actual state of distribution net.    
 

3) Presence of higher harmonics in input current - If an ordinary passive input 
rectifier with a large DC-link capacitor is used then problems with power factor λ will 
appear due to the shape of the phase current caused by narrow pulses with high 
peak value and high RMS value. Voltage drop on internal impedance of network 
causes deformation of sinusoidal shape of net voltage. This is why active filters, 
generally known as the power factor correctors PFCs, are used for large power 
applications. This solution can be separated into two possibilities:  

o Active rectifier with transistors – expensive solution 
o Passive rectifier with PFC – simple schematic, lower efficiency 

These both variants are generally well-known, but their implementation for such 
high-power switched sources brings unpleasant increasing of system price and 
volume. Power circuitry is more complicated what decreases the efficiency of 
chargers.    
An input rectifier with a small DC-link capacitor represents a surprisingly simple 
solution what is introduced in this contribution.   

Conception of the converter 

There are Infineon CoolMOS transistors used in the converter. DC-link is split into two 
sections to enable using of MOS-FETs with lower breakdown voltage. 

 

Fig. 1: Principle schematics of the charger power part 
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Fig. 2: Input phase current 

Main characteristic attribute of the proposed input rectifier topology is the so called 
“tracking effect”, where output voltage of inverter in every 1/6 of net period follows 
sinusoidal shape of input voltage.  Hence DC link capacitor compensates only HF voltage 
ripple, 300Hz ripple from 6-pulse passive rectifier is still present. The measured shape of 
input phase current is in Fig. 2. This guarantees low impact on distribution net. Calculated 
power factor is about 0.96.  

Dimensioning of this DC-link capacitor 

DC-link capacitor has to be relatively small to ensure mentioned tracking effect. 

 

Table 1: Input parameters for capacitor dimensioning 

Peak value of DC-link voltage  Um 560V 

Main value of DC-link current   ID 29A 

Height of DC-link current pulses ICpeak 188A 

Operating frequency of inverter  f 100kHz 

Maximum duty-cycle  smax 0,45 

Period of input net voltage T  0.02s  

 

Maximum value of capacitance to ensure tracking effect: 
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Capacitance 13.2uF was chosen. 

Voltage ripple at full duty-cycle and full DC-link current: 
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RMS value of capacitor current: 
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Fig. 3: Theoretical shape of DC link current (id) and capacitor current  (icond) 

28 pcs of polypropylene capacitors 470nF/630V by EPCOS was used. Capacitance is 

13.2µF for one-half of DC-link, total capacitance is 6.6µF. Loss number tg of used 
capacitor is 0.015 at 100kHz. 

 

Serial resistance of one capacitor is:   
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Nominal power loses of one capacitor is Pztr=0.3W 

 

Maximum RMS current of one capacitor is:  
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Total RMS current of capacitor battery is: 

 AI 705.228   [6] 
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Fast charger RN14-140 

 

Fig. 4: First sample of developed fast-charger 

Table 2: Main technical data of fast charger RN14-140 

Output current 100A 

Output voltage 140V 

Nominal power 14kW 

Input voltage 3x400V/50Hz 

Frequency of PWM 100kHz 

Mass 25kg 

Dimensions 37x26x35cm 

Measurements on RN14-140 

 

Fig. 5: Connection of the charger to the vehicle Peugeot 106 electric 
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Fig. 6: Connection of input voltage and current sensor 

 

Fig. 7: Data record of input voltages and currents 

There was original NiCd accumulator in the electric car Peugeot. In first half of charging 
cycle the charger works at current limit. Various values of current visible in data record 
were caused by user manipulation. In second half the charger works at voltage limit due to 
high internal resistance of battery. The operating mode with maximal current will be much 
longer when LiFePO battery will be used. It significantly decreases the charging time.  
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Fig. 8: Data record of input power and power factor 

 Fig. 8 shows that the measurement of power factor corresponds to the calculated value 
0.96. 

 

Fig. 10: Harmonic analysis of input current 
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5th, 7th, 11th, 13th, 17th, 19th, 23th, 25th, 29th, 31th, 35th and 37th harmonic are present. All 
harmonics are under limits except of the 5th harmonic which is 13.5% of 1st harmonic. 
Czech electro-technic standard ČSN EN 61000-3-12 defines limits of 5th harmonic of the 
current for a 3-phase symmetrical load in relation to value of Rsce by Tab. 3: 

 

Table 3: Maximum allowed values of the phase current 5th harmonic 

Rsce 33 66 120 250 >350 

I5/I1[%

] 

10,7 14 19 31 40 

 

where  

 equ

sc
sce

S

S
R 

 [7] 

Ssc is the short-circuit power of net and Sequ is the apparent power of connected 
equipment.  

Conclusion 

This paper demonstrates overall applicability of RN14-140 fast-charger pattern. The 
measured percentage value of the 5th harmonic has to be lower only if the charger should 
be connected to a net with Rsce value lower than 66. Otherwise the charger can be 
plugged-in to the net in the present state. The Rsce value of a standard household 
installation is about 100. This is why the charger can be mostly used without problems.  
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Introduction 

There is interest in developing rechargeable lithium batteries with higher energy capacity 
and longer cycle life for applications in electronic devices, electric vehicles and implantable 
medical devices. [1] Silicon and tin are attractive anode material for lithium batteries. [2-6] 
It has a low discharge potential and the highest known theoretical charge capacity. 
Currently are common used anodes made from graphite. For production low cost solar 
cells in the future, it is important to produce Si thin film with large are too. 

Experimental 

Silicon and tin were deposited in electrolyte which contained PC or DMC with EC, and 
tetraethylammonium tetrafluoroborat on copper and nickel substrates. Substrate was 
cleared by NH3 and IPA. Experiment were performed in the Atmosbag, which is inflatable 

polyethylene chamber with built-in gloves that lets man work in a totally isolated and controlled 

environment. As inert gas, nitrogen was used. Attempts of electrodeposition of tin from SnCl4 
were used initially for verification of experimental techniques. Electrochemical acitivity is 
subscribed by cyclic voltammetry. EQCM describes increase in weight during deposition. 
Deposited layers were studied by optic microscopy, electron microscopy and X-ray 
diffraction. Scheme of the measurement system we can see on fig. 1. 
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Fig. 1: Scheme of the measurement system 

Results and discussion 

Table 1: Measurement parameters 

Electrode (-) Ni  

Electrode (+) Pt 

Molarity 1 mol/dm
3
  

Electrolyte 

SiCl4 5 ml 

DMC 2,5 ml 

EC 2,5 ml 

(C2H5)4NBF4 1,08 g 

E max [V] 0,5  

E min [V] -2,5  

n 6  

dE/dt [mV/s] 10  
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Fig. 2: Values from cyclic voltammetry (cycle 7) 

On fig. 2 we can see electrodeposition of silicon in two waves (-0,8 V a 0,14V), where Si 
becomes bivalent and trivalent. In cyclic voltammetry from electrolyte without SiCl4 is no 
electrochemical activity.  

Tabble 3: Measurement parameters 

Electrode (-) EQCM WE 

Electrode (+) Sn REF 

Electrode Sn CE 

Electrolyte 

NH4F 1, 37 g 

C4H6O3 74 ml 

CH4OH 2 ml 

SnCl4 4 ml 

U (Ref) [V] -4  

dI [μA] 5  

dt [s] 0,1  
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Fig. 3: EQCM results: current (blue) and weight (red) in dependence on time 

On figure 3, we can see EQCM results. It has been deposited layer 2 cm2 (both sides of 
the electrode) with weight 16 mg during 2 hours deposition.   

Table 4: Measurement parameters 

Electrode (-) EQCM WE 

Electrode(+) Sn REF 

Electrode Sn CE 

Electrolyte 

1 M (C2H5)4NBF4 4,016 g 

C4H6O3 37 ml 

CH4OH 1 ml 

SnCl4 2 ml 

U (Ref) [V] -4  

dI [μA] 5  

dt [s] 0,1  
 

 

Fig. 4: Deposited layer on cooper 
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Table 5: Measurement parameters 

Elektroda (-) Cu Pracovní el. 

Elektroda (+) Sn Referenční el. 

Elektroda  Sn Proti el. 

Elektrolyt 

C4H8O2S + 

C4H10O2 
7 ml 

SnCl4 300 µl 

U (Ref) [V] -4  

dI [μA] 5  

dt [s] 0,1  

 

 

 
Fig. 5: AFM microscopy (1x1 µm) 
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Conclusions 

The main theme of this work is electrodeposition of Sn and Si from aqueus solvents 
containing inert conductive salt and chloride. All of these results are first attempts, at which 
were first complications removed. We can see, that electrochemical preparation of layers 
is possible, but XRD results shows, that deposited layers are mostly made up from SiO 
(95%), than clear Si (5%).  

This choice is predominately evoked by some potential interest in these elements as 
semiconductors, and by the hope of their cheap and easy production for a variety of 
purposes. All these electrodeposited layers could be used for negative electrodes in li-ion 
cells. 
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Abstract 

The aim of this study was to improve the properties of cathode material for lithium-ion 

batteries based on . As a method of manufacturing of the doped base material was 
chosen the solid phase reaction method, which has been already tested for the production 
of the basic material. The main goals were reducing the capacity loss during cycling of the 
material, maintaining the same or achieving higher capacity or increasing the current 

carrying capacity of the material  by doping the base material with varying amounts 
of potassium ions or by substitution of lithium by potassium. 

Introduction 

In 1991 the first commercial lithium-ion batteries made by Sony came on the market, in 

this battery  was used as a cathode material. Graphite with higher energy density 
than 500Wh/dm3 is used as the anode material.  is currently the most used positive 
electrode material for lithium-ion cells.[4] The theoretical capacity of this material is 155 
mAh / g, voltage against lithium is 3.9V. This material is characterized by layered structure, 
and thus the cobalt atoms are contained in the oxygen interlayers and lithium atoms are in 
the space between the layers of oxygen. This structure leads to easy release of lithium 
ions, but it also causes collapse of the structure and reduction of capacity during repeated 
de-intercalation and intercalation. Another problem of this material is temperature 
instability, at higher temperatures it leads to the release of oxygen from the structure. This 
oxygen reacts with organic solvents (EC, DEC, EMC, DMC) contained in the electrolyte 

and generates heat. Thermal stability of  is affected by the type, particle size and 
concentration of electrolithium salts, which strongly depends on the content of the 
electrolyte.[1] For this reason brand new cathode materials are searched, or doping the 

base material ( ) by other elements is made in an effort to stabilize the structure of 
this material. An example of such material can be - , in this material is Co 

partially replaced by Ni and this results in increasing of the capacity to 190-220 mAh/g but 
the voltage drop against lithium to 3.7-3.77 V depending on the content of Ni. Another 

such material is , this material has again a lower voltage against lithium 
(3.6 V), but higher capacity (160 mAh/g) and is more stable during cycling than pure 

. Another utilized but structurally different material is . This material has a 
spinel structure, thanks to it it gains greater stability. Using manganese is more 

economical and more environmentally friendly than . The disadvantage of this 
material is lower capacity (120 mAh/g) but the voltage against lithium is 4V. [2][3] 
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Experimental 

The reason why potassium was chosen for doping and as a substitution material was 
based on the assumption that the potassium atoms would be incorporated between layers 
of oxygen and during intercalation and de-intercalation process of lithium ions they would 
prevent the collapse of the layered structure. For the production of this material the 
method of reaction in solid state was chosen. Basic materials used for the production 

were:  (lithium carbonate),  (cobalt (II) carbonate) and  (potassium 
carbonate). These three materials were mixed in a stoichiometric ratio, while there was a 
substitution of lithium by potassium and volume of Co was always the same. Lithium was 
replaced by potassium in amounts of 1%, 2%, 2.5%, 3% 5% and 10%. Therefore six 
samples of materials were created in which Li was replaced by specified percentage of K. 
In the next step, these three materials are mixed again, this time volume of Co and Li was 
always the same and base material was doped by potassium in amounts of 1%, 2.5%, 3%, 
5%, 6% and 10%. Mixing was done in a mixture of distilled water and ethyl alcohol in the 
ratio 2:1 and was followed by drying at 90° C for 12 hr. The dried mixture was milled in the 
ball mill, poured into a ceramic bowl and annealed for 30 hr at 400 °C. The annealed 
material was subsequently grinded and pelleted; the resulting pellet was again annealed at 
650° C for 8 hr. In the next step of the process grinding pelleting and annealing were 
repeated, this time at 950 ° C for 8 hr. [5] The mill was thoroughly washed out with water 
followed by alcohol and dried after each grinding. The mill was filled with argon during 
grinding. The resulting material was grinded in the ball mill and then the mixture consisting 
of NMP (N-Methyl-2-pyrrolidon) (solvent), PVDF (Polyvinylidenfluorid) (binder) and carbon 
Super P was created. The weight ratio of materials was:  80%, Super P 10%, PVDF 10%. 
The resulting mixture was subsequently spread on an Al foil, dried and pressed by the 
pressure of 3200 kg/cm2. A disk with a diameter of 18 mm was cut out of the coated 
aluminium foil and inserted into the electrochemical test cell El-Cell© ECC-STD. The whole 
assembly was done in glove box filled with argon atmosphere. As a counter electrode 
metal lithium was used and as an electrolyte 1M impregnated in the glass fibre separator, 
ratio was: EC:DMC 1:1 w/w.  

Galvanostatic cycling was used for measuring; the potential window was set from  
2.5 to 4.2 V versus lithium. Two cycles of charging and discharging have always been 
carried out during which the used charging and discharging currents were 0.5C (calculated 
from the weight of the deposited material provided that the capacity of the material is 
120 mAh/g). From these two cycles the real value of capacity of the sample has been 
deducted and then the sample was cycled ten times by 0.5C current. Rate Capability was 
measured on one selected sample - the sample was always charged by 0.1C current and 
the discharge was carried out seven consecutive times by the currents 0.1C, 0.2C, 0.5C, 
1C, 2C, 5C and 10C. XRD analyses with the CoKα specific radiation were performed on 
selected samples after these measurements. 

All produced samples of -  and  were compared with pure samples of 

  produced in a similar way in three annealing bowls labelled I-III.  
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Table I: The capacity of the  samples I - III in the first two discharging cycles 

Name of the material Capacity in 1st  cycle [mAh/g] Capacity in 2nd cycle [mAh/g] 

LiCoO2  I 121.03 mAh/g 128.9 mAh/g 

LiCoO2  II 130.1 mAh/g 128.9 mAh/g 

LiCoO2 III 119.2 mAh/g 116.8 mAh/g 

 
Table II: The capacity of the -  samples (x = 0.01; 0.02; 0.025; 0.03; 0.05; 0.1) in the first 
two discharging cycles 

Name of the material Capacity in 1st  cycle [mAh/g] Capacity in 2nd cycle [mAh/g] 

Li0.99K0.01CoO2 113.9 110.0 

Li0.99K0.01CoO2 no.2 118.9 116.3 

Li0.98K0.02CoO2 115.5 113.5 

Li0.975K0.025CoO2 119.0 117.0 

Li0.975K0.025CoO2  no.2 117.6 114.9 

Li0.97K0.03CoO2 104.2 102.4 

Li0.97K0.03CoO2 no.2 106.8 104.8 

Li0.95K0.05CoO2 105.9 102.8 

Li0.9K0.1CoO2 111.4 110.6 

 

 
Table III: The capacity of the  samples (x = 1; 2.5; 4, 5; 6; 10) in the first two 
discharging cycles 

Name of the material Capacity in 1st  cycle [mAh/g] Capacity in 2nd cycle [mAh/g] 

LiCoO2 +1%K 124,0 117,2 

LiCoO2 +1%K no.II 116,0 111,4 

LiCoO2 +2.5%K 131,5 127,1 

LiCoO2 +2.5%K no.II 134,7 129,8 

LiCoO2 +4%K 126,7 124,2 

LiCoO2 +5%K 128,8 127,2 

LiCoO2 +5%K no.II 134,4 131,2 

LiCoO2 +6%K 128,3 125,9 

LiCoO2 +10%K 129,5 120,3 

LiCoO2 +10%K no.II 131,6 128,2 
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Fig. 1: Comparisons of capacity in the first two cycles of the samples of   II,  III , 
 and +5%K 

 

The materials  and  (from the group of materials - ) are 

closest to the capacity of the material  III in first two cycles. Other materials where 
Li is replaced by K showed a lower capacity.  

In the group of materials  almost all samples capacities were comparable to 
all samples of . +5%K material was used for comparison. Comparison 
of selected materials can be seen in Fig.1. 
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Fig. 2: Decrease capacity during ten cycles of sample  III 

 

 

Fig. 3: Decrease of the capacity during ten cycles - sample  
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Fig. 4: Decrease of the capacity during ten cycles - sample +5%K 

 

 

Fig. 5: Comparisons of capacity in the first of the ten cycles of the samples of  I,  III , 
 and  +5%K 
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Fig. 6: Comparisons of capacity in the last of ten cycles of the samples of  I,  III, 
 and  +5%K 

 

During the measuring of ten charging / discharging cycles by the 0.5C current it was found 
that from the -  group the closest to the rate of decline in the capacity of the base 

material  is the sample . Material  demonstrated a 
greater decline than the base material similarly as the remaining materials, which is 
evident from the comparison in Fig.7 and Table 4. This measurement was performed for 

the group of materials  In this group, material +5%K showed the best 
results, which achieved the same or a slightly lower decrease in capacity than samples of 

the base material  which is again evident from the comparison in Fig.7 and Table 4. 
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Fig. 7: Decrease in capacity depending on the potassium content on materials the -  and 
 during cycling (using charge and discharge current 0.5 C) 

 

Table IV: Decrease of capacity in 10 cycles for samples  compared with  and 
+5%K 

Name of the material 
Capacity in 1st  cycle 

[mAh/g] 

Capacity in 10th cycle 

[mAh/g] 
Capacity loss [%] 

LiCoO2 I 129.3 108.7 -15.9 

LiCoO2 II 127.8 113.8 -11.0 

LiCoO2 III 113.6 95.3 -16.1 

Li0.975K0.025CoO2 114.9 95.8 -16.6 

Li0.975K0.025CoO no.2 107.5 93.4 -13.1 

LiCoO2 +5%K 125,3 107,9 -13,9 

LiCoO2 +5%K č.II 126,7 105,8 -16,5 

 

Then the measurement of Rate Capability was done and during this measurement it was 

found that at higher discharge currents the material  maintains a similar or 
higher capacity than the base material . This improvement did not appear by the 
material +5%K, in contrary the loss of capacity occurred in comparison with the 
base material.  
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Fig. 8: Decrease of the capacity depending on the discharge current 

 

 

Fig. 9: The capacity of materials LiCoO2 II, Li0,975K0,025CoO2  and +5%K at the 2C discharge 
during the Rate capability measurement 
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Fig. 10: XRD differences of ,  and +5%K 

Discussion of Fig. 10 

According to the theory of intercalation electrode materials, the electrochemical potential of 
the intercalation system is influenced by the ratio between volumetric compressibility and 
lattice expansion influenced by the insertion of ions [6]. The ions of potassium may act as 
“pillars” between layers of cobalt oxide in the van der Waals gap. Such “pillaring effect” is 
known in the family of layered compounds. Therefore, the lattice is more resistant to 
volume changes than it is in the case of pure LiCoO2. The insertion or extraction of lithium 
ions is not associated with additional henthalpy change, and the discharging / charging 
curve would be closer to that described just by Nernst formula. However, the presence of 
named :pillars: in van der Waals gap would decrease the amount of sites able to 
accomodate lithium ions. The total charge is lower than that found for LiCoO2 for that 
reason. 

Conclusions 

From the results of the measurements it was found that the two materials with the most 

similar properties to the base material are Li0,975K0,025CoO2 and +5%K. The other 
materials showed either a lower capacity or a large decline in subsequent cycles. In the 
Fig.1 we can see that materials Li0,975K0,025CoO2  and LiCoO2+5%K show similar 
characteristics during discharging as the base material, while the material LiCoO2+5%K is 
able to remain longer in a similar capacity at a higher voltage. This is evident in the first of 
the ten cycles at 0.5 C in the Fig.5, next Fig.6 shows the last of the ten cycles - in this 
graph it is clear that there was a decrease in capacity during cycling in all of the samples, 
but in the material LiCoO2+5%K we can clearly see the longer time spent at the higher 
voltage. When measuring with increasing load, it was found that the material 
Li0,975K0,025CoO2 shows smaller decrease in capacity at higher loads than the other 
samples and maintains a higher voltage plateau for an extended period of time, which is 
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evident from Fig.9. Increasing stability of this material is most likely achieved by preventing 
complete deintercalation during discharging due to lower mobility of potassium ions in the 
Van der Waals space.  
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Abstract 

This paper is based on a research of negative materials for Lithium-ion accumulators. In 
the research are considered the methods, which would lead to enhance capacity of 
Lithium-ion accumulators along with improving their safety. In the first part of our research 
we prepared specific materials for negative electrode. These materials should be able to 
reduce or completely remove the irreversible capacity of Lithium-ion accumulators. 
Electrode materials were made by lithiation process with help of n-Butyllithium reagent. In 
this way prepared materials already contain the lithium ions (cations), where the Li+ 
intercalated to materials. For experimental purposes were chosen commonly uses graphite 
materials for negative electrodes of Lithium-ion accumulators as natural graphite or 
expanded graphite. The second part of this study is focused on safety testing of various 
mixtures (materials). These tests were performed on STA i1500 device, this device offers 
two analyses TG and DCS which are based on temperature changes of specimen. 

Introduction 

In this research we dealt with a problem of irreversible capacity, the irreversible capacity 
represents the losses which are a result from SEI layer formatting process. The losses 
arise on the negative electrode, between first and second charge – discharge cycle in 
Lithium-ions batteries. The Batteries’ capacity is in the next cycles broadly stable, i.e. no 
ions are already used to Solid Electrolyte Interface (SEI) layer. The SEI layer is made up 
decomposition products of the electrolyte and lithium ions. Li-ion batteries use usually a 
mixture of solvents, ethylene carbonate (EC) and diethyl carbonate (DC). 

In the first cycle is accumulator charged, during the charging process arising on the 
interface between electrode surface and electrolyte SEI layer. The SEI layer contains 
decomposition products from both solvents for example: Li2CO3, LiO2,   C2H4, CO3

2- and 
next kinds of carbonaceous molecules which origin from electrolyte. Among important SEI 
layer characteristics belongs (SEI layer is necessary for properly function of battery) ion 
conductivity (Li+) and electron non-conductivity. 

The widely used type of Li-ion accumulators has negative electrode made from 
carbonaceous materials exactly from crystalline graphite. Is already good known that an 
irreversible capacity of graphite reduces potential capacity of accumulator approximately 
from from 15 % to 45 %. We attempted to decrease or fully eliminate an irreversible 
capacity of graphite electrode.  
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Were prepared several kinds of graphite specimens which are based on two widely used 
type of graphite, see Table 1 below.  These graphites were electrochemically lithiated with 
reduction agent. In our research we uses n-Butyllithium, next Bu-Li, agent (C4H9Li), see as 
reduction agent for graphite and the butyllithium itself simultaneously oxidizes. Bu-Li is 
organolithium reagent that is prepared from 1-bromobutane or  
1-chlorobutane, see Equation 1.  In this case, we mean by ’reduction’ and ’oxidation’ a 
transfer of lithium cations (Li+), between graphite and Bu-Li. This transfer process lead to 
intercalation lithium cations among graphite sheets, this process we call chemical lithiation. 

Table 1: Properties of the specimens. 

Graphite type Particle diameter [μm] Specific surface [m
2
.g

-1
] Bulk density [g .l

-1
]  

CR 5995 < 11 10  < 560 

Expanded graphite < 150 68 < 180 

 

 
Fig. 1: The constitutional formula of butyllithium.  

 

 2 Li + C4H9Cl → C4H9Li + LiCl (1) 
 
Equation 1: Reaction describes the formatting of n-butyllithium and lithium chloride from  
1-chlorobutane and lithium metal. 

At the second part of our research were tested the lithiated graphite materials for fire 
safety characteristics. Safety of Lithium-ions batteries is often discussed topic and its 
significance grows up from the view of using batteries in electrical vehicles. Were 
performed analyses, which study the behaviour of materials during heating. We use the 
STA (Simultaneous Thermal Analysis) which include TG (thermogravimetry) analysis and 
DCS (Differential Scanning Calorimetry) analysis. TG analysis follows the changes of 
sample weight as a function of temperature and the DSC analysis that measuring the 
reaction enthalpy i.e. the amount of energy released from material during heating. 

Experiments 

Preparing materials and characteristic measuring 

In the first part we prepared materials for negative electrode, which were based on two 
types of graphite. These materials were measured in two electrodes configurations, where 
in the half-cell we used metal lithium like counter and reference electrode and LiPF6 
electrolyte. At all experiments we use 2.5 M Bu-Li solution in n-Hexane. 

The preparation process can be divided to several steps.  

 dry out all graphite samples 

 calculating the volume of Bu-Li relatively to graphite weight (ratio one Li+ ion on 
six atoms of carbon – LiC6 ) 

 stirring (Bu-Li + Graphite) for 24 hours at room temperature 

 filtering → lithiated grpahite 

 stirring of lithiated graphite in n-hexane for 24 hours at room temperature 
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 filtering → lithiated graphite called „PURE“  

 making of electrode and measurements 

The second stirring/filtering process (cleaning) is required, it serves to remove the Bu-Li 
residues which not intercalated to graphite. We chose n-hexane because its reaction with 
Bu-Li is stable. All process steps were performed under inert argon atmosphere in glue-
box. Material samples prepared in this way were afterward coated on copper foil. These 
electrodes were dried at 50°C for 12 hours and subsequently they were pressed by exactly 
defined load. 

With these electrodes were completed half-cells with metal lithium. After assembly of the 
cell were performed potentiostat/galvanostat measurements of charge – discharge 
characteristic. For us was important first and second charge – discharge cycle, because 
between first and second cycles is formed SEI layer on electrode interface. After first two 
charge – discharge cycles is the layer already fully created, in the next cycles the layer 
grows very slowly and is considered as stable. 

On the Fig. 2 are showed expanded graphite characteristic. It is seen that lithiated graphite 
has higher capacity in the first cycle, this is caused with Li+ ions, which were in material 
before first cycle. Fig. 3 shows similar effect on natural graphite. 

 

Fig. 2: Difference in Capacity between the lithiated graphite and non-lithiated graphite. 
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Fig. 3: Lithiated graphite has a higher capacity in first cycle. 

 

 

Fig. 4: Enormous difference in capacity between natural and expanded graphite. 
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Fig. 4 above shows the enormous difference in capacity for the graphite types which we 
used in experiments. Is possible, the expanded graphite needs to its proper work a special 
conductive additives or the CVD modification. 

 

TG/DSC analysis of electrode materials 

At the second part of our study were carried out thermal analyses on STA i1500 device. 
We tested our specimens of lithiated materials against charged commercial materials for 
negative electrode of Li-ion batteries. The STA i1500 device is able to perform two 
analyses methods (TG and DCS). On Fig. 5 is shown the difference between materials, 
commercial material has a marked pike that represent releasing amount energy, this 
reaction is called exothermic. Against the lithiated natural graphite, that we prepared, has 
not this pike, however its characteristic is very similar to commercial matter. 

When we evaluate the specimen weight changes, it is obvious difference in the rate of 
losing weight during heating. This difference could be caused with special additives or 
modifications by which the manufacturers reach better graphite properties. 

 

Fig. 5: Simultaneous Thermal Analysis (STA), this analysis follows a material behaviour like 
enthalpy and changes in of the material weight, which are a function of temperature. 

Conclusion 

First part of research was focused to dope graphite materials with lithium ions, as you can 
see on Fig. 2 and Fig. 3. The lithiated specimens have a smaller capacity then non-
lithiated specimens along with approximately identical irreversible capacity in case of 
natural graphite. The non-lithiated natural graphite had the irreversible capacity around 24 
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% and lithiated graphite had 23 %. More difference was observed in case of expanded 
graphite, see Fig. 2, non-lithiated specimen had the irreversible capacity around 82 % and 
in another case 77 %. Weak characteristic of expanded graphite can be caused by the 
kind of specimen that not undergoes CVD (Chemical Vapour Deposition) modification. The 
n-butyllithium shows like too feeble reduction agent for graphite. The Li+ cations do not 
able to intercalate among graphite sheets, in case of expanded graphite we reached small 
improving, that can be caused by its bigger specific surface. 

In the second party we dealt with battery safety, we tested our samples in comparison with 
commercial materials which were charged by common mode (electrochemically). On Fig. 5 
is shown the difference between materials based on natural graphite, the characteristic are 
very alike expect the pike on temperature 240 °C on sustained violet line. This reaction is 
caused by intercalated lithium. The graphite lithiation with help of n-butyllithium can be 
probably more successful by using graphite additives like FeCl3 and similar ferric 
compounds. 
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Abstract 

Lithium-ion batteries are incredibly popular these days. You can find them in laptops, 
PDAs, cell phones, iPods and so on. 

The energy density of lithium-ion is typically twice as high as of the standard nickel-
cadmium cell. Most of today's mobile phones run on a single cell. A nickel-based pack 
would require three 1.2 volt cells connected in series [1]. 

Despite its overall advantages, lithium-ion has its drawbacks. It is fragile and requires a 
protection circuit to maintain safe operation. Built into each pack, the protection circuit 
limits the peak voltage of each cell during charge and prevents the cell voltage from 
dropping too low on discharge. In addition, the cell temperature is monitored to prevent 
temperature extremes. The maximum charge and discharge current on most packs is 
limited to between 1C and 2C [2]. 

Introduction 

The basic elements of Li-Ion batteries are cathode, anode and electrolyte. The anode and 
cathode are formed by intercalations substances, these substances are characterized by 
the ability to release and then incorporating lithium ions in its structure, thereby these 
batteries differ from conventional, in which there is chemical conversion of anode and 
cathode material. As cathode materials are used metal oxides of the spinel and olivine 
layered structure as the anode material used carbonaceous materials. 

Reaction at the positive electrode Li-Ion cells: 

 

Reaction at the negative electrode Li-Ion cells: 

 

Summary reaction: 

 

In these equations  metal oxides is used as a cathode material such . From 
these equations is due to the electrolyte has only a function of ionic carriers, and does not 
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enter into the reaction, making it just a small amount of which is one of the advantages of 
Li-Ion batteries. 

Currently the most used by positive electrode material for lithium-ion cells is , this 
material is characterized a layered structure, voltage against to lithium in the size of 3.9V 
and capacity 155mAh/g. This material is characterized by its structure less stable during 
thermal cycling and load. As his possible replacement materials have been created 

 and .  is formed spinel structure making it more stable and has a 
higher voltage around 4V on lithium, however the capacity of 120mAh/g. Material  
is the latest of a group of materials for lithium-ion cells is characterized olivine structure, 
high stability and shelf life is composed of ecologic and cheap materials show voltage 3.5V 
versus lithium and capacity 160mAh/g. 

Mathematical model 

Computer simulation is a very popular engineering tool for describing and modelling 
phenomena occurring in real life and allows us to quickly obtain the basic characteristics of 
the studied system.  

Modern simulation programs (e.g. COMSOL, MatLab), have found a place in 
electrochemistry. It is important to describe correctly mathematically chemical processes. 
The output can be the charging and discharging curves, the concentration profiles of 
electrolyte during charging and discharging, state of charge characteristic, or in more 
complex simulations such as heat loss caused by the charging and discharging cycle. 
These programs allow simulating chemical reactions and provide a direct computational 
modules dealing with specific types of batteries. Below, we discuss computational module 
for li-ion battery, which offers a COMSOL Multiphysics. 

COMSOL Multiphysics is package for modelling and simulation of physical phenomena 
using Partial Differential Equations (PDE) and then solve particular model by FEM 
analysis. Geometric model is possible to create in COMSOL environment or import them 
from other CAD packages. It is possible to simply combine several physical applications 
(PDEs) in one model by contribution several optional add-ons modules from different 
professional areas. [7]. 

The interface solves for five dependent variables [6]: 

  The electric potential 

  The electrolyte potential 

 The potential losses due to a resistive film on the electrode particles in the 

porous electrodes, also called solid-electrolyte interface (SEI) 

  The concentration of lithium ( ) in the electrode particles 

  The electrolyte salt concentration 

The electrolyte in the modeled batteries has to be a quiescent binary 1:1 electrolyte, 

containing lithium cations ( ) and anions ( ) [6]. In the electrolyte and pore electrolyte, 

two variables are defined,  and . Assuming electroneutrality,  denotes both the  
concentration and the  concentration. Charge-conservation equations are solved for 
the electric potentials of the electrode and electrolyte phases throughout the cell. The 
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domain equations in the electrolyte are the conservation of charge and the mass balance 
for the salt according to the following [6]: 

  (1) 

And 

  (2) 

Where  denotes the electrolyte conductivity,  the activity coefficient for the salt,  the 
transport number for  (also called transference number),  the sum of all 
electrochemical current sources, and  denotes an arbitrary electrolyte current source. In 
the mass balance for the salt,  denotes the electrolyte volume fraction,  the electrolyte 

salt diffusivity, and  the total   source term in the electrolyte [6]. 

Equations (1) and (2) are spatially second order and thus each require boundary 
conditions. Fig. 2 summarizes the conservation equations and the boundary conditions, 

illustrated in a one-dimensional configuration [5], where the normal vector  points into the 
electrolyte domain. 

 

Fig. 1: Boundary conditions illustrated in a one-dimensional configuration [5]. 

In the porous electrodes,  denotes the sum of all charge transfer current density 
contributions according to [5], [6]: 

  (3) 

Where,  represents the surface area of active electrode particles per unit volume of 

composite electrode. In the electrode, the current density,  is defined as [6]: 

  (4) 

Where  is the electrical conductivity. The domain equation for the electrode is the 
conservation of charge expressed as [6]: 

  (5) 
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Where Qs is an arbitrary current source term. The first term in Eq. (5) represents charge 
transport via electronic conduction. The second term represents a source of charge 
associated with electrons entering (leaving) the solid electrode phase via charge-transfer 
reactions [5]. 

The electrochemical reactions in the physics interface are assumed to be insertion 
reactions occurring at the surface of small solid spherical particles of radius  in the 

electrodes. The insertion reaction is described as [6]: 

  (6) 

Where  denotes a free reaction site and  an occupied reaction site at the solid 
particle surface. The concentration of  does not have to be solved for since the total 
concentration of reaction sites, , is assumed to be constant, implying that [6]: 

  (7) 

An important parameter for lithium insertion electrodes is the state-of-charge variable for 

the solid particles, denoted . This is defined as [6]: 

  (8) 

The equilibrium potentials E0 of lithium insertion electrode reactions are typically functions 

of . The electrode reaction occurs on the particle surface and lithium diffuses to and 
from the surface in the particles. The mass balance of Li in the particles is described as 
[6]: 

  (9) 

Where  is the concentration of  in the solid phase. This equation is solved locally by 
this physics interface in a 1D pseudo dimension, with the solid phase concentrations at the 
nodal points for the element discretization of the particle as the independent variables. The 
gradient is calculated in cartesian, cylindrical or spherical coordinates, depending on if the 
particles are assumed to be best described as flakes, rods or spheres, respectively. 

A resistive film (also called solid-electrolyte interface, SEI) might form on the solid particles 
resulting in additional potential losses in the electrodes. To model a film resistance, an 
extra solution variable for the potential variation over the film,  is introduced in the 

physics interface. The governing equation is then according to [6]: 

  (10) 

Where  ( ) denotes a generalized film resistance. The activation overpotentials, 

, for all electrode reactions in the electrode then receives an extra potential contribution 
[6]: 

  (11) 

The rate of a charge-transfer process is usually modeled with a Butler–Volmer equation, 
which can apply to an elementary or a global reaction. In Butler–Volmer form, the current 
density is evaluated as [5]: 

  (12) 
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The finite element method 

The finite element method (FEM) (its practical application often known as finite element 
analysis (FEA)) is a numerical technique for finding approximate solutions to partial 
differential equations (PDE) and their systems, as well as (less often) integral equations. In 
simple terms, FEM is method for dividing up a very complicated problem into small 
elements that can be solved in relation to each other [8]. 

Examples of (a) linear and (b) quadratic elements are shown in Figure 2. The computation 
is carried out at the nodal points of the element. Through these nodes is the computation 
transmitted to the edge of the model. 

 

Fig. 2: Different 1D, 2D and 3D basic elements a) linear elements b) quadratic elements. 

Linear elements (Fig. 2a) have nodes in its vertexes. If we want to calculate the higher 
order, we used quadratic elements (Fig. 2b). Quadratic elements have nodal point at the 
center edge of the used element. However, this is associated with increased computing 
time. 

Convergence is an essential requirement for all numerical methods. Numerical solution 
must be close to a solution that corresponds to continuous problem at the finite element 
mesh thickening. Calculation error can be reduced by scaling the number of elements, 
which results in longer computation time. 

Process of creating the computational model: 

 Creating of model geometry 

 The definition of boundary conditions and material properties 

 Generating computational mesh (automatic or user controlled) 

 Computation 

 Processing of results 

For the example the battery from a mobile phone was modelled (Fig. 3a, b). The battery 
has a capacity of 900mA/h and voltage of 3.6 V. This battery is currently being 
investigated. For creating the geometry (Fig. 3c, d) was used SolidWorks software which 
includes tools for 3D modelling, assemblies, drawings, etc. On Fig. 3e is an example of 
calculation mesh, the model is considered as 2D and mesh has triangular shape. 
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Fig. 3: a) used battery, b) the structure of the battery inside, c) the overall model in SolidWorks, d) 
the structure of the battery modeled in SolidWorks, e) generated computational grid. 

 

Table I: Dimensions of the electrode system: 

Battery part Dimension [mm] 

Anode 0.08 

Cathode 0.06 

Al current collector 0.015 

Cu current collector 0.015 

Separator 0.01 

Conclusion 

For the modelling of chemical processes is necessary to know their mathematical 
interpretation and how the simulation software proceeds in solution. It’s important to 
respect the model geometry and generated computational mesh. Computational mesh has 
the greatest influence on the actual computational time. The simulation will be more 
accurate if the computational mesh is finer and better quality. 
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Abstract 

In this paper a high capacity tin-based anode is proposed, whose cycling stability was 
improved by material design. Good mechanical stability, up to 200 cycles, and high 
specific capacity at different temperature and C-rates are reported. Further improvements 
are required in order to increase coulombic efficiency and to limit irreversibility during the 
first cycle. 

Introduction 

Lithium ion batteries (LIBs) represent a challenge for researchers and producers. LIBs are 
under the magnifier of scientific community due to properties like high energy density, and 
cycle stability as well as for their economical outcome. Since LIBs first practical 
applications in the early 1990s, they have been investigated to increase electrochemical 
performances and safety and to reduce their cost. Hence, with the aim of optimizing the 
whole battery, researchers have focused attention on their main components (cathodes, 
electrolytes and anodes). For these reasons, nowadays several kinds of chemicals are 
used in the fabrication of LIBs, producing a variety of batteries with different performances 
and possible applications. 

In order to increase electrochemical performances of LIBs, efforts have been put on new 
anodes development. The most used anodes for LIBs are made of carbonaceous 
materials because of their ability to insert step by step lithium ion between planes of 
graphitic lattice up to form a stable phase LiC6. As a consequence a theoretical specific 
capacity of 372 mAh/g is calculated, whereas the intercalation voltage starts at 0.2 V vs. 
Li+/Li and ends at values close to those of metal lithium electrodeposition; this last process 
can give rise to dendritic formation with safety issues for possible short circuits during 
battery charging. 

In 2005 Sony (1) announced commercialization of a new high capacity LIB with a tin-based 
amorphous alloy anode, and this event marked a turning point for the research on these 
anodes. 
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Tin can alloy with lithium step by step, starting at a potential value of 0.4 V vs. Li+/Li, up to 
Li22Sn5 with a total theoretical specific capacity of 994 mAh/g. The higher specific mass of 
tin with respect to graphite is a favorable condition for achieving smaller batteries, goal 
pursued both by producers and users of light and portable electronic devices. As a 
drawback, tin suffers of high volume exchange during lithium repeated alloying/dealloying 
which produces tin crumbling with loss of electric contact between the active metal and the 
current collector, causing very poor cycle life for a battery with such an anode. 

Table 1: Comparison between properties of graphite and tin as anodes for lithium-ion batteries 
(2, 3) 

 C Sn 

Fully lithiated phase LiC6 Li22Sn5 

Theoretical specific capacity [mAh/g] 372 994 

Density [g/cm
3
] 2.25 7.29 

Theoretical charge density [mAh/cm
3
] 837 7246 

Onset of lithium insertion voltage vs. Li
+
/Li [V] 0.2 0.4 

Volume change % 12 260 

 

As shown in Table 1, tin is a promising high capacity anode for LIBs, even because it is 
quite cheap, environmentally friendly, while tin and tin-alloy plating is a well established 
practice, e.g. in cans protection for food processing industries. 

In this paper, nanostructured tin-cobalt amorphous alloys are proposed as alternative 
anodes to graphite and other carbonaceous materials. In order to produce useful anodes 
for LIBs, and to increase tin mechanical stability, we have chosen to grow 
electrochemically SnCo alloys inside pores of suitable commercial membranes. Cobalt is 
the Sony’s non-active material which helps tin to absorb volume exchanges during lithium 
(de)alloying processes. Membranes act as template and allow to obtain nanometric mono-
dimensional structures of active material which can swell and shrink mainly lengthwise, 
reducing crack formation probability because of facile strain relaxation (4, 5). Furthermore, 
amorphous alloys improved cycle life with respect to the crystalline ones (6, 7). It will be 
shown that the proposed fabrication method allows an easy control of the active material. 

Experimental 

Preparation of tin-cobalt nanowires 

Arrays of monodimensional amorphous tin-cobalt alloys were grown by electrochemical 
deposition inside pores of suitable membranes. Membranes used in this work were 
commercially available Whatman brand, and particularly they were anodic aluminum oxide 
(AAO, Anodisc™) and polycarbonate (PC, Cyclopore™) membranes. The former have a 
thickness of about 60 μm and a pore density of about 1013 pores/m2, the latter are 16-20 
μm thick with 1012 pores/m2. All the membranes used have a nominal pore diameter of 200 
nm. 

One side of the non-conductive membrane was covered with a thin layer of gold by 
sputtering, for making electrical continuity onto the surface. After lateral insulation, 
membrane was placed in an electrochemical three-electrode cell and connected to a 
potentiostat/galvanostat EG&G mod. 273A. A copper film and an array of SnCo nanowires 
(NWs) were deposited electrochemically. Subsequently, templates were dissolved (AAO in 
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1 M NaOH, and PC in pure CHCl3 or CH2Cl2) obtaining a ready-to-use electrode with 
nanostructured tin-based anode over a copper current collector (see Fig. 1). 

Copper film was plated galvanostatically at room temperature in 0.2 M CuSO4 and 0.1 M 
H3BO3, with pH adjusted to 3.0. Electroplating of SnCo alloys were conducted in 
potentiostatic mode from very diluted aqueous solutions of 0.01 M SnSO4 and CoSO4, 
whose concentration was varied in the range 5 10-3 ÷ 20 10-3 M. Electrolytic bath were 
added with 0.2 M Na2SO4 as support electrolyte and 0.2 M NaC6H11O7 (sodium gluconate) 
as a chelating agent, with pH adjusted to 4.6, and 60 °C. It was possible to control 
crystallographic features of SnCo alloys and their composition changing solution 
composition and electroplating voltage. 

Structural and morphological characterization of tin-cobalt nanowires 

Structural characterization of SnCo NWs was performed by X-ray diffraction (XRD) using a 
Philips generator (mod. PW 1130) working with the Cu Kα radiation (λ = 1.54 Å), equipped 
with a PW 1050 goniometry. 

Samples morphology was observed using a Field Emission Gun – Environmental 
Scanning Electron Microscope (FEG-ESEM, FEI Quanta 200F) equipped with an X-ray 
energy dispersive spectrometer (EDS). 

Electrochemical characterization of tin-cobalt nanowires 

Arrays of nanostructured electrodes, cut in 0.9 cm diameter disks, were tested in a 
Swagelok T-type electrochemical cell assembled in an argon-filled MBraun Labmaster 130 
dry-box, whose controlled environment was set at H2O and O2 < 1 ppm. 

SnCo NWs were tested in half cells: lithium foils were used as both reference and counter 
electrodes and they were separated from the working electrode by a glass separator 
(Whatman GF/D 400m thick) soaked in the same electrolyte of the electrochemical cell, 
i.e. ethylene carbonate (EC): dimethylcarbonate (DMC) 1:1–1M LiPF6 (Ferro Corp.). 

 

Fig. 1: Elementary scheme of the nanostructured electrode with current collector (Au + Cu) and 
the active material (SnCo NWs) 

Electrochemical characterizations were performed by a Perkin-Elmer VMP multichannel 
potentiostat/galvanostat at 10° and 30 °C. The specific capacity values of the electrodes 
were referred to their geometrical area. In order to investigate the behavior of SnCo NW in 
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the worst conditions for mechanical stress, deep electrochemical characterizations were 
conducted between the cut-off potentials of 0.02 and 2.00 V vs. Li+/Li. 

Results and discussions 

The proposed electrode for LIBs has been prepared through electrochemical depositions 
in a two steps process. A scheme of the electrode after template removal is shown in Fig. 
1: a copper film was deposited galvanostatically onto the gold sputtered layer, in order to 
enhance electric conductivity of membrane surface, after that SnCo NWs were grown 
potentiostatically inside pores of the membrane, producing an array of mono-dimensional 
structures firmly connected to the current collector. 

According to the selected membrane, it was possible to produce SnCo alloys with different 
morphologies. AAO membranes are characterized by cylindrical and parallel pores, 
whereas PC membranes have randomly interconnected pores. After electrodeposition and 
template removal, the active materials have the morphological features displayed in Fig. 
2a and 2b respectively, presenting also different wire density. 

  

Fig. 2: SEM images of SnCo nanowires grown on a copper-gold current collector using AAO (a) 
and PC (b) templates 

Because of the higher pore density of AAO membranes, the active material obtained with 
this template (SnCo-AM) presents compact structure with very small elbowroom to be 
permeated by the electrolyte or better accommodate volume change during Li22Sn5 
formation. On the contrary, SnCo NWs obtained in PC membranes (SnCo-PM) show 
larger free-space among NWs (Fig. 2b). As explained later, this second arrangement 
allows obtaining improved electrochemical performances. 

Through the electrochemical method it is possible to control SnCo alloy composition 
changing the Sn/Co ratio in the electrolyte or electrodeposition time. More details are 
available in (8) for cathodic deposition at -1.00 V vs. Saturated Calomel Electrode (SCE). 
Further investigation allowed to control composition and crystallographic structure acting 
on deposition potential. More cathodic polarizations at settled Sn/Co ratio in solution affect 
the SnCo alloys deposition rate, reducing it due to the faster concurrent hydrogen 
evolution; however, deposits with higher cobalt content and lower grains are obtained, in 
agreement with (9),. Thus, a careful control of the different variables allows to obtain the 
desired features of alloy for LIB’s anodes. 
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Fig. 3: Discharge capacity vs. cycle number at C/10 for SnCo-AM 

Electrochemical characterization of SnCo-AM 

Electrochemical characterization of SnCo-AM at C/10 and 30 °C showed a specific 
capacity at more than 0.5 mAh /cm2 for 12 cycles, then suddenly it fell in few cycles to very 
low values (Fig. 3), because the electric contact was lost in many areas of the electrode, 
as revealed by SEM analysis of the samples after cycling (Fig. 4). After about 20 cycles at 
C/10 the SnCo-AM of Fig. 2a changed their shape into the 8 ÷ 9 μm nanostructures 
represented in Fig. 4. Nanostructures were stretched and detached from current collector 
(Fig. 4a and 4b) as a consequence of compression strains induced by tin-lithium alloying. 
Figures 4c and 4d show better the effect of lamellar extrusion onto the pristine cylindrical 
NWs in the middle and the top regions of SnCo-AM, respectively. 

Electrochemical characterization of SnCo-PM 

SnCo-PM NWs of Fig. 2b with Sn content of about 59 wt.% were obtained according to the 
method described in (10). XRD patterns (Fig. 5) show intense peaks due to copper current 
collector, whilst no diffraction peak could be assigned to Sn or to any SnCo alloy. This 
circumstance, together with the smooth voltage profile during the first Sn-Li alloying (image 
not reported here), confirmed the lack of long distance order; this means that SnCo-PM 
NWs are amorphous. 

Electrodes were tested galvanostatically at a higher C-rate (C/2) than SnCo-AM and 
showed higher stability, without significant capacity loss for about 100 cycles and a 
capacity retention of 80 % after 200 cycles (Fig. 6). Coulombic efficiency was about 75 % 
during the first cycle, then it increased up to a value of about 97 % after the 40th cycle. It is 
worthwhile to underline that differently from the abrupt fall of SnCo-AM capacity, in Figure 
5 a slow fade was detected. 
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Fig. 4: Views of SnCo-AM alloy NWs after electrochemical cycling and washing with water. (a) 
Overall view; (b) bottom, (c) middle and (d) top regions 

 

With SnCo-PM a progressive accumulation of material, usually named solid electrolyte 
interface (SEI), could be invoked to explain the loss of capacity. During cycle-life of the 
electrode and the repeated (de)alloying, tin is subjected to volume expansions and 
contractions that expose fresh tin surface to the electrolyte. The redox side reactions 
between tin and electrolyte produce electrolyte degradation with formation of undesired 
products typical of SEI layer, consuming electrons and keeping the coulombic efficiency at 
value too low for a practical application in LIBs. 
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Fig. 5: XRD spectrum of the electrode after polycarbonate template dissolution 

 

Ex situ SEM analysis after 170 cycles disclosed that a non-conductive mass covers SnCo-
PM. In Fig. 7a, a back scattered image shows that SnCo-PM NWs are still evident but 
immersed in a homogeneous mass. EDS spectrum of the composite material in Fig. 7b 
reveals the presence of elements like carbon, oxygen, fluorine, and phosphorous, not 
detected in SnCo-PM before the electrochemical test (see ref. 10, Figure 3). 

 

Fig. 6: Discharge capacity and coulombic efficiency vs. cycle number for a SnCo-PM NW 
electrode at C/2 and 30 °C 
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Fig. 7: SEM image of a SnCo-PM NW electrode after 170 cycles at C/2 (a) and EDS spectrum of 
the same sample (b) 

 

Importance of a SEI stabilizer 

As reported above, material engineering (alloy composition, crystallographic structure and 
morphology) had beneficial effects onto mechanical stability during anode cycle-life; 
anyway, in order to increase coulombic efficiency, a SEI stabilizer could be helpful. 

SnCo-PM with a tin load of about 0.6 mg/cm2 was tested in EC:DMC with 5 wt. % of 
vinylene carbonate (VC), whose beneficial effect on graphite electrodes are well known 
(11). Fig. 8 shows electrode specific capacity and coulombic efficiency vs. cycle number. A 
very stable capacity at about 0.6 mAh/cm2 was delivered for 100 cycles. During the first 
cycle coulombic efficiency was 75 %, a value close to that measured without VC addition, 
but it raised faster to 98 % in about 20 cycles. VC seemed not to be the best additive for 
tin-based anodes, but the observed improvements indicate that a tailored additive capable 
to increase SEI mechanical properties could have positive effects on cycling efficiency. 

 

Fig. 8: Discharge capacity and coulombic efficiency vs. cycle number of SnCo-PM NW electrode in 
added with 5% VC at C/2 and 30 °C 

Conclusions 
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Electrodeposition inside pores of commercial membranes is a feasible method for 
controlling composition, crystallinity and shape of nanostructured SnCo alloys. Depending 
on alloy characteristics, it is possible to obtain improved mechanical stability for tin-based 
anodes, even at high C-rate and different temperatures. In order to employ these anodes it 
is mandatory to improve coulombic efficiency for a long life of a well balanced LIB. VC was 
tested as additive in the electrolyte: while no advantages were detected to reduce 
irreversibility during the first cycle, it allows to reach faster a coulombic efficiency of about 
98 %. Although this value is not enough for a practical application as anode in LIB, the 
search for a tailored additive seems to be the promising way for reaching the goal. 
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Abstract 

The electrochemical properties of asymmetric supercapacitors based on polyaniline/active 
carbon or polypyrrole and poly(3,4-ethylenedioxythophene) as well as manganese oxide 
composite/active carbon are discussed. The morphology of the materials was observed by 
SEM and TEM. The electrochemical measurements have been carried out using cyclic 
voltammetry (CV), galvanostatic charge/discharge and electrochemical impedance 
spectroscopy, performed in symmetric and asymmetric cells with 1 M H2SO4 and 1 M 
Na2SO4 as electrolytes. Asymmetric configuration with materials of different nature as 
positive (composite with MnO2, PANI) and negative electrode (activated carbon, PPy, 
PEDOT) gave a significant increase of operating voltage, affecting the power and energy 
density of the supercapacitor.  

Introduction 

Electrochemical capacitors (ECs) are energy storage devices with specific energy lower 
than batteries, while their specific power capabilities are higher than in case of batteries. 
There is a wide range of application of ECs such as electric vehicles, uninterruptible power 
supplies (UPS) or mobile devices. New trends for supercapacitor development are 
devoted to the application of materials with pseudocapacitance properties which store 
energy by fast and reversible faradaic reactions using, e.g., transition metal oxides, 
conducting polymers, carbons enriched by heteroatoms [1-3]. It was shown that a 
successful application of conducting polymers (ECPs) in supercapacitors technologies is 
possible in asymmetric configurations, i.e. with different materials of the electrodes [4]. 
MnO2 as a one of transition metal oxides, was also used as the positive electrode material, 
coupled with carbon material as the negative one [5]. In our work, materials with various 
electrochemical character were used as negative electrodes in asymmetric configuration, 
while PANI (polyaniline) and composite of carbon nanotubes and manganese oxide were 
chosen as positive electrode, mainly to overcome the  problems with low voltage range in 
aqueous medium.  
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Experimental 

The electrically conducting polymers such as polyaniline (PANI), polypyrrole (PPy) and 
poly(3,4-ethylenedioxythiophene) (PEDOT) were prepared by chemical method, i.e., 
oxidative polymerization of appropriate monomers. K2CrO4, FeCl3, and Fe(ClO4)3 were 
used as oxidizing agents. Because of limited solubility of EDOT, the process was 
performed in acetonitryle; for other polymers the process was carried out in aqueous, 
acidic medium.  MnO2 was prepared using chemical method of synthesis from 0.1 M 
KMNO4 by very slow addition of C2H5OH to the solution. As a support for conducting 
polymers and metal oxide,  commercial activated carbon Norit GSX (Alfa Aesar) and 

carbon nanotubes Nts 7-15(O.D. 7-15 nm, I.D. 3-6 nm, length 0,5-200 µm,  95%,  from 
Aldrich) were used. Composites were prepared by immersion of the activated carbon and 
carbon nanotubes into solutions of monomer and by addition of oxidant to subjected 
solution under intensive stirring. The proportion of components was estimated by weighing 
composite material in the dried state. Activated carbon, labeled KKLA was prepared by 
carbonization of commercial lignine (Aldrich) and then activated in KOH with a C:KOH ratio 
of 1:4. The morphology of the materials was characterized by scanning and transmission 
electron microscopy (SEM EVO®40 ZEISS and JEM 1200 EXII). Specific surface area 
measurements were performed using ASAP 2010 M instrument (Micromeritics). The 
electrochemical performance of obtained materials in symmetric and asymmetric 
capacitors were studied in two and three electrode Swagelok® systems using 1 M H2SO4 
and 1M Na2SO4 solutions as electrolytes. The capacitor electrodes were formed as pellets 
with 85% of active material, 10% of binder (PVDF, Kynar Flex 2801) and 5% of acetylene 
black (to ensure good conductivity). Average mass of the electrodes in the form of pressed 
pellets was in range 12-15 mg. The specific capacitance of electrode materials was 
investigated by three electrochemical techniques: cyclic voltammetry (1-100 mVs-1), 
galvanostatic charging/discharging (100 mAg-1 - 50 Ag-1) and electrochemical impedance 
spectroscopy (100 kHz-1mHz) using potentiostat - galvanostat VMP2/Z (Biologic, France). 
The capacitance values were expressed per active mass of one electrode in case of 
symmetric and per average mass of both electrodes in asymmetric devices, respectively.  

Results and discussion 

Fig. 1 presents the nitrogen adsorption-desorption isotherms of two activated carbons and 
commercial carbon nanotubes. The adsorption isotherms of activated carbons represents 
type I isotherm in BDDT classification and indicate mainly microporous character of 
carbons. Isotherm recorded for carbon nanotubes is typical for mesoporous materials. The 
activated carbons are microporous (pore size < 2 nm) and have well developed surface 
area. The BET surface area ranges from 305 m2g-1 for Nts 7-15,  to 836 m2g-1 for Norit and 
2904 m2g-1 for KKLA.  
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Fig. 1: Nitrogen adsorption isotherms (77 K) of KKLA, Norit and Nts 7-15. 

 

Fig. 2 presents SEM of the carbon materials: KKLA (a), NORIT GSX (b) and NTs 7-15(c). 

The activated carbons prepared by carbonization of commercial lignine demonstrated the 
ball-shaped morphology with visible pores, while in Norit GSX image some traces of 
precursor are well visible. Distribution of the conducting polymer and metal oxide in the 
composites was also evaluated by SEM observation and in case of composites with 
carbon nanotubes by transmission electron microscopy as well. Fig. 3 presents SEM 
image of following composite materials: MnO2/Norit GSX (a) and SEM and TEM images of 
MnO2/NTs 7-15 (b) and PEDOT/NTs 7-15 (c), respectively. Composite with PEDOT is 
more homogenous than in case of manganese dioxide, which is synthesized rather as 
agglomerates.   

 

Fig. 2: SEM images of: a) KKLA b) NORIT GSX c) NTs 7-15. 
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Fig. 3: SEM images of composite: MnO2/Norit GSX (a), and SEM and TEM images of composites: 
MnO2/NTs 7-15 (b) and PEDOT/NTs 7-15 (c).  

 

The composite materials were thoroughly investigated by three electrochemical techniques 
in symmetric and asymmetric systems and a good correlation between measurements was 
found. An example of initial analysis of prepared electrode materials as electrochemical 
supercapacitors is shown in Fig. 4 (CV curves of MnO2/NTs 7-15). The electrochemical 
measurements by voltammetry technique in two electrode cell (10 mV/s) and three-
electrode cell (5 mV/s) were made. Manganese dioxide was chosen as a cheap and 
environment friendly component of electrode material. Briefly, hydrated manganese 
dioxide is a promising material due to its pseudocapacitive behavior according to the 
following reaction:  

MnOx(OH)y + e
-
 + H

+   ↔  MnOx-δ (OH) y-δ 

It has been already proved that this material due to its electrochemical stability in the 
positive range of potentials plays a perfect role as positive electrode in supercapacitor. 
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Fig. 4: Voltammetry characteristics of MnO2/NTs 7-15 composite in two-electrode  system (10 
mV/s) and in three-electrode system  (5 mV/s).  

Additionally, conducting polymers used in supercapacitor application utilize their reversible 
redox states to charge storage. In case of conducting polymers, capacitor assembly with 
the same material for both electrodes causes some limits in voltage range. In order to 
increase operating voltage with improvement of the capacitance values, different 
combinations of polymers and activated carbon working in various potential ranges were 
also tested.  

PANI was chosen as material of positive electrode due to its electrochemical behavior 
connected with rapid loss capacity in the negative range of potential, whereas the other 
polymers and carbons are better candidates as materials for negative electrodes due to 
their electrochemical properties. Table 1 shows capacitance values for selected 
conducting polymers and activated carbons. 

Table 1: Capacitance values evaluated in two and three electrode systems. 

 PANI  PPY  PEDOT  KKLA  NORIT GSX  

C
two el. cell 

[F/g]  203  214  93  174  79  

C
el.

 
positive

 

[F/g]  

422  199  80  160  80  

C
el.

 
negative

 

[F/g]  

85  253  105  194  89  

 

Few systems were chosen for further measurements, performed in asymmetric cells. PANI 
or NTs7-15/MnO2 played a role of positive electrode. Fig. 5 presents the voltammetry 
characteristics of asymmetric capacitor combining NTs 7-15 MnO2/KKLA, recorded in two 
electrode cell. An asymmetric configuration with materials of different nature gave a 
significant increase of operating voltage. The values of capacitance for the NTs 7-
MnO2//KKLA configuration in the range of potential 2.1 V is 180 F/g for 10 mV/s.  
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Fig. 5: Voltammetry characteristics of asymmetric capacitor combining NTs 7-15 MnO2/KKLA. 

 

The results showed that the highest value of capacitance in asymmetric device was 
obtained for PANI/KKLA configuration, with wide voltage window of 1.3 V. Voltammetry 
characteristics of considered electrodes in asymmetric capacitor built from PANI/KKLA 
with simultaneous increase operating voltage range are shown in Fig. 6. The CV curves 
are recorded for 3-electrode cell at 5 mV s-1 scan rate. The considerable growth of energy 
is connected with asymmetric type of capacitor. For the PANI/PEDOT configuration the 
voltage window of 1.2 V was obtained; unfortunately, for PANI/PPy arrangement has the 
voltage window was only 0.8 V (Fig. 7).  
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Fig. 6: Voltammetry characteristics of asymmetric capacitor built from PANI/KKLA. 
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Fig. 7: Voltammetry characteristics of asymmetric capacitor built from PANI/PPy. The CV curves 
are made for 2-electrode cell at 10 mV s-1 scan rate.  

The considerable growth of energy is connected with asymmetric configuration. Fig. 8 
presents a Ragone plot for asymmetric capacitors operating in 1M Na2SO4 solution, 
assembled in NTs 7- MNO2/ KKLA configuration and for PANI/KKLA operating in 1 M 
H2SO4, respectively. The specific energy (E) and power (P) were calculated by following 
equations from galvanostatic measurements: 

 E=1/2C*U2 (Whkg-1) [1] 

 P=1/2I*U (Wkg-1) [2] 

where C is specific capacitance of asymmetric capacitor, U is the operating voltage and I 
is applied current density. 

 

0.1

1

10

1 10 100 1000 10000

E
 /
 W

h
 k

g
-1

P / W kg-1

NTs 7-15  MnO2  / KKLA PANI / KKLA
 

Fig. 8: Ragone plot for asymmetric capacitors: NTs 7- MNO2/KKLA and PANI/KKLA configurations. 
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The cycling stability upon charge/discharge current load of 2 A/g for asymmetric 
arrangements were performed and are presented in Fig. 9. The results showed that 
configuration PANI/KKLA provided high value of capacitance (comparing to the pristine 
materials) and the drop of capacitance after 5000 cycles is ca. 16%, in voltage range 1 V. 
In case of asymmetric capacitor, NTs 7- MNO2/KKLA, the drop of capacitance after 5000 
cycles is only 8% and stable value of capacitances ca. 120 F/g in voltage range of 1.1 V 
was observed. 
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Fig. 9: Cyclability for different asymmetric configuration and pristine materials. 

The cycling performances of asymmetric capacitor PANI/KKLA were confirmed by the 
electrochemical impedance spectroscopy measurements for positive and negative 
electrodes. Fig. 10 shows dependences of capacitance versus frequency, before and after 
5000 cycles of charge/discharge.   
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Fig. 10: Capacitance versus frequency dependence, recorded before and after cycling (5000 
cycles – I = 2 A/g) for asymmetric capacitor PANI/KKLA. 
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The capacitance value of positive electrode increases after cycling value of negative 
electrode decreases negligibly.  

Conclusion 

The results showed that PANI and NTs 7-MnO2 composite provided the highest value of 
capacitance as positive electrode whereas the other polymers and activated carbons 
should be used as negative electrodes, rather due to their electrochemical properties. The 
highest value of capacitance in asymmetric device was obtained for PANI/KKLA 
configuration, giving also wide voltage window of 1.3 V. The considerable growth of energy 
is closely related with  asymmetric system of capacitor. The results of cyclability showed 
that such configuration provided high value of capacitance (comparing to the pristine 
materials) and the drop of capacity after 5000 cycles with high current regime 2 A/g (in 
voltage window 1 V) is 18%. For the PANI/PEDOT configuration, the voltage window of 1.2 
V was obtained, unfortunately, accompanied by the lowest values of capacitance. The 
results of cyclability showed that configuration PANI-PPy provided very high values of 
capacitance but optimal voltage is relatively low, i.e., 0.8 V. The values of capacitance for 
the manganese dioxide/carbon nanotubes composite and activated carbon in asymmetric 
system are 180 F/g in the quite wide voltage range of 2.1 V. 
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Abstract 

The composites consisting of carbon nanotubes with conducting polymers, i.g., polypyrrole 
(PPy), polyaniline (PANI) and metal oxide (NiO) have been tested as electrode materials 
for electrochemical capacitors. Different kinds of carbon nanotubes played a role of 
conducting support for homogenous distribution of pseudocapacitive components in the 
composite. Additionally, carbon nanotubes can protect conducting polymers from 
mechanical changes during cyclic charging/discharging. The highest value of capacitances 
were obtained for conducting polymers without additives of carbon nanotubes, but on the 
other hand, carbon nanotubes network allows applying such high current regime as 50 
A/g, confirmed by cyclability measurements.  

Introduction 

Electrochemical capacitors ECs called sometimes supercapacitors have generated great 
interest because of their unusual capacitances, high power densities and long cycle life.  
There are a number of electrode materials being developed for electrochemical capacitors. 
Various carbon materials have been considered for electrode material, mainly with well 
developed surface area. Carbon nanotubes – both single and multi-walled – were used as 
electrode materials [1-4].  New trends for materials applied in supercapacitors are 
connected with application of pseudocapacitance properties associated with fast and 
reversible surface redox-type reactions, using transition metal oxides or conducting 
polymers; materials such as carbon nanotubes or graphenes could provide good charge 
propagation and can be used as a support and additive for different composite electrode 
materials [5-7]. In this work the capacitance properties of carbon nanotubes (CNTs) and 
their composites with conducting polymers and metal oxides as electrode materials for 
electrochemical capacitors are discussed. 

Experimental  

Commercial MWNTs (multi wall nanotubes)  O.D. 10-15 nm (Aldrich)- purity > 90%, 
MWNT O.D. 110-170 nm (Aldrich)- purity > 90% were used as carbon nanotubes support.  
MWNTs Ni-Al were obtained by catalytic decomposition of acetylene at 6000C on 
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NiO/Al2O3 solid solution catalyst. The process allows MWNTs to be produced with small 
amount of disordered carbon at a quite large scale (the notification of the Polish patent 
P.394741). The electrically conducting polymers such as polyaniline (PANI), polypyrrole 
(PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) were prepared using chemical 
method of oxidative polymerization of the suitable monomers on different carbon 
nanotubes. Nickel oxide/carbon composite was prepared by direct chemical precipitation 
of nickel hydroxide on carbon nanotubes from the 0,5 M Ni(NO3)2 solution and then 
composites were calcinated (heated at 300°C in the air for 2 hours). The proportion of 
components was estimated by weighing composite material in the dried state. The 
morphology of the materials was characterized by scanning and transmission electron 
microscopy (SEM EVO®40 ZEISS and JEM 1200 EXII). Specific surface area 
measurements were performed using ASAP 2010 M (Micromeritics) instrument. The 
electrochemical performance of obtained materials in symmetric capacitors was studied in 
two and three electrode Swagelok® systems using 1 M H2SO4 or 6 M KOH as an 
electrolytes. The specific capacitance of electrode materials have been obtained using 
three electrochemical techniques: cyclic voltammetry (1-200 mVs-1), galvanostatic 
charging/discharging (50 mAg-1 - 10 Ag-1) and electrochemical impedance spectroscopy 
(100 kHz-1mHz) using potentiostat-galvanostat VMP2/Z (Biologic, France). The 
capacitance values were calculated per active mass of one electrode.  

Results and discussion 

Fig. 1 presents the nitrogen adsorption-desorption isotherms of different kinds of carbon 
nanotubes. All samples show an adsorption isotherm classified as type IV, according to 
BDDT classification, typical for mesoporous materials. The hysteresis loop of NTs Ni-Al 
and NTs 10-15 could be ascribed to type A, according to de Boer classification, which 
indicates  mainly tubular capillaries in a mesoporous material. The BET surface area 
ranges from 18 m2g-1 for Nts 110-170 to 107 m2g-1 for NTs Ni-Al and 137 m2g-1 for Nts 10-
15, respectively. 

 

0

50

100

150

200

250

300

350

400

450

0 0.2 0.4 0.6 0.8 1

V
 [

c
m

3
 S

T
P

 /
g

]

P/Po

NTs 110-170 NTs Ni-Al NTs 10-15
 

Fig. 1: Nitrogen adsorption isotherms (77 K) of NTs 110-170, NTs Ni-Al and Nts 10-15. 
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The SEM images of composites with different kinds of carbon nanotubes were divided into 
three figures. Fig. 2 presents SEM images of  NTs 10-15 and composites with different 
amount of polypyrrole. During polymerization particles of PPy on carbon nanotubes form 
fibrous structures. Together with increase of polymer’s amount in composite, the structure 
of polypyrrole becomes more agglomerative. Distribution of the conducting polymers 
(PANI and PEDOT) in the composites with NTs Ni-Al was also evaluated by SEM and 
TEM  observation - Fig. 3. Composites with polymers are more homogenous than in case 
of nickel oxide, which is synthesized rather as agglomerates. It could be well observed in 
Fig. 4, which presents SEM images of NTs 110-170  and their composite with NiO.  

 

Fig. 2: SEM images of  MWNT10-15 (a) and composites with different amount of PPy: 67% as (b), 
81% as (c) and 86% (d).  

 

Fig. 3: SEM and TEM images of composites MWNT Ni-Al with PANI (a) and PEDOT (b).  
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Fig. 4: SEM images of: a) MWNTs 110-170 nm; b) MWNTs 110-170/NiO composite.  

The carbon nanotubes and composite materials were thoroughly investigated by three 
electrochemical techniques in symmetric systems and a good correlation between 
measurements was found. Galvanostatic charging/discharging (50 mA/g - 10 A/g) 
measurements for symmetric capacitor with electrodes from carbon nanotubes and 
conducting polymers were made. Fig. 5 shows capacitance values versus current load 
dependence. The highest values of capacitance upon current load 50 to 100 mA/g were 
obtained for PANI, whereas high current regimes causes dramatic capacitance fade. 
However, all samples of carbon nanotubes are  characterized by stable but very small 
values of capacitances. 
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Fig. 5: Capacitance values versus current load for carbon nanotubes and conducting polymers.  

Carbon nanotubes as a supported network, provide good charge propagation and can be 
used as an additive for different composite electrode materials. The cycling stability upon 
charge/discharge current load of 2 A/g for composites polypyrrole with different amount of 
carbon nanotubes were performed and are presented in Fig. 6. The results indicate that 
configuration PPy/14% NTs 10-15 provided high value of capacitance (comparing to the 
pristine materials) and the drop of capacity after 5000 cycles is ca. 22%, in voltage range 
of 0.8 V. The smallest drop of capacitance value after 5000 cycles was observed for 
composite with the highest amount of carbon nanotubes – only 15%. Nevertheless, the 
capacitance values were less significant, due to the smaller amount of polypyrolle, which is 
responsible for high capacitances related with pseudocapacitive effects.   
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Fig. 6: Cyclability of PPy composite with NTs 10-15 with current regime 2 A/g. 

The electrochemical performances of obtained composites were studied using cyclic 
voltammetry technique with different scan rates (1-200 mVs-1) in two electrode  

cell and three-electrode cell. An example of CV analysis of prepared electrode materials 
as electrochemical supercapacitors is shown in Fig. 7 (CV curves of NiO/MWNTs 110-
170).  
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Fig. 7: Voltammetry characteristics of composite NiO/MWNTs 110-170 in three-electrode system 
(5 mV/s) operating in 6 M KOH electrolyte solution.  

In case of composite NiO/MWNTs 110-17 the higher values of capacitance were obtained 
for negative electrode, whereas positive electrode works in wider potential range. The 
example of capacitances recorded for polyaniline and composites with different amount of 
carbon nanotubes are shown in Table 1. The highest value of capacitances were obtained 
for conducting polymer without additives of carbon nanotubes. However, addition of 
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carbon nanotubes allows to use fast scan rates and does not lead to destroy of electrode 
materials using such high regimes. 

Table 1: Capacitance values evaluated in two electrode systems for PANI and PANI/different 
carbon nanotubes composites from cyclic voltammetry in 1 M H2SO4.  

CV 
PANI  

[Fg
-1

]  

PANI- 

NTs Ni-Al  

[Fg
-1

] 

PANI- 

NTs 10-15  

[Fg
-1

] 

PANI- 

NTs 110-170  

[Fg
-1

] 

1 mV/s 333 285  236  165  

2 mV/s 258 255  198  145  

5 mV/s 181 216  163  115  

10 mV/s 126 180  142  92  

20 mV/s 81 143  126  71  

50 mV/s 39 93  106  74  

100 mV/s 21 60  91  51  

200 mV/s - 39  77  32  

 

The electrochemical performances of composite materials were confirmed by the 
electrochemical impedance spectroscopy measurements. Fig. 8 shows dependence of 
capacitance versus frequency for polypyrrole composites.   
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Fig. 8: Capacitance versus frequency dependence for PPy composites with NTs 10-15. 

 

The results showed that configuration of PPy/14% NTs 10-15 provided high value of 
capacitance, however, for frequencies 1 -10 Hz the highest value of capacitances are 
obtained for composite with 33% of carbon nanotubes.  
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Conclusion 

Carbon nanotubes show moderate values of capacitance (for current regime 50 mA/g : 0,3 
F/g for NTs 110-170, 2 F/g for NTs Ni-Al and 12 F/g for NTs 10-15). In the form of a 
network, the material provides good charge propagation and can be used as a good 
support and additive for different composite electrode materials. The highest value of 
capacitances were obtained for conducting polymers without additives of carbon 
nanotubes. Nevertheless, carbon nanotubes network allows using such high current 
regime as 50 A/g, what was additionally confirmed by cyclability measurements (5000 
cycles with current regime of 2 A/g). Carbon nanotubes in each composites play a role as 
conducting matrix.  
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Abstract 

Multicomponent alloys used as electrode material in NiMH cells should reversibly absorb 
hydrogen and be characterized with low self-discharge. The major criteria for application of 
those alloys as M/MH electrode material for recharge NiMH batteries are as follows: the 
capacity of the alloy in hydrogen absorption-desorption process, chemical stability in 
concentrated alkaline solutions, electrode reaction kinetics and fast activation time of the 
alloy. Those parameters are strongly dependent on the method used to acquire the alloy 
and its chemical composition.  

In the conducted research the electrochemical parameters of 10 multicomponent AB2 and 
AB5 type alloys, obtained by arc melting, were examined. The tests were conducted to 
determine the specific capacity of hydrogen absorption desorption process, the reversibility 
of the electrode reactions and the reaction kinetics. The electrochemical measurements 
have been carried out using galvanostatic charge/discharge method with different current 
densities and cycling voltammetry. 

Introduction 

Multicomponent alloy, due to their ability to reversibly absorb hydrogen are used as M/MH 
electrodes in Ni-MH batteries. The charge/discharge reaction for those batteries should be 
highly reversible, therefore the hydrogen bond between hydrogen and the alloy should be  
moderately strong. In Ni-MH batteries produced today, two major groups of 
multicomponent alloys are used: AB5 and AB2 type. In practical use of the batteries, high 
current densities are used both for charge and discharge process, therefore the speed of 
electrochemical reaction of adsorption/desorption of the hydrogen and the diffusion speed 
from electrode/electrolyte should be high. Evaluation of the alloy materials usefulness, 
includes determination of: real capacity of the alloy in hydrogen absorption/desorption 
process in pressure range from 0.001MPa to 0.5MPa, phase composition and change in 
lattice parameters caused by hydrogen absorption process, chemical stability of the alloy 
in concentrated electrolyte solution, proper electrode reaction kinetic, and fast activation 
ability for the alloy. In this work the electrochemical parameters of 10 multicomponent AB5 
and AB2 type alloys, obtained by arc melting, were examined. 
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Experimental 

Multicomponent alloys of mentioned formulas in the Table 1 were prepared in arc furnace 
in argon atmosphere using the mixture of pure metals in proper atomic proportions. The 
casting was carried out in the Bühler arc furnace using a water-cooled copper crucible. 
The electrode material was produced by mechanical grinding in a hydraulic press followed 
by proper crushing to fine powder via cyclic hydrogen absorption/desorption from gaseous 
phase. The electrodes with hydrogen reversibly absorbing alloys were prepared by mixing 
the alloy powder (0.04 - 0.08 mm grain size) with 10 wt.% addition of carbonyl nickel. The 
electrode support was nickel foam, 500 g/m2 density and 1.6 mm thickness. The binder 
was a 3% water solution of polyvinyl alcohol. The anodic mass was mixed and pasted on 
both sides of the electrode support. The support's surface was 1cm2 and before the 
pasting it had been degreased. Pasted electrodes were dried in 70o C to stable mass and 
then pressed under 40 MPa. 

Table 1: Chemical compositions of the investigated alloys 

Chemical formulas Designation Type 

Haucke phase 

MmNi4.5Al0.5 1-A AB5 

LmNi4.78Mn0.22 1-B AB5 

MmNi3.55Al0.3Mn0.4Co0.75 1-C AB5 

MmNi3.6Al0.4Mn0.3Co0.7 1-D AB5 

MmNi3.35Al0.3Mn0.4Co0.75 1-E AB4.8 

MmNi3.2Al0.2Mn0.6Co1.0 1-F AB5 

Laves phase 

ZrCr0.8Ni1.2 1-G AB2 

Zr0.9Ti0.1Mn0.6V0.2Co0.1Ni1.1 1-H AB2 

Zr0.9Ti0.1Mn0.6V0.2Cr0.05Co0.05Ni1.2 1-I AB2.1 

Zr0.5Ti0.5V0.68Mn0.68Cr0.34Ni0.7 1-J AB2.4 

The electrochemical properties, such as a specific capacity, charge efficiency, and 
cycleability were characterized by the galvanostatic charge/discharge cycling and cyclic 
voltammetry in the half-cells. The experimental cell for electrochemical measurements 
consisted of the working M/MH electrode, an excess Ni(OH)2/NiOOH electrode as the 
counter electrode and the reference Hg/HgO/6M KOH electrode. The electrolyte was 6M 
KOH solution, and measurements were performed at room temperature. Before proper 
electrochemical testing working electrodes composed of metal hydride electrode (MH) 
were chemically pre-activated by boiling in 6MKOH solution and then the constant current 
charge/discharge measurements were performed at current density i = 40 mAg−1. The 
charge process was conducted till the beginning of the hydrogen evolution on electrode. 
After 1 h of a rest pause to potential equilibrium, the electrode was discharged to the −0.7 
V potential. 

The galvanostatic charge/discharge measurements and the cyclic voltammetry (CV) tests 
were performed using an VMP3 BioLogic Science Instruments system. 

202



13
th
 Advanced Batteries, Accumulators and Fuel Cells Alkaline accumulators 

Results and discussion 

Cycling stability of the tested electrodes made with AB5 type alloy calculated on mass of 
alloy are shown in Fig. 1. The highest discharge capacity (265 mAhg-1 of alloy) were 
obtained for electrode prepared with 1C alloy (MmNi3.55Al0.3M.0.4 Co0.75). Discharge 
capacity of electrodes made with other alloys did not exceed 150 mAhg-1 of alloy (Fig. 1).  

0

50

100

150

200

250

0 2 4 6 8 10 12 14 16 18 20

Cycle number

D
is

ch
ar

ge
 c

ap
ac

it
y 

 /
 m

A
h

 g
-1

 a
llo

y

1-A 1-B 1-C 1-D 1-E 1-F

 

Fig. 1: Discharge capacity for tested electrodes made with AB5 type alloy 

On the Figure 2 typical discharge curves for tested electrodes made with AB5 type alloy 
estimated at 10th cycle are presented. The most stable work potential with the plateau of 
proper shape was obtained by the electrode prepared with 1C alloy. Also those electrodes 
presented the longest discharge time (almost 6 hours which gives the efficiency of the 
electrode about ~ 98%). 

Cyclic voltammograms for the electrodes made with AB5 type alloys are shown in Fig. 3. 
For each electrode oxidation/reduction cycles were made in the potential range Es→-
0.4V→-1.0V→Es vs. Hg/HgO/6MKOH (Es – the rest potential) at a scan rate of 0.1 mVs−1.  
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Fig. 2: Typical discharge characteristic for tested electrodes made with AB5 type alloy at 10th cycle 
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Fig. 3: Voltammetric curves of the tested electrodes made with AB5 type alloy  
(Es→ -0.4V→ -1.0V→Es; dV/dt = 0.1 mV/s) 

On the voltammetric graph for the electrodes made with tested AB5 type materials (Fig. 3) 
the peaks for metal-hydride creation are not visible because of the simultaneously 
occurring hydrogen evolution which generates strong current. Sharp desorption peaks 
indicate for proper stability of the occurring metal-hydride. 
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Fig. 4: Discharge capacity for tested electrodes made with AB2 type alloy 

Cycling stability of the tested electrodes made with AB2 type alloy calculated on mass of 
alloy are shown on Fig. 4. All electrodes prepared from AB2 type alloys were presenting 
similar maximum discharge capacity at level  200-230 mAhg-1 of alloy material. The 
highest capacity was obtained by electrodes with 1H alloy of formula 
(Zr0.9Ti0.1Mn0.6V0.2Co0.1Ni1.1). The capacity of electrode from 1H alloy was stabilizing for a 
long time, until 10th cycle it was rising. Discharge capacity of electrodes made with 1G and 
1I alloys  started to drop after 10th cycle. 

As can observe in Fig. 5, the electrodes with AB2 type alloys were in general presenting 
better potential plateau then electrodes with AB5. Electrodes prepared with 1H alloy 
presented high and stable work potential, also they reached the longest discharge time 
from all AB2 alloys electrodes (above 5 hours which gives the efficiency of the electrode 
about ~ 87%). 
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Fig. 5: Typical discharge characteristic for tested electrodes made with AB2 type alloy at 10th cycle 
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Fig. 6: Voltammetric curves of the tested electrodes made with AB2 type alloy  
(Es→ -0.4V→ -1.0V→Es; dV/dt = 0.1 mV/s) 

As can see in Fig. 6, the peak of metal-hydride development is not visible, similarly with 
electrodes with AB5 alloys. Sharp desorption peak for the electrode with 1H alloy, indicate 
for proper stability of the metal-hydride, the other electrodes presented blurred and flat 
peaks; 
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For comparison, in the Figure 8 presents a summary the specific capacity of all tested 
alloy materials. Presented relationship confirms earlier observations. 
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Fig. 7: Comparison of maximum values of discharge capacity for all of the tested electrodes 

Conclusions 

 From all of the AB5 type alloys the highest capacity (265 mAh/g of alloy) was 
obtained for electrode with 1C alloy (MmNi3.55Al0.3Mn0.4Co0.75); 

 Activation time of this 1C electrode was short, after 3rd charge/discharge cycle 
the electrode had presented its maximum capacity and the discharge 
characteristic showed the best formed plateau for this electrode; 

 The CV tests showed proper reversible Me-H bond stability for 1C alloy, and the 
cycling charge/discharge tests showed good stability in a concentrated 
electrolyte;  

 The discharge capacity of electrodes with AB2 type alloy were close to each 
other, at values from 200 to 230 mAh/g of alloy;  

 The highest capacity (230mAh/g of alloy) for AB2 electrodes was obtained for 
the electrodes with 1H alloy (Zr0.9Ti0.1Mn0.6V0.2Co0.1Ni1.1), the maximum capacity 
of this electrode was reached after 10th cycle, which indicates slow activation of 
this material; 
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Abstract 

This paper relates to research work focused on utilization of nickel hydroxide with 
improved electrochemical properties in rechargeable alkaline batteries where it is used as 
a positive material. 

A treatment of chemical composition, i.e. cobalt amount, and synthesis conditions of nickel 
hydroxide were carried out for purposes of the product optimizing ensuring excellent 
electrochemical parameters and their durability in long-term cycling process. Set of several 
samples with variously modified molar ratios of cobalt to nickel as well as precipitated from 
mixed nickelous and cobaltous salt solutions in different concentrations of alkaline 
hydroxide solutions was prepared. We applied cobalt as two species, primarily 
incorporated through co-precipitation and secondary as surface modification/coating of 
particles Ni(OH)2. In this way prepared samples have been electrochemically tested. 

Introduction 

Nickel hydroxide is used as an electrochemically active component of accumulator masses 
for positive electrode of Ni-Cd, Ni-MH and Ni-Zn alkaline accumulators. 

From morphological point of view there are two basic versions of nickel hydroxide known 
as crystallographic modifications, alpha phase and beta phase. The latter having regularly 
arranged structure of brucite type (with basal lattice parameter c = 4.6 Å and density 
3.85 g.cm-3) is in a substance of pure simple Ni(OH)2. The compactness of perfectly 
crystallized pure beta Ni(OH)2 interferes its electrochemical activity. Hence, the lattice 
must always involve a failure rate. Strongly defective crystals formed from faulty nucleus 
growth will induce significantly facilitated H+ protons diffusion during the cycling process. 
Such particles are signed as badly crystallized beta hydroxide. In accordance with 
depicted Bode´s diagram below, intensive overcharging of beta systems leads to „low-
density“ gamma phase which includes even hydrated oxides of tetravalent nickel. However, 
the presence of such compounds is very temporal because of their enormous instability 
and easy decomposition tendency accompanied by oxygen evolution. This issue is 
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reflected in discharge curves as a rapid initial cell voltage falling after finished charging 
without any capacity contribution. 

Alpha nickel hydroxide attains a superior performance compared to commonly produced 
beta hydroxides in consequence of its transition ability to nickel in tetravalent state 
(although partially) in stabilized forms and thereby they gain higher capacity from the same 
nickel content. 

Alpha nickel hydroxide is rather more complicated intercalate compound comprising of 
variable stages of hydration. Compound with idealized composition and simplified formula 
3Ni(OH)2 .2H2O (specific weight is about 2.5 g.cm-3) is quite unstable in alkaline medium 

and easily transforms to -Ni(OH)2. Therefore, it is necessary to find the solution of 
structure stabilization. 

Therefore a wide group of layered double hydroxides (LDH) with partially substituted 
nickelous ions by suitable trivalent stabilizing cations (most often Al3+) is considered to be 
alpha nickel hydroxide. An addition of aluminium just seems to be just the most frequent 
doping according to the most of published reports. Chemical composition of LDH can be 
expressed by the summary formula NiII1-xM

III
x(OH)2A

n-
x/n.yH2O , where „MIII“ is generally 

trivalent metal cation and „An-“ is n-valent anion. The LDH structure is again derived from 
layered lattice of brucite type with the same  hexagonal configuration as a beta phase but 
having different.lattice constant „c“ equal 8-10 Å, i.e. about twice as β-Ni(OH)2. Moreover, 
alfa structure exhibits turbostratic feature with the randomly oriented sheets of each other 
in one of the main directions while a constant intersheet distance is kept. A replacement of 
nickelous ions Ni2+ by trivalent metal cations Me3+ imparts excess of positive charge to 
primarily electroneutral layers is mentioned. The positive charge excess is directly 
proportional to range of cation substitution and it is compensated by the charge of 
hydrated anions being placed in an intersheet region. There is an electrostatic attraction 
(coulombic forces) between alternating hydroxide sheets [Ni1-xMx

III (OH)2]
x+ and interlayer 

space of hydrated anions [An-
x/n.yH2O]x-. Better intersheet region´s permeability improves 

mobility of ions there, especially H+ protons. Consequently, over one-electron exchange 
can be expected since the number of exchanged electrons during the charge/discharge 
process is equivalent to the number of H+ protons which are removed from hydroxide 
sheets or inserted into them, respectively. The overall electrochemical reaction can be 
understood as proton deintercalation and intercalation reactions. 

The gamma phase formed by charging of alpha nickel hydroxide represents a mixture of 
trivalent and tetravalent nickel as hydrated oxides where contained tetravalent nickel is 
stabilized by corresponding amount of  intercalated anions (including OH- anions from the 
electrolyte) to ensure charge equilibrium. For that reason, an electrochemical reactivity of 

alpha nickel hydroxide should overcome that of -Ni(OH)2. 

The unquestionable advantage of the „/“systems is that material can be 
electrochemically cycled without having perceptible volumetric changes. The outstanding 
feature is the effectual overcharging tolerance as well. It is caused by very close lattice 
constants for both of the redox couple components. On the other hand the overcharging of 

β(II)/β(III) systems turns βNiO.OH into „low-density“  γNiOx.nH2O (where  x  1.5 ; 1.8 

 ). This conversion is joined by crystal lattice expansion along „c-axis“ , which brings  
about strong strain inside the lattice as much as irreversible damage of the lattice at the 
periodic overcharging .  As a result of this behaviour we observe a bigger electrode 
thickness (it swells), rapid capacity falling and considerable cycle life reducing. 
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Despite of all the advantages which are potentially offered by using of alpha nickel 
hydroxide in alkaline accumulators there is a fundamental problem if  this system is able to 
provide such parameters in the long term condititions. There is an obvious inclination that 
there is a crystal-phase transformation toward more stable and termodynamically 
preferable beta form in general alpha phase definition according to the Bode´s diagram. 

 

Phase changes (Bode´s diagram) 

 
β-Ni(OH)2  ⇄       β-NiOOH  
  ↑ aging in 

     alkali ↖  ↓ overcharging 
α-Ni(OH)2  ⇄      γ-NiOOH     resp.    γ-NiOOHxKy  partial penetration of cations K+ 

event. Li+ into nickel hydroxide lattice 
giving mixed oxyhydroxide of type 
[Ni4O4(OH)4](OH)2K  

 

γ- phase is a mixture of trivalent and tetravalent nickel:   NiOx .nH2O , where   x  1.5; 1.8  

 

However, the presence of high-valent nickel hydrated oxides formed by overcharging is 
very temporary due to their strong instability resulting in reduction to NiOOH through self-
decomposion accompanied by excessive oxygen evolution. The rapid falling of initial cell 
voltage in discharge curves indicates described self-discharging after finalized charging 
immediately, see above. 

NiOx .nH2O  →  NiOOH + ½ (x – 1.5) O2 + (y – 0.5) H2O 

The reaction rate increases with enhanced content of fixed oxygen (x) i.e. with enhanced 
summary of  a nickel valency. 

Experimental 

Materials synthesis 

Samples of beta nickel hydroxide were synthesized through an addition of nickelous and 
cobaltous salts solution (in modified mutual molar ratio) to various excess of sodium 
hydroxide solution (in mother liquor) with changed molarity. Like this adjusted reaction 
conditions ensure different pH levels of nickel hydroxide precipitation. All solutions used for 
precipitation were tempered above 40oC. Next treatment of obtained suspensions involved 
separation of solid state from mother liquor, drying of filter cake, washing of sulphate and 
nitrate anions, respectivelly, from nickel hydroxide particles and second drying of washed 
products. 

 Alpha nickel hydroxide samples were prepared with coprecipitation technique. An 
aqueous solution of Ni, Co, Al, Mn and Ca salts with chosen molar ratio was added with a 
given flow rate into vessel containing certain volume of distilled water. The reaction pH of 
10 was kept at the constant value by controlled flow rate of simultaneously added alkaline 
solution.The coprecipitation was carried out under vigorous stirring at 30oC. The product 
was filtered off, washed thoroughly with distilled water and dried overnight at 60oC.  
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Measuring conditions 

The electrochemical studies of prepared beta and alpha nickel hydroxide samples were 
accomplished in Ni-Cd cells with 6M KOH as an electrolyte. There was used a pocket 
construction of electrodes for the investigations on all of nickel hydroxide samples. The 
electrodes were constituted of pressed activated mixture of nickel hydroxide and graphite 
which gives an improved electronic conductivity. The active material based on βbc-Ni(OH)2 
has been used as a reference sample in carried out tests.  

 

Galvanostatic measurement of discharge capacity 

The cycling process at the 0.17 C rate is typically used in our laboratory for testing of the 
commercial positive accumulator mass of Bochemie Inc., named NICOL G. The test 
consists of the continuous, galvanostatically led charging and discharging of measured cell 
with a short relaxation between the various steps. The procedure involves four "forming" 
cycles performed at the same rate (0.17 C) at the very beginning of the cycling, including 
strong overcharging of the cell in the first cycle (20 h successfully). The overcharging 
corresponds to 200% of the theoretical capacity for common accumulator mass based on 
beta nickel hydroxide. All galvanostatic measurements were performed using non-
commercial equipment of Bochemie Inc. 

 

XRD analysis 

Phase identification of prepared samples by means evaluation of crystal lattice 
parameters. 

 

EQCM/CV evaluation of reversibility 

Reversibility of redox reactions taking place in cycled materials based on variously doped 
alpha nickel hydroxide and amount of participated active mass were investigated by cyclic 
voltametry (CV) method combined with an electrochemical quartz crystal microbalance 
(EQCM) study, i.e. registration of mass changes during potential scans. 
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Results and Discussion 

Galvanostatic charge – discharge tests 
(Measurement of discharge capacity) 

Fig. 1: Cyclic life of beta Ni(OH)2 in dependence on both final excess of NaOH in mother liquor at 
terminated precipitation and range of cobalt addition  

 

Fig. 2: The performance of multidoped alpha nickel hydroxide related to nickel content 

A treatment of chemical composition were carried out for purposes of optimizing product 
formula ensuring excellent electrochemical parameters and their durability in cycling 
process. Set of several samples with variously modified molar ratios of doping elements to 
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nickel was prepared. All these propositions were based on our former experience with an 
individual-element´s doping and consequent conclusions 

 

Efficiency of sulphate washing 

 

Fig. 3: Efficiency of sulphate washing from precipitated β-Ni(OH)2 in dependence on final excess 
of NaOH in mother liquor at terminated precipitation under unitary level of cobalt content 

 

Fig. 4: Efficiency of sulphate washing from β-Ni(OH)2 precipitated up to the same final excess of 
NaOH in mother liquor at terminated precipitation in dependence on cobalt content 
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Influence of reaction conditions on surface morphology of β-Ni(OH)2 

 

Fig. 5: Surface area of precipitated β-Ni(OH)2 in dependence on final excess of NaOH in mother 
liquor at terminated precipitation under unitary level of cobalt content 

 

 

Fig. 6: Surface area of β-Ni(OH)2 precipitated up to the same final excess of NaOH in mother 
liquor at terminated precipitation in dependence on cobalt content 
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CV and EQCM measurements of oxygen evolution and chargeabilty of NHE 

Multidoped alpha nickel hydroxide 
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Fig. 7: Influence of Co and Ca addition on oxygen evolution at NHE during charging 

Cobalt and calcium addition should ensure an increasing of the difference between oxygen 
evolution potential EO2 and anodic oxidation potential Ea of nickelhydroxide electrode 
(NHE) by enhancing of an oxygen overvoltage ηO2 on charged NHE with better charge 
acceptance and thereby lower Ea and consequently an improvement of the charge 
efficiency.  Although EO2 was really elevated after Ca incorporation, the distance between 
EO2 and Ea positions on potential axe was maintained almost unchanged due to 
unfavourable raising of Ea. The position of anodic peak shifts to more positive values, from 
initial 0.33 V, during cycling. Fig.11 gives a nice overview of the gradual shifting. 

Beta nickel hydroxide 

 

Fig. 8: Chargeability evaluation of NHE containing different cobalt amount 

215



13
th
 Advanced Batteries, Accumulators and Fuel Cells Alkaline accumulators 

Conclusion 

We have prepared set of several samples of nickel hydroxide by chemical precipitation 
method at variously modified reaction conditions. All synthesized samples have been 
subjected to electrochemical tests in this work. Significant part of our assumptions 
resulting to proposed treatment of precipitation process parameters for purposes of 
modified product composition, particle texture and surface morphology were confirmed by 
disclosed conclusions:  

Cobalt introduced into lattice of nickel hydroxide improves reversibility of redox reactions 
on cycled nickel hydroxide electrode (NHE) as well as charge acceptance of the active 
material via lowered anodic oxidation potential and increased oxygen overvoltage ηO2 on 
charged NHE at the same time. Consequently, it means that an improvement of the 
charge efficiency occurs. Cobalt addition also suppresses presence of “low-density” 
gamma phase formed during overcharging of β-NiO.OH and thereby increase resistance 
to undesirable volume changes in cycled active material. We applied cobalt as two 
species, primarily incorporated through co-precipitation and secondary as surface 
modification/coating of particles Ni(OH)2. 

The pH value has been found to be crucial factor that affected the crystal structure 
characteristics, such as surface area, degree of crystallinity, crystallite size, lattice disorder 
and crystal growth orientation. Residual amounts of undesirable sulphates (nitrates) and 
carbonates captured in crystallites also significantly depend on the pH value of the 
chemical precipitation reaction. 
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Abstract 

The electrochemical properties of alloys reversibly absorbing hydrogen, used as negative 
electrode material in Ni-MH batteries, are strongly influenced by nickel presence. In the 
reversibly absorbing hydrogen alloys of AB5 type, nickel is one of the elements of the B 
group. The kinetics of electrode reaction, average charge/discharge potential and 
discharge capacity depend on the amount of nickel in the alloy.  

In the composition of intermetallic compounds nickel affects the creation of specific 
crystalline structure while simultaneously decreasing the energy of Me-H bond to a value 
suitable for the application of the electrode in a Ni-MH-type cell. Moreover, nickel presence 
in the electrode in metallic form increases the electrical conductivity, catalyzes electrode 
reactions and the surface hydrogen dissociation.  

In the presented study the influence of different amounts of metallic nickel (from 0 to 30 
wt.% Ni) on the reaction kinetics, and the MH electrode performance was observed. A 
research into electrochemical performance of electrodes with those additions was 
conducted to determine the best composition for the negative active mass of nickel-metal 
hydride batteries (Ni-MH). The electrochemical properties such as specific capacity, 
charge efficiency, percent of utilization and cycleability were defined in a half-cell system 
by cyclic galvanostatic charge/discharge and cyclic voltammetry. 

Introduction 

Hydrogen storage alloys are used as the negative electrodes of nickel–metal hydride (Ni–
MH) batteries. Multicomponent alloys of the AB5 type offer great possibilities of changing 
their chemical composition and thereby physicochemical properties. The suitability of alloy 
for an electrode material is closely connected with nickel content acting as catalyst in an 
electrode reaction. In this work the influence of different amounts of metallic nickel (from 0 
to 30 wt.% ) on the reaction kinetics, and the MH electrode performance was observed. 
When using nickel powder additives to fabricate MH electrodes, a conductive network 
structure is formed, so that conductivity is improved. A research into electrochemical 
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performance of electrodes with those additions was conducted to determine the best 
composition for the negative active mass of nickel-metal hydride batteries (Ni-MH). 

Experimental 

The active material of the anode (MH) was a mixture of an alloy with a general formula 
MmNi3.55Al0.3Mn0.4Co0.75 and carbonyl nickel powder 255 (Inco) in amount from 0% to 30% 
of the active mass weight (Table 1). 

The electrode support was nickel foam, 500 g/m2 density and 1.6 mm thickness. The 
binder was a 3% water solution of polyvinyl alcohol. The anodic mass was mixed and 
pasted on  both sides of the electrode support. The support's surface was 1cm2 and before 
the pasting it had been degreased. Pasted electrodes were dried in 70°C to stable mass 
and then pressed under 40 MPa. Three electrodes were prepared for each active mass 
composition. Those electrodes were initially activated by placing them for 24h in 6M KOH 
water solution. The testing system was built from the prepared M/MH electrode, an excess 
Ni(OH)2/NiOOH electrode as the counter electrode and with an Hg/HgO/6M KOH. 
reference electrode.  

Half-cells were tested by cyclic electrochemical trials based on galvanostatic 
charge/discharge with a constant current with the density i=40mA per 1g of active mass 
(0.2C, where C is the theoretical capacity). To determine the capacity of tested electrodes 
10 full charge/discharge cycles were conducted. The charge process was determined by 
time, lasting for 6 hours. After 1 hour relaxation the electrode was discharged to -0.7V vs 
Hg/HgO/ 6M KOH. 

Results and discussion 

Example charge and discharge characteristics after the 3rd cycle for the electrodes with 
different nickel content are presented on the Fig. 1-2. 

The values of discharge capacity for the electrodes with different nickel content tested in a 
half cell system for 10 charge/discharge cycles are showed on Fig. 3. 

Based on the data collected from three tested electrodes for each active mass composition 
after their 5th cycle, an average value of electrical performance was calculated and 
presented in Table 1. 
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Table 1: The composition of the anodic active mass 

AB5-type alloy material 

(wt.%) 

Inco nickel powder 255-

type (wt.%) 

Electrical efficiency 

γ = Qdischa/Qcha (%) 

100 0 99.53 % 

95 5 98.37 % 

90 10 99.81 % 

85 15 98.21 % 

80 20 89.88 % 

75 25 81.15 % 

70 30 79.94 % 
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Fig. 1: Charge characteristics of the tested electrodes in their 3rd cycle 
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Fig. 2: Discharge characteristics of tested electrodes during their 3rd cycle 
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Fig. 3: Discharge capacity as a function of cycle numbers after 10 work cycles 

 

From all the tested electrodes containing different amounts of nickel in the active mass 
composition, the highest discharge capacity (approximately 240mAh on 1g of active mass) 
was obtained for the electrodes prepared with the addition of 0% to 10% of nickel carbonyl 
powder. Lower capacity was observed for the electrodes with 15% of the nickel addition. 
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The electrodes with more than 15% of nickel amount, presented a significant drop in 
capacity.  

The best electric performance was observed for the electrodes with 10% of nickel content 
in active mass. For the half-cell systems built with electrodes with 20% to 30% of nickel 
content the electrical performance decreased by over 10%. 

After the 3rd cycle of charge/discharge, electrodes with different nickel content were 
submitted to cyclic voltammetry tests to determine the kinetics of electrode reaction and 
the mechanics of the hydrogen sorption-desorption process. In the cyclic voltammetry the 
signal is stimulated by a linear triple pulse to equilibrium potential (Es) to cationic side until 
-1.0V is reached, and then back to anodic side to the potential of -0.4V. The polarization 
was shifted automatically by a pulse generator. Each following cycle was running from -1.0 
→ -0.4V → -1.0V. The tests were conducted in three-cycle programs, with the scanning 
potential speed set to dV/dt = 0.1 mV/s. The voltammetry curves of the tested electrodes 
are presented on Fig. 4. As it can be observed on the voltammetry curves, the peaks of 
metal hydride are not visible due to a simultaneously occurring (with this speed of potential 
scanning) hydrogen evolution. 

The observed desorption peaks could suggest that the forming metal hydride is presenting 
proper stability. The highest desorption capacity was reached by the electrodes with 15% 
of mass Ni > 5% of mass Ni > 10% of mass Ni, while the electrodes with no Ni additions 
and electrodes with 20% to 30% nickel content presented much lower capacity in the 
desorption peak. 
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Fig. 4: Voltammetric curves of the tested electrodes (Es→ -0.4V→ -1.0V→Es; dV/dt = 0.1 mV/s) 

For each electrode with different active mass composition impedance spectroscopy was 
conducted. Those tests were done at the equilibrium potential within frequency range of 
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10 kHz to 1 mHz with alternating current signal of 10mV amplitude. Electrochemical 
impedance spectrum obtained for the tested electrodes after 3rd charge/discharge cycle is 
presented on Fig. 5.  

Registered in the full frequency range, the impedance spectrum consist of three 
semicircles. For the MH electrode the semicircle of high frequency corresponds to the 
impedance caused by the contact between the alloy particles and the energy collector. 
The second one, in the low frequency range, corresponds to the charge transfer on the 
surface of the electrode; the shape of the slope is effected by the hydrogen diffusion into 
the bulk of the alloy [1-3]. The lowest resistance value - effecting the contact between the 
alloy particles and the nickel collector - was observed for the electrodes with 10% of nickel 
addition to the active mass. 
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Fig. 5: Electrochemical impedance spectrum for the tested electrodes, after 3rd  charge/discharge 
cycle 
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Conclusions 

Conducted research has shown a significant correlation between the amount of metallic 
nickel in the anodic active mass and the average charge/discharge potential, reaction 
kinetics and electrical performance of MH electrodes.  

 The highest values of discharge capacity - around 240 mAh per 1g of active mass - 
were obtained for the electrodes made with 0% to 10% of metallic carbonyl nickel 
additives; 

 The best electrical performance counting 99.81% was shown by the electrodes with 
10% of nickel addition in the active mass; 

 The highest capacity of desorption observed for the proper potential of the anodic 
peak were obtained by the electrodes with: 15% Ni > 5% Ni > 10% Ni; 

 The lowest value of resistance caused by the contact between the alloy grain and the 
energy collector was observed for the electrodes with 10% of the metallic carbonyl 
nickel additions. 
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Abstract 

The authors report on the coating of a crosslinked, high conductivity PVA/KOH membrane 
with nonwoven polypropylene fabrics to sustain good mechanical properties of the 
membrane. The article also contains a comparison of the PVA/KOH membrane with a 
commercial product; the comparison is based on conductivity measurements and real 
electrolyser performance. 

Introduction 

World reserves of fossil fuel are not inexhaustible, and the search for alternative resources 
has already attracted the interest of researchers across scientific disciplines. This is also 
the reason why hydrogen is spoken of as the fuel of the future. Recently, mankind has 
arrived close to the general point of peak oil, which is characterized by a high degree of 
fossil fuel depletion. At this stage, the prices of fossil fuel will rise excessively, while the 
related demand will decrease together with the volume of fuel extraction. Even though total 
exhaustion of fossil fuels is a likely scenario, it is also necessary to note that this type of 
fuel may be replaced by other sources of energy. In this respect, the use of hydrogen 
constitutes a viable option. Yet there also exists a precondition: the production of hydrogen 
must be supported by a cheap power source.  The power source for electrolysis is 
electricity, whose current production is largely based on the dwindling fossil fuel supplies. 
This restricting factor may be obviated by the focus on renewable power sources. 
Moreover, the production of hydrogen through electrolysis is also better in terms of 
hydrogen purity.  

The advantages of hydrogen consist in that, during the burning phase, no toxic or 
greenhouse gases are created. The disadvantages are the high price, demanding storage, 
and high explosibility of the substance when mixed with air.  

Hydrogen production is enabled by a device called electrolyser. This device contains 
electrodes, a cathode and an anode, which are immersed in acid or alkaline electrolyte. 
Acid electrolyte exhibits better conductivity, but its application is very costly due to the 
necessity to use electrodes made of precious metals. In our case, alkaline electrolyte and 
nickel electrodes (stable in the electrolyte) were applied. In relation to the electrolyser, the 
problem with the separation of accumulated gases had to be solved. A method to perform 
this step consists in the use of a special membrane. Basic requirements for membranes 
are as follows: high ionic conductivity, impermeability for emerging products, and long-term 
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durability in the electrolyte. These requirements are met by a membrane based on cross-
linked PVA. In this article, the PVA membrane will be compared with a Fumapem 
commercial membrane produced by the Fumatech Company. 

Experimental section 

Two membranes were selected for the electrolyser-based measurement. The first 
measured item was a Fumapem commercial membrane produced by the Fumatech 
Company. This membrane is recommended for electrolysis, but the price is very high in 
comparison with other components of the electrolyser. The second membrane applied was 
a laboratory item made from PVA (Mowiol 15-99), which was dissolved in hot water and 
subsequently mixed with a little amount of KOH electrolyte and glycerin. This mixture 
requires long processing time: the mixing period necessary for successful bonding and 
utilization of all the components is approximately 24 hours. This mixture was crosslinked 
by borax, deposited to nonwoven polypropylene fabric NT-SB-50 supplied by the BTP 
Company, and left to dry at room temperatures for 3 days. Both membranes were 
immersed in 5,6 mol/l KOH electrolyte for soaking. 

A small laboratory electrolyser having two nickel electrodes (E) was produced to ensure 
the testing of the membrane. The apparatus and the experiment: A membrane (M) is 
placed in the central part of the electrolyser and creates two separated cells - cathodic and 
anodic. Basic plates (B) having 1 cm in thickness, are made from transparent PMMA. 
Thanks to the transparency, it is possible to monitor reactions inside the electrolyser. Two 
peripheral plates (P) made of iron hold the electrolyser together. Holes are bored into the 
plates to facilitate the filling of the electrolyser with electrolyte and to secure the exhaustion 
of accumulated gases. The electrolyser is filled with 5,6 mol/l KOH electrolyte up to 80 % 
of its capacity.   

 

Fig. 1: Structure of the electrolyser 
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Fig. 2: Laboratory electrolyser used for the membrane testing 

 

Testing the immunity of membranes in electrolyte 

Long-time resistance of the membranes was tested by immersing a membrane into the 
electrolyte. Then, the membrane was left immersed at 50°C for several weeks. 
Subsequently, the membrane was removed from the electrolyte and tested for change of 
properties. 

Measurement of the resistivity of membranes 

For the purposes of the membrane resistivity measurement, a four- electrode cell was 
designed and developed. The cell contains two Pt electrodes and two reference Hg/HgO 
electrodes, which measure voltage differences on the membrane. The membrane is 
placed in the middle of the cell. The cell is filled with 5,6 mol/l KOH electrolyte.  

 

Fig. 3: Cell for the membrane resistivity measurement 

Resistivity of the membrane was measured by impedance spectroscopy using a VSP 
Biologic apparatus. First, resistivity of the empty cell was measured. Then, we measured 
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resistivity of the cell with a membrane, and the empty cell resistivity was subtracted from 
the obtained value. Resistivity of the membranes is shown in Table 1. 

Table 1: Resistivity of the measured membranes 

Sample l [mm] R [mΩ.cm-2] 

NT-SB-50 + PVA + KOH + G + B 0,437 63,06 

Fumatech Fumapem 0,050 88,50 

 

As can be seen in the table, the laboratory-produced membrane exhibits a little better 
resistivity than the commercial produced membrane (Fumapem).  

 

Measurement of the membranes in a real electrolyser 

Then, both membranes were measured in a real electrolyser. Electric current in the 
electrolyser was 100 mA for the period of 24 hours. Results of the measurement are 
presented in figure 4. It is obvious that the Fumapem commercial membrane provided 
better results; however, with this membrane, the electrolyser voltage exhibited very fast 
increase in time. The PVA membrane exhibits a little higher voltage value, but it is more 
stable in the electrolyser. 

 

Fig. 4: Measurement in a real electrolyser in time for both membranes 
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Conclusions 

The study contains a comparison of two membranes: A Fumapem commercial product 
supplied by the Fumatech Company and a laboratory-produced NT-SB-50 membrane with 
a polymer PVA membrane. The measurement of resistivity in the membranes showed that 
the Fumapem sample exhibits a little higher resistivity than the PVA membrane. In a real 
electrolyser, the Fumapem membrane provided better results; however, the electrolyser 
voltage increased very fast when this membrane was used. Measurement in the real 
electrolyser with the polymer PVA membrane exhibited worse results than the Fumapem 
membrane, but the electrolyser voltage was more stable. 
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Abstract 

The conducted research describes the influence of different additions – enhancing the 
electrical conductivity in electrosorption of hydrogen – on the performance of negative 
electrode used in Ni-MH cells. Two commercial materials were used as the 
aforementioned additions: carbonyl nickel powder 255 type (Inco) and multiwall carbon 
nanotubes with outer diameter 110-170 nm (Sigma-Aldrich), and also three carbon 
materials obtained by carbonization of conducting polymers: polyaniline (PANI), poly3,4-
ehtylenedioxythiophene (PEDOT) and polypyrrole (PPy). The surface morphology of the 
examined materials was observed using scanning electron microscope SEM EVO® 40 
ZEISS. Galvanostatic charge/discharge method with different current densities was used 
to determine the electrical capacity of tested electrodes. The reaction kinetics was defined 
with the cyclic voltammetry.  

Introduction 

Nickel-metal hydride (Ni-MH) batteries based on hydrogen storage alloy electrodes have 
some advantages over nickel-cadmium (Ni-Cd) batteries, such as high energy density, 
long cycle life, and environmental compatibility. Research on AB5 alloys has led to the 
wide commercialization of Ni-MH batteries. However, AB5 alloys exhibit limited capacity 
due to the single CaCu5-type hexagonal structure. Therefore, it is essential to search for 
new type alloys with higher discharge capacities and better overall properties. One of the 
simple and low production cost method is adding new materials or composites to the alloy 
electrodes active mass. 

The conducted research describes the influence of different additions – enhancing the 
electrical conductivity in electrosorption of hydrogen – on the performance of negative 
electrode used in Ni-MH cells. 
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Experimental 

The conducting polymers were obtained from a chemical polymerization process of 
monomers such as aniline, pyrrole and 3,4-ehtylenedioxythiophene (EDOT). The synthesis 
conditions were shown in Table 1. After the polymerization process polyaniline (PANI), 
poly3,4-ehtylenedioxythiophene (PEDOT) and polypyrrole (PPy) were carbonized. The 
carbonization process was conducted in a tube furnace for 10 min under the flow of N2 in 
temperature of 500°C. 

The obtained carbon materials were used as an additive to the MH electrode. For 
comparison, two commercial materials were also used: Ni-255 which is the type 255 
carbonyl nickel (Inco) and MWNT - multi-walled carbon nanotubes with 110 -170 nm outer 
diameter (Sigma-Aldrich). The active mass of the tested negative electrodes was 
composed of: 10% (mass) of conductivity addition and 90% (mass) of multicomponent 
metal alloy of AB5 type (MmNi3.55Al0.3Mn0.4Co0.75) where Mm stands for mixture of: La – 
29.7%, Ce – 49.9 %, Nd – 15.4 %, Pr – 5.0 %. The support of the electrode was nickel 
foam with density of 500g/m2 and 1.6 mm thickness. As a binding component a 3% water 
solution of polyvinyl alcohol (PVA) was used. 

Table 1: The polymer synthesis conditions 

Designation Monomer Oxidant Conditions of synthesis 

PANI Aniline (NH4)2S2O8 

Polymerization: 

Medium: acidic 1 M HCl 

Temperature: water bath 15-17°C 

Carbonization: temp. 500°C / 10 min 

/ Nitrogen 

PPy Pyrrole FeCl3 · 6 H2O 

Polymerization: 

Medium: acidic 1 M HCl 

Temperature: water bath with ice 

Carbonization: temp. 500°C / 10 min 

/ Nitrogen 

PEDOT 

3,4-

ehtylenedioxythiophene 

(EDOT) 

Fe(ClO4)3 

Polymerization: 

Medium: aprotic - acetonitrile 

Carbonization: temp. 500°C / 10 min 

/ Nitrogen 

Result and disscusion 

Surface morphology of the commercial additives and the obtained carbon materials was 
observed with a scanning electron microscope (SEM). The conducted tests presented 
significant differences in the surface morphology of the materials examined. The shape of 
the quasicrystals of a nickel sample (Ni-255) seems close to flower buds. The carbon 
nanotubes (MWNT) created a tangle net with a “spaghetti” form. Samples PANI and PPy 
present a sphere-like structure while PEDOT forms a spider net structure (Fig. 1). 
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Fig. 1: SEM images of the additives used to create the tested MH electrodes. 

As it can be observed on Fig. 2 and Table 2 the highest discharge capacity was achieved 
by the electrodes with additives of MWNT, PANI and Ni-255. Similar correlation can be 
observed in the charge-discharge characteristics presented on Fig. 3. 

Ni-255 
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MWNT 110 - 170 nm PANI 

1µm 
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Table 2: Comparison of the maximal discharge capacity from negative electrodes with different 
additives 

Designation of 

additive 

Discharge capacity 

mAh g
-1

 of active mass 

Discharge capacity 

mAh g
-1

 of alloy 

Ni-255 215.85 239.83 

MWNT 233.73 259.70 

PANI 231.19 256.87 

PPy 200.51 222.79 

PEDOT 139.50 155.00 
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Fig. 2: Discharge capacity for 1g of active mass for the tested electrodes obtained with different 
additives, as a function of cycle number. 
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Fig. 3: Typical of charge-discharge characteristics of electrodes with different additives, after 7th 
cycle. 

On the voltammetric graph for the electrodes made with tested addition materials (Fig. 4) 
the peaks for metal-hydride creation are not visible because of the simultaneously 
occurring hydrogen evolution which generates strong current. The desorption peaks are on 
the other hand clearly visible (especially for the electrodes with Ni-255 and MWNT 
additions), which can prove proper stability of the hydride and good reaction kinetics. A 
different mechanism can be described for the electrodes made with other additions (PANI, 
PPy, PEDOT) for which the recorded hydrogen desorption peaks have a flat and diffused 
shape. Also, for those electrodes the maximum anodic current presents relatively low 
values with a corresponding maximum potential of desorption peak. 
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Fig. 4: Voltammetric curves of the tested electrodes made with different additions  
(Es→ -0.4V→ -1.0V→Es; dV/dt = 0.1 mV/s). 

The performance of the electrodes with different current densities (from 0.2C to 2C) 
discharge was also compared. With discharge under a 0.2C constant current, the best 
performance was presented by electrodes with additions of:  MWNT > PANI > Ni-255 > 
PPy > PEDOT. Therefore good results were obtained for the electrodes with addition of 
PANI in comparison with the electrodes with commercial additives. However, with higher 
discharge densities the performance of electrodes with PANI addition was dropping while 
the performance of electrodes with PPy was rising. The electrode with the addition of 
carbon material obtained from carbonization of polypyrrol showed the smallest drop in the 
discharge capacity, as compared to the other carbon materials acquired from 
carbonization of polyaniline or poly3,4-ehtylenedioxythiophene (Table 3). 

Table 3: Comparison of the discharge capacity with different current conditions 

Discharge 

rate 

Discharge capacity / mAh g
-1

 of active mass 

Ni-255 MWNT PANI PPy PEDOT 

0.2 C 223.37 234.05 229.83 209.16 170.17 

0.5 C 210.56 216.57 114.67 142.81 31.94 

1 C 173.42 184.78 57.88 135.39 33.41 

2 C 0.01 86.88 0.13 75.85 0.45 
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Conclusion 

The conducted research described the influence of different additions – enhancing the 
electrical conductivity in electrosorption of hydrogen – on the performance of negative 
electrode used in Ni-MH cells. What can be observed is that only the carbon materials 
obtained from polyaniline has shown parameters similar to commercial materials. Other 
additions did not have a positive influence on the electrical parameters of the tested MH 
electrodes. 
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Abstract  

Nickel hydroxide is the typical material for positive electrodes of alkali accumulators. This 
material is known for its big changes of electron conductivity in different state of charge. 
The article is focused on measurement impedance of Ni(OH)2 pocket electrode in different 
state od charge by using electrochemical impedance spectroscopy (EIS) technique.   

Introduction 

2 g electrodes were prepared for each measurement. Each electrode consist of 1.5 g 
nickel hydroxide, 100 mg cobalt hydroxide, lithium hydroxide and nickel powder additives 
and 400 mg graphite powder (Graphit kropfmühl AG). Electrode material was mixed in 
cylinder rotation homogenizer for 24 hours and then pressed by 3.6 kN/cm2 into pocket 
shape electrode. The diameter of electrode was 29 mm and thick 3 mm. As counter 
electrode was used commercial low-impurity cadmium material (Kans GN by Bochemie).  

Positive electrode was inserted between two negative electrodes (negative materials were 
in two-fold excess). Nonwoven polypropylene fabric was used as separator. Assembled 
electrodes were put into the PTFE cell that allows measurements with Zn/ZnO reference 
electrode. 6 ml of 6M KOH electrolyte was added and measurements were performed. 

Experiment 

Preparation of measurement 

For measurement 2g weight electrodes were prepared. Each electrode contain 1.5 g 
of nickel hydroxide, 100 mg of cobalt hydroxide, lithium hydroxide and nickel powder 
additives and 400 mg of graphite powder from company Graphit kropfmühl AG. Electrode 
material were 24 hour mixed using cylinder rotation homogenizer and then pressed by 
3,6 kN/cm2 into pocket shape electrode. The diameter of electrode is 29 mm and thick is 
3 mm. As counter electrode were used commercial low-impurity cadmium material Kans 
GN by Bochemie.  

Positive electrode was inserted between two negative electrodes (negative materials were 
in two-fold excess). Nonwoven polypropylene fabric was used as separator. Assembled 
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electrodes were put into the PTFE cell that allows measurements with Zn/ZnO reference 
electrode. 6 ml of 6M KOH electrolyte were added and measurements were performed.  

Result and discussion 

After forming of electrodes, discharge characteristic at 0.2 C discharge rate were 
measured. (Figure 1). Discharge characteristic contain two voltage plateau. The first 
plateau is in related with standard electrochemical reaction: 

  [1] 

The second one (at approximately 1 V vs. Zn/ZnO) is caused by discharging of inner parts 
of active material grains. These parts are isolated due to creation of outer discharged 
layer, which prevents to ion diffusion to unreacted mass. The first and second voltage 
plateau can be seen on figure 1. Chart contains also the discharge levels, in where 
impedance spectroscopy measurements were performed. 

 

Fig. 1: Discharge characteristics of positive electrode with discharge levels for taking of impedance 
measurements 

Figure 2 contain the Nyquist plot of positive electrode after discharging of 80% of charge. 
Impedance at high frequency (about 10 kHz) is composed of leads resistance and 
electrolyte resistance in separator. Oxidation/reduction reactions take place gradually as 
the measurement frequency go down. Reaction parameters can be deduced from 
semicircle in nyquist plot. On figure 3 is the typical equivalent circuit which represents the 
ideal kinetic-controlled reaction without any diffusion processes. Origin of Cdl (double-layer 
capacitance or faradaic capacity) is in electrode polarization and Rct represented the 
charge transfer resistance. 

In practical impedance measurement of porous electrode much many phenomenon have 
an influence on shape of semicircle. For example semi-linear section at high frequencies is 
the typical deformation of nyquist diagrams for the case of using graphite as conductive 
additive in electrode. If semi-linear region are observed, the current density distribution in 
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inner surface pores isn’t evenly distributed [4]. On the other side stretching of semicircle 
along Re(Z) axis can by causes by wide distribution of pores lengths and pores sizes in 
the electrode. This elongation we can see on figure 4 especially at low levels of electrode 
reduction. From figure 4 is also obvious that charge transfer resistance increased rapidly if 
reduction of electrode is between 55 to 87 %. This is caused mainly by extension of ionic 
way to non-reduced active material placed in poorly accessible parts of electrode pores. 
Growth of charge transfer resistance stops when the first voltage plateau is finished. In this 
reduction level only slope of low-frequency part of characteristic is decreased. This may be 
in agreement with the theory that in this point all ion-accessible surface of active material 
is reduced, and now the limiting process is the diffusion of H+ trough increasing layer of 
already reduced mass. Another increase of charge-transfer resistance is because it occurs 
to increase of thickness of this layer. 

 

Fig. 2: Nyquist diagram of positive electrode at 80% discharge state 

 

Fig. 1: Equivalent circuit of ideal electrode reaction without any diffusion phenomenon [3] 
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Fig. 2: Nyquist diagrams of porous positive electrodes in different discharge (reduction) states 

Conclusion 

Impedance spectroscopy allows precise monitoring of impedance changing during 
discharging of electrode. Significant increase of impedance was observed when electrode 
is in 55% state of discharge. This method also can tell more about limiting processes and 
their changes during cycling.  

Acknowledgements 

This contribution was supported by grant FEKT-S-11-7 and CZ.1.05/2.1.00/01.0014 

References 

[1] A.K. SHUKLA ET AL.: Nickel-based recharchable batteries, Journal of Power 
Sources 100 (2001) 125-148 

[2] H. BARDÉ ET AL.: Evidence for electronic and ionic limitations at the origin of the 
second voltage plateau in nickel electrodes, as deduced from impedance 
spectroscopy measurements,  Journal of Power Sources 19 (2008) 830–836 

[3] J. BAREK ET AL.: Elektroanalytická chemie, 1. vyd. Praha: Karolinum, 2005 188 s. 
ISBN 80-246-1146-5 

[4] A. LASIA.: Impedance of porous electrodes, Journal of electroanalytical chemistry 
397 (1995) 27-33 

239



13
th
 Advanced Batteries, Accumulators and Fuel Cells Lead-acid batteries 

SIMULATION AND MATHEMATICAL DESCRIPTION OF 
CHARGING AND DISCHARGING OF THE LEAD ACID 

ACCUMULATOR 

Vyroubal, P.1, Maxa, J.1, Tichý, J.1, Bača, P.1, Křivík, P.1 

1Department of Electrical and Electronic Technology, Faculty of Electrical Engineering and 
Communication, BUT, Technická 10, 616 00 Brno 

 

Corresponding author: Petr Vyroubal (xvyrou02@stud.feec.vutbr.cz) 
Phone: +420 541 146 154 

Abstract 

In a lead-acid cell the active materials there are lead dioxide ( ) in the positive plate, 
sponge lead ( ) in the negative plate, and a solution of sulphuric acid ( ) in water as 
the electrolyte. 

A chemical reaction proceeds place between lead plates and sulphuric acid, producing 
electric current. When the charge is depleted, the battery can be recharged many times. 

When the battery is electrically charged, the sulphate ions in the sulphuric acid react with 
the positive and negative plates, forming lead sulphate. Electrons from the reaction flow 
out from the negative terminal to the circuit and then back into the positive side. 

When the battery is charging, the lead sulphate leaves the electrodes and transforms into 
the sulphuric acid again. The discharge-charge cycle can be repeated thousands of times 
[3]. 

Introduction 

At this time many researches aim on investigating the characteristics of batteries and 
accumulators. They investigate their lifetime and cycle-ability (how many charge/discharge 
cycles can the accumulator obtain). Measuring of charging and discharging can be done 
by the potentiostates. Another possible method to get the desired data is using computer 
simulation. For this we need mathematical description of the processes which take place in 
the accumulator. And of course we need appropriate simulation software. 

Majority of simulation programmes with graphical interface used for simulations is based 
on the finite element method (e. g. COMSOL, ANSYS).  

Sequence for solving the task is the following: 

 Creating geometry of the model 

 Definition of boundary conditions and properties of the environment 

 Generating of the computational mesh (automatic or user-controlled) 

 The computation itself 

 Processing of results 
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COMSOL Multiphysics software was used for simulation of a charging / discharging cycle 
of lead-acid cell. This software allows simulating tasks described by partial differential 
equations (PDE). It is possible to incorporate more physical influences and therefore do 
more complex analysis (multiphysics task). COMSOL is directly connected with MatLab, 
so it is possible to perform another mathematical analysis [8]. 

Physical changes in lead-acid accumulators 

During discharge the electrodes are mechanically strained because the volume of lead 
sulphate is bigger than the volume of active materials in charged state.  When the 
accumulator is more and more discharged, the porosity of electrodes decreases. This 
means that diffusion of sulphuric acid into electrodes is slower. Density of sulphuric acid in 
electrodes is therefore lower than in the electrolyte. This difference is bigger if the 
discharging current is bigger and/or the electrodes are thicker and/or with the increasing 
state of discharge [1].  

Ions of sulphuric acid react with active mass of electrodes during discharge and therefore 
the density of electrolyte decreases. This change of density is directly proportional to the 
state of discharge (charge). That means that the state of charge can be determined by 
measuring the density of electrolyte [2].  

Reactions taking place on positive electrode ( ) during discharging: 

 

Gassing on positive electrode in the end of charging cycle results in oxygen production: 

 

Reaction taking place on negative electrode ( ) during discharging: 

 

Gassing on negative electrode in the end of charging cycle results in hydrogen production: 

 

Mathematical model 

The mathematical model was created to simulate the behaviour of lead-acid battery cell. 
Lead-acid battery typically consists of current collectors contacted on the positive and 
negative porous electrode, electrolyte and separator (Fig. 1). 

 

Fig. 1: Model of the lead-acid battery cell. 
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The notations for these dependent variables are the following [4], [6]: 

 electric potential in the electrodes 
 electrolyte potential 
 dissociated salt concentration of electrolyte, here    
 porosity (volume fraction of liquid electrolyte) of the porous electrodes 

The electrode kinetics, described using the Butler-Volmer expression, electrode reaction 
rate, depending on the concentration of electrolyte expressed by the value of current 

density on the electrode ) is the exponential function of overpotential [7]: 

  (1) 

Where  denotes the exchange current density  and indicates the current that is 

constant at the equilibrium electrode in both directions,  reference concentration of the 

electrolyte ( ), γ the reaction order ( ),  the molar gas constant ( ),  the 
temperature ( ),  Faradays constant 96.487 ( ,  the anodic charge transfer 

coefficient ( ),  the cathodic charge transfer coefficient ( ),The overpotential η ( ) is 
according to the following equation [6]: 

  (2) 

Where  electric potential in the electrode ( ), , electrolyte potential ( ),  electrode 

equilibrium potential ( ). 

During a discharge, the active surface area (area where take place the mutual reaction 

between the electrode and electrolyte)  ( ), is calculated using the equation below [6]: 

  (3) 

Where ζ is a morphology correction parameter ( ),  is porosity at full battery charge 

( ) and  is porosity in a discharged battery ( ).This surface area may also be used for 
side-reactions such as oxygen evolution and oxygen reduction and the non-faradaic 
double layer currents. 

In the charging reactions,  is a reactant but also an insulator, reducing the available 
active surface area. To account for this effect, the following expression may be used for 
the active surface area for the charging reactions [6]: 

  (4) 

When the current passes through ion conductor occurs to the transport (disequilibrium) 
phenomena. Electrical conductivity in porous current collectors and nonporous battery 
parts are governed by Ohm's law [6]: 

   (5) 

Where  is electrode (solid) current density ,  the electrolyte (liquid) current 

density ,  denotes the electrode (solid) conductivity,  denotes the electrolyte 
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conductivity ( ),  the transport number ( ) a  the electrolyte concentration 

( ). 

The equation describing the charge transfer in porous parts of the battery is also governed 

by Ohms law, complemented by porosity parameter  [6]: 

   (6) 

where  is an empirical parameter that describes the correction factor for the effective 
transport properties for electrolyte and  s an empirical parameter that describes the 

correction factor for the effective transport properties at the electrodes ( ).In the separator 
the porosity is constant. 

The dissociated salt ions may be transported due to convection, migration and diffusion. 
The number of molecules which pass through unit area per unit time, denoted as the molar 

flux vector  ( ) [6]:  

  (7) 

Where  is the binary diffusion coefficient into which the migration effects are incorporated 

( ),  is the average velocity of ions in the electrolyte ( ). 

For a boundary, the flux of electrolyte species due to the electrochemical reactions is 
calculated according to [6]: 

  (8) 

 is the number of electrons involved in reaction,  the stoichiometric coefficient for 

the hydrogen ion, , the stoichiometric coefficient for ion. 

For post-processing purposes the following state of charge expression, SOC, for the 
electrodes, is also defined [6]: 

  (9) 

The porosity change of the electrodes at the time, the following equation describes [6]: 

  (10) 

 the stoichiometric coefficients of lead,  the stoichiometric coefficient of lead 

oxide,  the stoichiometric coefficient for lead sulphate. , ,  are the 

molar volumes of lead, lead oxide and lead sulphate. 

The electrolyte is located inside the pores (electrode, separator), its generation and 
transport is described by the following equation [6]: 

  (11) 

Where  is volumetric rate of acid generation ( ), resulting from the 
electrochemical reactions (the mean, which occur the reaction at the electrodes and the 

side, where occur at oxygen evolution)  is according to the equation below [5], [6]: 
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  (12) 

 denotes the number of electrons involved in reaction,   the partial molar volume of 

the solvent ( ),  the partial molar volume of the electrolyte,  the stoichiometric 

coefficient for the hydrogen ion, , the stoichiometric coefficient for ion,  

the stoichiometric coefficient for water. 

Assuming that the main  and  reactions are the main contributions to the currents in 
each electrode, the average superficial velocity in each electrode compartment may be 
calculated as [6]: 

  (13) 

And 

   (14) 

Simulation and results 

Mathematical model for lead-acid accumulators was used for simulation of discharging 
curves. Model is represented by 1D geometry (Fig. 1). The line, which represents the 
layers in one cell, is divided into sections representing parts of the cell – positive electrode, 
electrolyte, separator, negative electrode. There is no need to simulate current collectors 
in our case. Capacity of the cell is 60Ah.  

Table 1: Dimensions of the cell 

Cell part Dimension [mm] 

Positive electrode 0.7 

Reservoir 1.8 

Separator 0.05 

Negative electrode 0.7 

 

The cell was discharged by the currents 1/5 C, 1/10 C and 1/20 C. Curves showing voltage 
versus time during different discharging currents are shown in Fig. 2. 

It is clear that with greater discharging current the capacity of lead-acid cell goes down and 
therefore the voltage at the end of discharging cycle is lower than by lower discharging 
current.  
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Fig. 2: Discharging curves of the lead-acid cell for different discharging currents. 

Postprocesor automatically calculates the concentration of electrolyte inside the cell, in our 
case from positive electrode to the border with electrolyte and separator. 

 

Fig. 3: Electrolyte concentration profile depending on the depth of penetration in the electrode at 
the end of discharging. 
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As the electrolyte difuses into the porous electrode the contact between electrolyte and 
electrode is getting better which betters the efficiency of the electrochemical reaction 

during which  is consumed on the surface of porous positive electrode and it is 
changed to .  Concentration of the electrolyte in the pores of positive electrode 
decreases depending on the increasing number of pores which are in contact with the 
electrolyte. 

Conclusion 

For simulating chemical processes the knowledge of their mathematical interpretation is 
essential and we should also know how the simulation software works when it solves the 
tasks. In this article it was described how the mathematical model of lead acid cell is 
implemented in COMSOL software which solves systems of partial differential equations 
(PDE) by the finite element method. There is no need to create a 3D model when we know 
constants and dimensions of the system. 1D model is sufficient for interpretation. After 
completing the mathematical model the simulation of discharging of lead-acid accumulator 
was done and its results correspond to the expected values. 
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ACTIVE MASS AND COLLECTOR RESISTIVITY AND 
IMPEDANCE CHANGES OF PULSE CHARGED LEAD-ACID 

ACCUMULATOR 

Abraham, P.*, Bača, P., Vaculík. S. 

Department of Electrotechnology, FEEC, Brno University of Technology, Technická 10,  
616 00 Brno, Czech Republic 

Abstract 

This paper describes active mass and collector resistivity and impedance changes of lead-
acid accumulator electrodes. Data was obtained during experiment with pulse charging 
cycling of old lead-acid accumulator.  Resistivity changes of active mass and collector 
were measured using four-point direct current method. Impedance changes were 
observed by electrochemical impedance spectroscopy. Old lead-acid accumulator 
previously not used for almost half of a year was used in the experiment. Reasons why 
pulse charging was used follows:  increased efficiency of charging, gas generation 
reduction, corrosion speed reduction, sulfation reversion of old cells (1). 

Introduction 

Measurement method used was slightly modified electrochemical impedance 
spectroscopy. New method evolved from older one developed at our department of 
electrotechnology twenty years ago. This method required us to create our own electrodes 
with non-continuous system of parallel ribs, because to each rib two (voltage and current) 
wires are connected. So we can select ribs of electrode we wanted to measure. We can 
also distinguish collector/active mass interphase from active mass resistivity. 

Four-point measurement method 

All measurement takes place at our experimental cell. Electrodes with system of non-
continuous ribs shown at fig 1 were used. Ribs holding active mass were made out of led 
alloys and were fixed between two strips of epoxy resin. To each rib one voltage and one 
current leading wire was connected to make possible to measure by four-point method. Rp 
in equivalent diagram at fig. 2 means wire resistance that was measured before 
experiment begins, Zk means corrosion impedance of interphase electrode/electrolyte, Zm 
means impedance of electrolyte and active mass. 
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Fig. 1: Experimental electrode without active mass 

Measurement proceeds in two steps, frequency dependency of voltage is measured 
between ribs 5-6. During first step current flows between ribs 4-7 and in second step the 
current flows between ribs 5-7. In first step we theoretically measure only impedance of 
electrolyte Zm and in second step we measure compounded impedance Zm+Zk. When we 
substract these two values we get impedance of corrosion layer. 

 

Fig. 2: Equivalent diagram 

Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was the second method that was used to 
measure impedance of the cell. In EIS measurements the response to small AC signal is 
measured in wide range of frequencies. Results obtained with this method can be then 
used with equivalent diagrams and can provide information about processes taking place 
in observed cell. 

Potentiostat VSP was used as a device for making of all our measurements. Mercuro-
sulfate comparative electrode was used to make measuring of positive and negative 
electrode potentials possible. Table 1 shows potentiostat settings used in all cases. 
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Table 1: Potentiostat settings 

Regime Galvanostatic 

Singlesine/Multisine Singlesine 

Frequency range 100kHz - 1 mHz 

Points per decade 6 

Signal amplitude 30 mA 

Time before measuring 2 periods 

Average of 2 measurements 

Range 100 mA 

Reaction range 5 (medium) 

Experimental 

Old experimental cell that was not used for several months was used in this experiment. At 
first the experimental cell was charged in conventional way, than pulse charging was 
applied at it and then conventional charging was applied again as it is shown in fig. 3. 

 

 

Fig. 3: Capacity of experimental cell during experiment 

Pulse charging regime contained charge pulse, depolarization pulse and a period of time 
without charging as it is shown at fig. 4. During the experiment Impedance spectroscopy 
and resistivity measurement were done as it is shown at figs 5 to 10. Resistivity 
measurements were performed after cycle nr. 0, 14, 15, 17. 18,  22. EIS measurements 
were performed after cycles nr. 0, 14, 17,22. 
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Fig. 4: Pulse charging regime 

 

Fig. 5: EIS before the experiment started 

 

Fig. 6: EIS during the experiment 
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Fig. 7: Rk of positive electrode during the experiment 

 

Fig. 8: Rm of positive electrode during the experiment 

 

Fig. 9: Rk of negative electrode during the experiment 
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Fig. 10: Rm of positive electrode during the experiment 

After application of pulse charging regime on old experimental lead-acid accumulator 
much of original capacity was restored. Increase of capacity continued even after 
conventional cycling was applied. EIS of the cell shows that initial state of experimental 
cell shown huge capacitance probably caused by pronounced sulphation. Resistivities of 
interphase collector/active mass and of active mass of negative electrode shown rapid 
decrease tendency during whole experiment. 
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INFLUENCE OF VARIOUS AMOUNTS OF TITANIUM DIOXIDE IN 
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Republic 

Abstract 

It has been established that addition of carbon additives to the negative active material of 
lead-acid batteries increases battery charge acceptance in hybrid electric vehicle mode of 
operation (3). But the latest findings show that the titanium dioxide has similar effect (4). 
Hence this paper deals with impedance characteristics of experimental lead-acid 
accumulators with various amounts of titanium dioxide in active mass of negative 
electrodes. Electrochemical impedance spectroscopy was used for all measurements. 
Obtained data was subsequently fitted by equivalent circuits. It was investigated that 
ohmical resistivity of lead-acid cell increases with higher amounts of titanium dioxide in 
active mass of negative electrodes.  

Introduction 

Battery intended to be used in hybrid electric vehicles (HEV) has to effectively receive an 
electrical charge even at high charging currents (e.g. during regenerative braking), that is 
possible when battery is in PSoC (Partial State of Charge) mode in which the battery is 
charged about 50% of its capacity.  

 

Fig. 1: Working range of accumulators in HEV. 
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Sulphation can be detected at negative ebecause it has small surface (against the positive 
electrode) and the high current densities occurs there, subsequently sulphate crystals are 
formed. These failures, also known as PCL-3 effect (Premature Capacity Loss) lead to 
premature loss of capacity and thus fundamentally restrict the use of lead-acid batteries in 
hybrid vehicles (3). Studies, that were primarily supported by Advanced Lead-Acid Battery 
Consortium (ALABC) showed, that this phenomenon can be eliminated by increasing 
amount of added carbon in active material of the negative electrodes. It was confirmed 
later by commercial manufacturers of lead-acid batteries (3). The latest findings show that 
the titanium dioxide has similar effect (4). 

Experimental 

The aim of this experiment was to determine the effect of different concentrations of 
titanium dioxide additives in active mass of the negative electrodes to impedance 
characteristics of lead-acid battery. The cells used in this experiment consist of positive 
counter electrodes and negative experimental electrodes with system of parallel ribs. For 
measurements the experimental cells were used. These included 0.78 %; 1.40 %; 2.65 % 
and 5.15 % of titanium dioxide in active masses of negative electrodes. 

 

Fig. 2: Impedance characteristics of cells with different amount in titanium dioxide in active mass of 
negative electrodes. 

Electrochemical equivalent model was used fitting, as there is shown at Fig. 3: 

 

Fig. 3: Choosen electrochemical equivalent model. 
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the bulk (1) and parallel combination of Q2 and R2 represents inhomogeneous double 
layer. 

Notice that any of constant phase element (in scheme is it Q2) parameters does not 
represent double-layer capacitance. So we have to characterize the inhomogeneous 
double layer by characteristic capacitance C0 or by pseudo-capacitance C. 

Characteristic capacitance C0 was proposed by Bug et al (2). They enhanced theory about 
the double-layer capacity distribution along the interface caused by inhomogenities of 
surface. So they suggest to use the characteristic double-layer capacitance C0 to 
represent double-layer capacitance CDL. For systems with faradaic reactions it is (2): 

    [1] 

where Re is the electrolyte resistance, Rct is the charge-transfer resistance and α is 
empirical constant of constant phase element (CPE). 

Following equation was used for data evaluation in this paper (2): 

    [2] 

where R1 and R2 are value of resistors R1 and R2 on Fig. 3 

Pseudo-capacitance can also be used to represent CPE. EC-Lab software was used to 
calculate it. EC-Lab was also used for fitting. Pseudo-capacitance can be calculated only 
for equivalent circuit that consists of serial combination of resistor and parallel combination 
of resistor and constant phase element. This calculation corresponds to the determination 
of a capacitance value C at a frequency f0 corresponding to the maximum imaginary part 
on the Nyquist plot obtained by fitting of the equivalent circuit, that was described above. 
Result of the following equation represents pseudo-capacitance C (1): 

   [3] 

where Q and α are parameters of constant phase element R is the value of resistor, that is 
parallel with constant phase element. 

 

Fig. 4: Fitted impedance characteristic of cells with different amount of dioxide titanium in active 
mass of negative electrodes. 
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Table 1: Values of equivalent circuit with pseudo-capacitance C2. 

Amount of TiO2 (%) 0.78 1.40 2.65 5.15 

Evaluation 
frequency (Hz) 

1342 to 
0.050 

906 to 
0.050 

906 to 
0.050 

1983 to 
0.050 

R1 (Ω) 0.109 0.220 0.310 0.320 

τG1 (s) 6.542 9.891 35.38 6.44E+07 

C2 (F) 0.142 0.096 0.227 0.148 

R2 (mΩ) 75.32 40.37 150.9 296.4 

 

where R1 and R2 are values of resistors R1 and R2 (see Fig 3), τG1 is time constant of 
Gerischer element G1 and C2 is value of pseudo-capacitance. 

Table 2: Values of characteristic capacitance C02. 

Amount of TiO2 (%) 0.78  1.40 2.65 5.15 

C02 (F) 11.3 1.24 2.99 3.48 

Results 

Fig. 2 represents experimental data that show that internal resistance depends on 
increasing amount of titanium dioxide. Saturation was probably achieved at 
a concentration of 2.65% and subsequent increase to 5.11% has no significant change of 
this resistor value. 

From the table nr.2 it is clear that with increasing amount of titanium dioxide also 
increased capacity of characteristic double-layer C02 in the model. But why did the cell with 
0.78% titanium dioxide addition have the biggest capacity? We will try to answer this 
question by further investigation. 

All measured cells were fitted by equivalent circuit with Gerischer element, which arises 
when an electroactive species undergoes a chemical reaction in the bulk. The higher the 
concentration of TiO2, the higher was the value of this impedance.  

Due to the fact that measured cells were differed only by amount of titanium dioxide, we 
can say, that the higher amount of TiO2, the higher value of resistance, until saturations 
occurs. Capacity of cells also increases at the same time. Gerischer element was 
observed only in case of cells with additives.  
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Abstract 

Heat changes in the lead acid battery cell during charging and discharging are affected by 
the construction of the cell and by method of cycling. They affect the use properties of the 
electrodes and they can change the capacity and cycle life of the cell. The issue of heat 
changes in the lead acid cell was studied by several authors (1-4). For correct 
determination of heat changes it is necessary to calculate the contributions of all types of 
heat. It is the heat generated or lost due to the electrochemical reactions, heat generated 
due to the ohmic and polarization losses (Joule heat) and heat lost by contact with the 
environment. 

Experiment 

The issue of changes in the heat changes in the lead acid battery cell was dealt with a 
number of authors (1-4), but only in theory. Therefore, these theoretical calculations had to 
be supplemented by practical measurements with temperature sensors placed in the 
experimental lead acid battery cell. Pt100 temperature sensors are protected by epoxy 
resin against the effects of sulphuric acid. There are six sensors inside the cell located in 
electrolyte near the positive electrode (1 mm from the active mass outside of the electrode 
separated by AGM separator) electrolyte near the negative electrode, between positive 
and negative electrode (separated from the electrodes by AGM separator), at the positive 
active mass (inside the cell), at the negative active mass and outside the cell (sensing of 
ambient temperature). Experimental cell with temperature sensors (Fig. 1) after formation 
was subjected to several experiments investigating temperature changes during 
discharging, charging and standing. 

     

Fig. 1: Scheme of the experimental cell with Pt100 sensors 
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In the first experiment the cell was discharged by 0.4 A to 1.6 V, then charged with the 
same current with voltage limitation 2.45 V. In this experiment it was suck off the 
electrolyte from the cell and only a small amount of electrolyte remained saturated inside 
the separator and active electrode masses. The resulting voltage and temperature 
dependence in different parts of the cell is in Fig. 2. 

Temperature dependencies of individual parts of the cell are not very different from each 
other, because inside the cell due to large thermal conductivity of individual parts of the 
cell (both electrode and electrolyte) there is high temperature equalization. During the 
discharge temperature to rise at all sensors located inside the cell due to the Joule heat. It 
depends on the internal resistance, discharge current size and duration of discharge. Joule 
heat exceeds over cooling from the surrounding environment and cooling from the 
reversible endothermic heat of the total discharge reaction. During the discharge the 
internal resistance grows through to the creation of lead sulphate in active masses and 
thus it is also growing Joule heat, which contributes to global heating of the cell. 
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Fig. 2: Dependence of voltage and temperature of the cell in different parts of the cell during 
discharging and charging at constant current I = 0.4 A with voltage limitation 2.45 V. 

At the end of the discharging and at the beginning of the charging the positive electrode 
sensor shows a decrease of the measured values of temperatures in comparison with the 
sensors positioned in other parts of the of the cell. This is caused by creation of a layer of 
lead sulphate during discharge between the sensor and a positive active mass. The lead 
sulphate layer thermally insulates the sensor, because lead sulphate is a good electrical 
and thermal insulator. At the beginning of the charging period starts re-dissolution of 
sulphates in the active mass and the measured value of temperature sensor in the positive 
electrode active mass come close to the temperatures measured at other sensors. During 
charging, the temperature drops on all sensors, which is related both to decrease the 
internal resistance, both with a decrease in charging current. Joule heat decreases and 
now prevails cooling from the environment, mainly through the vessel walls and current 
connection wires. This cooling also exceeds over reversible heat of the total charging 
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exothermic reaction that is decreasing with decreasing current. In addition, polarization 
resistance, which is applied during charging, it is limited by the maximum voltage 2.45 V, 
thus also gassing of the cell is reduced. Most of the charging current is utilized by the 
charging reaction. 

At the end of the charging the cell was subjected the short-term (approx. 20 minutes) 
charging and discharging with current 0.4 A and there were again observed changes in 
temperature of individual parts of the cell. It is obvious that if the cell is fully charged, then 
during charging its temperature is increasing much faster than during discharging. This is 
related to a much larger value of polarization resistance of the cell during charging, that 
significantly contributes to Joule losses, against lower value of the internal resistance that 
contributes to Joule losses during discharging. We must also add to account the 
contribution of the reversible electrochemical reaction heat released (during charging) or 
consumed (during discharging). 

In the next standing cell is cooling from the ambient environment. Cooling occurs primarily 
through the vessel walls and connecting wires, to a lesser extent through the ambient air 
convection and also through radiation. 

The increase in of ambient temperature from about the 20th hour was caused by solar 
radiation falling to the temperature sensor, distorting the true value of the ambient air. 

In the second experiment the cell was discharged by 0.2 A to 1.6 V, then charged with the 
same current without voltage limitation. In this experiment it was suck off the electrolyte 
from the cell and only a small amount of electrolyte remained saturated inside the 
separator and active electrode masses. The resulting voltage and temperature 
dependence in different parts of the cell is in Fig. 3. 
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Fig. 3: Dependence of voltage and temperature of the cell in different parts of the cell during 
discharging and charging at constant current I = 0.2 A without voltage limitation. 

Temperature curves during discharging and on the beginning of charging curves follow the 
temperature curves in the previous experiment. In other part of the charging with voltage 
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increase then there is a rapid temperature rise due to increase of polarization resistance 
(gassing of the cell begins to take place at the expense of the charging reaction). At the 
end of the charging due to the increase of ambient temperature (elevated ambient 
temperature reduces the cooling rate and accelerates the evaporation of water in the 
electrolyte) and the saturation of the AGM separator with gases generated by electrolysis 
of water it was started the oxygen and hydrogen cycle. It also sharply increased the 
temperature of the cell. In subsequent cycles was not started the oxygen and hydrogen 
cycle due to low ambient temperature and increased cooling rate of the cell and reduced 
speed of water evaporation in the electrolyte. In the following discharging a sharp 
temperature drop appeared in the cell. This drop continued at the beginning of charging 
and it is associated with increased cooling rate due to high temperature difference 
between the cell and its surroundings. This cooling exceeds the heating by the Joule heat. 

Fig. 4 describes the dependence of voltage potentials and internal resistance of the cell. At 
the end of the first charging as a result of oxygen and hydrogen cycle both of the electrode 
potentials approaching to each other and it causes a decrease of overall cell voltage, as 
the negative electrode potential is growing due to the oxygen cycle and the potential of the 
positive electrode decreases due to the hydrogen cycle. From the dependence of the 
internal resistance it is clear that during discharging there is sharp increase of internal 
resistance, the dependence is exponential, the value of internal resistance at the end of 
discharge is about double compared with the beginning of discharge. This is related with 
the creation of lead sulphate during discharging inside the both electrodes. At the 
beginning of charging the internal resistance drops sharply, that is associated with the 
dissolution of lead sulphate on both electrodes and after exceeding of gassing voltage 
(2.45 V) a slight increase of internal resistance appears, that is probably caused by gases 
accumulated in the AGM separator during the electrolysis of water. 
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Fig. 4: Dependence of voltage, potentials and the internal resistance of the cell during discharging 
and charging at constant current I = 0.2 A without voltage limitation. 
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Conclusions 

It were realized practical measurements of temperature changes in the experimental cell 
equipped with temperature sensors Pt100 in different modes of discharging and charging. 
Theoretical calculations of heat changes in the lead acid cell were confirmed by practical 
experimental measurements inside the cell. Optimum appears to be modification of 
charging mode, instead of charging with constant current it is better to use charging with 
voltage limitation around voltage 2.45 V, reducing both gassing of the cell and rise of the 
temperature. In constant current charging under unfavourable conditions (elevated 
ambient temperature and long overcharging) it can be started oxygen and hydrogen cycle, 
further increasing the cell temperature and it can lead to the collapse of the cell (thermal 
runaway). 
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Abstract 

There were performed experiments with a conductive additive Ti4O7 in negative active 
mass of lead acid battery. First results indicate that the additive throughout the tested 
range of weight percent does not improve the cycle life of the negative active mass in the 
partial state of charge (PSoC) cycling. 

Introduction 

When using lead-acid batteries under PSoC regime there are new mechanisms of failures 
appear known as PCL3. These failures are associated with progressive sulphation of the 
negative active material and they are caused by insufficient charging of the negative active 
mass and by intensive oxygen cycle. Possibility to eliminate PCL3 proved to be to use 
carbon as an additive in the negative active mass (1, 2). The original concept of the 
mechanism of carbon function in the negative active mass was based on the high 
conductivity of carbon, that can to improve conductance of the active mass especially in 
the last stages of the discharge (1, 3). In our previous experiments we studied the 
influence of carbon on the cycle life of the negative active mass in the PSoC cycling (4). 
The current experiment was focused on the ceramic material Ti4O7 produced by the 
English company Atraverda Ltd. under the registered trademark EBONEX. Ebonex 
ceramic is a conductor of metal type with conductivity about 300 Scm-1 comparable to that 
of carbon, but with excellent resistance to oxidation. 

Experimental 

We employed six experimental electrodes of dimensions 55 mm × 20 mm × 7 mm with 
disconnected parallel ribs pasted with negative active mass prepared according to an 
industrial recipe with the exception that no carbon additive was used. As an additive there 
was used a conductive ceramic Ti4O7 (EBONEX) at concentrations of 0.15, 0.46, 0.78, 1.4, 
2.65 and 5.15 wt%. Each negative electrode was combined with two positive electrodes 
(with an excess of active mass) and two 1.7 mm thick AGM separators of the type BG260 
EB170 (H&V). The electrode packs were inserted into cells that could be hermetically 
closed, and finally filled with sulphuric acid of the density of 1.28 gcm−3. The electrode 
potential was measured against the cadmium reference electrode. 

Fig. 1 shows the structure of the Ebonex additive. The images were taken with help of a 
scanning electron microscope (SEM). There is evident a porous structure of 

interconnected particles of size 5-10 m. 
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Fig. 1: Scanning electron microscope pictures of Ebonex structure  

Formation 

Formation was done in the flooded state with excess of electrolyte. Formation contains 
4 hours of charging with current 0.2 A and 2 hour of standing. Number of formation cycles 
was 18, i.e. 72 hours of charging and 36 hours of standing (Fig. 2).  

From the beginning of the formation is evident that the time of complete formation of the 
cells, when the cell voltage during charging exceeds the value of 2.6 V, and also the final 
charging voltage differs at individual concentrations of additive. It is summarized in 
Table 1, the final voltages of experimental electrodes were read in the 12th formation 
cycle. 

Table 1: Evaluation of the formation rate 

Concentration of Ti4O7 [wt%] 0.15 0.46 0.78 1.4 2.65 5.15 

Time of complete formation [h] 28.1 21.6 28.1 26.8 23.9 31.9 

U [V] 2.739 2.792 2.763 2.757 2.662 2.722 

 

Cell voltage ranges from 2.66 to 2.79 V. The time of formation, needed to increase the 
voltage of the cell above 2.6 V for all electrodes were within 22-32 hours. Formation 
process of the electrode with the highest content of Ebonex (5.15%) lasted the longest 
time. We assume that this concentration of additive was too high and it caused a 
worsening of the electrolyte ions transport into the deeper structures of the electrode.  

The highest voltage and the shortest time of complete formation has electrode with 
additive concentration 0.46%, with the final voltage 2.79 V and time of complete formation 
21.6 h. The internal resistance of this cell was the highest, the final voltage was the 
highest from the beginning of formation procedures and subsequent experiments 
confirmed the higher internal resistance of this cell. 

Unlike the previous experiments with carbon with the grain size from 3.5 to 5.5 m (4), 
which showed correlation between the quantity of additive and duration of complete 
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formation, there is no apparent correlation. We assume that the structure of Ebonex does 
not allow occupancy of internal pores of NAM (Ebonex particles are larger than the pores 
of NAM) and therefore increase the amount of Ebonex in NAM does not cause a 
significant blocking of pores of lead sponge and thereby slowing the transport of 
electrolyte. This is indirectly confirmed by our other work (5), where the formation time of 
the electrode without additive was approximately half than that of electrodes with micro 
milled additives. 
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Fig. 2: Formation of cells with Ebonex additive in negative active mass (NAM)  

Conditioning cycling 

During conditioning cycling there was performed in the flooded state 14 cycles. Cells were 
first discharged at constant current 0.7 A to the final voltage of 1.6 V and then charged at 
constant current of 0.7 A with voltage limitation of 2.45 V. The total discharge / charge 
process takes 24 hours.  

Fig. 3 shows the dependence of capacity on number of conditioning cycles. Capacities of 
all electrodes during cycling decline, with the exception of the electrodes with the smallest 
time of complete formation (with 0.46 and 2.65% of Ti4O7). Capacity of these two 
electrodes increases with a maximum at 7th cycle. Shorter formation time is indicates the 
worse formation process.  

Tab. 2 shows the ability of the charge acceptance during charging in the second and 
thirteenth conditioning cycle. Both cycles show that the best charge acceptance was 
achieved at the electrodes with the minimum and maximum concentration of additives. 
The lowest charge acceptance at the beginning of conditioning cycles showed cells with 
concentrations of 0.46 and 2.65% of Ti4O7, which also had the shortest time of complete 
formation. During conditioning cycling the charge acceptance at all electrodes slightly 
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improve by 3 to 8 percent. At the end of conditioning cycling the lowest charge acceptance 
has the cell with concentration of 2.65% of Ti4O7. 
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Fig. 3: Dependence of capacity on number of conditioning cycles  

Table 2: The ability of the charge acceptance during conditioning cycles 

Concentration of 
Ti4O7 [wt%] 

0.15 0.46 0.78 1.4 2.65 5.15 

Q [%] 2nd cycle 71.9 62.0 70.1 66.3 61.2 72.8 

Q [%] 13th cycle 79.6 70.5 77.5 70.1 64.6 77.7 

Fast PSoC cycling – 1st run 

The first of all free electrolyte was extracted from the cell vessels. Subsequently, the cell 
was sealed, discharged to 50% of capacity and the first PSoC run was started. PSoC cycle 
is composed of 4 parts: 

Charging for 25 seconds, current 2.5 A 
Standing for 3 seconds 
Discharging for 25 seconds, current 2.495 A 
Standing for 3 seconds 

Every hundredth PSoC cycle at the end of the charging and discharging the cell voltages 
and the negative electrode potentials were measured. PSoC run is terminated when the 
voltage of the cell falls below 1.5 V. 

Voltage dependencies measured during discharging at the first PSoC run are in Fig. 4. 
The initial cell voltage during discharge ranged from 1.95 to 1.90 V. The shortest cycle life 
has an electrode containing 2.65% of Ebonex followed by electrode with 5.15% of Ebonex. 
Best results achieved with the lowest amount of additives, namely 0.15, 0.46 and 0.78% of 
Ebonex. 
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The experiment is still in progress and overall results will be known after finishing the 
experiments. 
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Fig. 4: 1st PSoC run, discharging half cycle  
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Abstract 

The grid in lead-acid batteries has a dual task. It serves as support for the active mass and 
conducts the electricity. For their production to use in advanced batteries, many different 
alloys are used. The type of applied alloy affects the battery performance very significantly. 
In this work the impact of the grid alloy on the battery electrical properties was 
investigated. 

Laboratory performed capacity and cold crank CCA tests. Cyclic resistance, corrosion and 
mechanical tests are in progress. After conducting those tests and post-mortem studies 
the results can be used to determine the usefulness of the newly used alloys for the 
production process of the grid. 

Introduction 

The lead acid batteries are the most used batters in the world. The most commonly they 
are used in motor vehicles for engine starting, however it is just one of many other 
applications (such as communications devices, emergency lighting systems and power 
tools) due to its low costs and good performance.  

The grid is one of the most curtail elements in the battery. In lead-acid batteries the grid has a 
dual task. It serves as support for the active masses and conducts electricity. Pure lead as 
a material is too soft and far too weak to be used as the grids. Therefore the grid is 
prepared from much more robust lead alloys. In the production of advanced batteries, 
many different alloys are used. The type of alloy applied, affects the battery performance 
very significantly. The influence of the type of the grid alloy on the battery electrical 
properties was investigated in this work. In the first stage, classical batteries were studied, 
composed of casted on the Wirtz machines grids, produced by the company LOXA 
BATTERIEN Ltd. (Żarki) with the formula composition of two commonly applied alloys: 
PbSb1,7Sn0,1As0,2Se and PbCa0,1AlSn1. Two types of batteries have been assembled, 
having capacities of 74 and 180 Ah. Also batteries with similar capacities designed for 
vehicles, were made: 

74 Ah version for passenger cars with antimony alloy, calcium alloy and antimony-calcium 
alloy, 15 batteries each, 45 batteries in total. 
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180 Ah version for trucks with antimony alloy and antimony-calcium alloy, 15 batteries 
each, 30 batteries in total. 

For the grid preparation two alloy formulations were used (in mass percentages): 

• PbSb1Sn0, 2As0, 3SE (melting 284; Sb 1.06 Sn 0.18 As 0.25 Se 0.035, Bi 
0.016) 

• PbCa0, 1AlSn0, 5AG (melting 307; Ca 0.05 0.013 Al, Sn 0.5 Ag 0.04 Bi 0.014). 

The performed tests of the batteries with the classic and modified grid were conducted 
according to PN-EN 50342-1:2007/A1: 2012 

 

Fig. 1: Classic batteries - LOXA BATTERIEN Ltd. 

Experimental 

According to PN-EN 50342-1 at the batteries are subjected to the following series of tests: 

• first capacity check  
• first CCA (Cold Cranking Amp) 
• second capacity check 
• second CCA (Cold Cranking Amp) 
• Third capacity check 
• third CCA (Cold Cranking Amp) 

According to the standard, for both sample and Ce as the initial power value is required to 
achieve at least it one of the above three tests. 

The battery capacity can be identified by the manufacturer as the rated capacity Cn (Ah) or 
reserve capacity Cr, n (min).20 hour rated capacity, is the amount of electrical charge 
expressed in [Ah]  which a fully charged battery can give to reach its normal discharge for 
20 hours at 25 ° C.The battery is discharged with constant current In until the voltage will 
drop to 10.5 V. 

Initial current Icc specified by the manufacturer for the battery should provide power at a 
temperature of -180C for minimum 10 seconds with the minimal voltage of U = 7.50 V.The 
battery is placed in the cooling chamber until the temperature in the bulk of the battery 
reaches the -18 ° C. Time of this process takes about 24 h.Then discharge process 
begins, the voltage is noted and the battery is discharged with current Icc, after 10 seconds 
of discharge the voltage is checked again. The voltage value should not be lower than 
7.50 V. The batteries discharge is stopped  after 10 seconds, and discharged with Icc 0.6 
to 6V voltage. 
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Result and discussion 

Table 1: Classic batteries: 74 (AO 127)  Ah and 180 Ah (AO 128) capacity tests.   

identification 

number 

Current 

[A] 

Capacity [Ah] 
requirement 

I II III 

AO 127-1 3,7 73,45 72,42 70,85 74 

AO 127-2 3,7 68,13 64,29 62,17 74 

AO 127-3 3,7 75,17 74,53 73,01 74 

AO 127-4 3,7 69,14 65,48 64,87 74 

AO 127-5 3,7 70,85 69,27 69,41 74 

AO 127-6 3,7 67,47 64,19 63,77 74 

AO 127-7 3,7 74,34 73,60 71,12 74 

AO 128-1 9,0 165,51 155,45 159,55 180 

AO 128-2 9,0 172,04 161,71 166,66 180 

AO 128-3 9,0 170,53 164,57 168,00 180 

AO 128-4 9,0 171,87 162,90 163,20 180 

AO 128-5 9,0 169,13 159,83 159,82 180 

AO 128-6 9,0 173,62 163,48 163,32 180 

AO 128-7 9,0 182,62 171,26 160,10 180 

 

The table presents only chosen part of the tested batteries samples. Most of the batteries 
did not meet the requirements set by the EN 50342-1 standard. Only six batteries 
presented the declared by the producer capacities. 

 

Fig. 2: Current discharge of sample AO 127-1(left) and AO 128-2 (right) 
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Table 2: Classic batteries: 74 Ah (AO 127) and 180 Ah (AO 128), CCA tests.  

identification 

number 

Battery voltage in 10 s discharge [V] / total discharge time [s] 

I II III 

AO 127-1 7,57 / 143 7,54 / 147 7,49 / 150 

AO 127-2 7,51 / 145 7,55 / 154 7,39 / 157 

AO 127-3 7,33 / 147 7,44 / 153 7,33 / 150 

AO 127-4 7,38 / 141 7,51 / 145 7,59 / 145 

AO 127-5 7,47 / 142 7,48 / 145 7,59 / 150 

AO 127-6 7,44 / 147 7,57 / 151 7,59 / 145 

AO 127-7 7,33 / 144 7,54 / 148 7,61 / 150 

AO 128-1 7,66 / 241 7,90 / 263 7,60 / 238 

AO 128-2 7,63 / 237 7,89 / 257 7,52 / 211 

AO 128-3 7,71 / 228 7,94 / 246 7,68 / 236 

AO 128-4 7,67 / 228 7,93 / 247 7,75 / 238 

AO 128-5 7,58 / 235 7,83 / 257 7,59 / 227 

AO 128-6 7,67 / 227 7,99 / 247 7,74 / 239 

AO 128-7 7,71 / 233 7,79 / 227 7,69 / 203 

requirement 7,50 V  /  90 s (for 150 Ah – 150s) 

 

The table presents only some of the tested batteries results. The test batteries did reach 
the requirements of EN 50342-1 standard. 

   

Fig. 3: Voltage change during the CCA test for battery: AO 127-1(left) and AO 128-1(right) 

 

For the batteries with modified grid basic research was conducted: 

• 74 Ah with antimony alloy, calcium alloy and antimony-calcium alloy, 15 
batteries each, 45 batteries in total. 

• 180 Ah with antimony alloy and antimony-calcium alloy, 15 batteries each, 30 
batteries in total. 
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Table 3: Capacity of the batteries with modified grid 74 (AO 127)  Ah and 180 Ah (AO 128) 

identification 

number 

Current 

[A] 

Capacity [Ah] 
requirement 

I II III 

AO 127-16 3,7 63,15 88,80 60,80 74 

AO 127-17 3,7 44,45 66,95 42,15 74 

AO 127-18 3,7 53,90 72,73 50,70 74 

AO 127-19 3,7 65,26 88,67 59,44 74 

AO 127-20 3,7 48,25 45,29 43,75 74 

AO 127-21 3,7 64,34 62,29 60,74 74 

AO 127-22 3,7 48,45 68,92 44,51 74 

AO 128- 16 9,0 162,17 157,50 151,31 180 

AO 128-17 9,0 175,09 170,00 162,99 180 

AO 128-18 9,0 147,82 145,06 140,31 180 

AO 128-19 9,0 162,59 159,48 152,52 180 

AO 128-20 9,0 151,98 145,26 136,23 180 

AO 128-21 9,0 182,46 171,26 160,82 180 

AO 128-22 9,0 151,78 148,66 135,81 180 

 

The table presents only chosen results from all of the tested batteries. Most of the 
batteries did not match the requirements of EN 50342-1 standard. 

 

Table 4: CCA Capacity of the batteries with modified grid 74 (AO 127)  Ah and 180 Ah (AO 128) 

identification 

number 

Battery voltage in 10 s discharge [V] / total discharge time [s] 

I II III 

AO 127-16 7,69 / 128 7,53 / 114 7,71 / 113 

AO 127-17 7,80 / 139 7,68 / 128 7,80 / 129 

AO 127-18 7,71 / 146 7,57 / 133 7,71 / 134 

AO 127-19 7,77 / 142 7,64 / 124 7,81 / 122 

AO 127-20 7,73 / 140 7,61 / 128 7,74 / 128 

AO 127-21 7,79 / 142 7,64 / 122 7,82 / 121 

AO 127-22 7,78 / 139 7,65 / 128 7,78 / 132 

AO 128- 16 7,66 / 238 7,48 / 201 7,34 / 180 

AO 128-17 7,66 / 230 7,48 / 205 7,49 / 188 

AO 128-18 7,71 / 227 7,57 / 201 7,51 / 183 

AO 128-19 7,71 / 235 7,49 / 215 7,47 / 198 

AO 128-20 7,79 / 234 7,96 / 219 8,00 / 203 

AO 128-21 7,41 / 154 7,70 / 143 7,84 / 148 

AO 128-22 7,55 / 149 7,67 / 134 7,81 / 133 

requirement 7,50 V  /  90 s (for 150 Ah – 150s) 

 

The table presents only part of the tested batteries. All batteries reached the requirements 
of EN 50342-1standard. 
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Fig. 4: Discharge curves for batteries with classic and modified grids. 
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Conclusion 

Capacity and cold crank CCA tests were performed for the batteries with both classical 
and modified grids. Both types of batteries with the classic and a modified grid  did not 
reach the capacity specified by the producer. 

All batteries have passed the Cold Cranking Amp (CCA) tests. 

Cyclic resistance, corrosion and mechanical tests are still in progress. After conducting 
these tests and the post-mortem studies of the batteries, there will be possible to 
determine the influence of those new alloys as material for the grids manufacture. 

Acknowledgements 

The authors acknowledge the financial support from the European Fund of Regional 
Development within the frameworks of the operating program –"Innovative Economy 
2007–2013", under Project No. POIG.01.03.01-00-086/09. 

274



13
th
 Advanced Batteries, Accumulators and Fuel Cells Electrolytes 
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IN THE SCANDIA-STABILIZED ZIRCONIA CERAMICS 

Barbashov, V., Nesova, E., Pismenova, N. 
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72, 83114 Donetsk, Ukraine 

Abstract 

Grain-size effect on the conductivity and phase composition of scandia stabilized zirconia 
ceramics produced from DKKK (Japan)  powder with composition 89 mol.% ZrO2 + 10 
mol. % Sc2O3 + 1 mol. % CeO2 was established. It was shown using X-ray phase analysis 

that decreasing the grain size of ceramics from 16 to 0.6 m leads in formation of 
rhombohedral phase. For fine-grained material, anisotropic properties of material are fixed clearly 

in Arrhenius plots of ionic conductivity.  

Introduction 

Solid electrolytes based on solid solutions of zirconium oxide with aliovalent cation oxides 
(Y2O3, MgO, CaO, Sc2O3) have been developed for applications in electrochemical 
devices such as solid oxide fuel cells (SOFCs), oxygen sensors and catalytic membrane 
reactors due to their electrical properties (1). Among these compounds, scandia-stabilized 
zirconia (ZrO2:Sc2O3 – ScSZ) shows the highest value of electrical conductivity in the 
electrolytic temperature region 973-1073 K (2-4). 

The present study is devoted to the grain-size effect on the conductivity and phase 
composition of scandia stabilized zirconia ceramics.  

Experimental Procedure 

Ceramic powder with exact chemical composition 89 mol.% ZrO2 + 10 mol. % Sc2O3 + 1 
mol. % CeO2 was manufactured by Daiichi Kigenso Kagaku Kogyo (DKKK), Japan. The 
density and the average grain size of all studied ceramic specimens are shown in Table I.  

Table I: Density, average grain size of all studied ceramic specimens 

Composition 
, 

g/cm
3

 

d, 

mkm 

89 mol.% ZrO
2
 + 10 mol. % Sc

2
O

3
 + 1 mol. % CeO

2
 (DKKK) 5.4 16 

89 mol.% ZrO
2
 + 10 mol. % Sc

2
O

3
 + 1 mol. % CeO

2
 (DKKK) 5.77 8 

89 mol.% ZrO
2
 + 10 mol. % Sc

2
O

3
 + 1 mol. % CeO

2
 (DKKK) 5.86 0.6 
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Variation of grain size in ceramics was obtained using the control of such parameters like 
temperature, sintering duration and powder pressing conditions.  

Scanning Electron Microscopy (SEM) equipments were used to investigate the 
morphology of the sintered ceramics. Figure 1 shows SEM views of intergranular fracture 
of our ceramic specimens.  

   

a)   b)    c) 

Fig. 1: SEM views of fracture of DKKK ceramics a) 16 m; b) 8 m; c) 0.6 m. 

Ionic conductivity was measured simultaneously with X-ray diffraction studies in Cu K  
radiation. Heating and cooling rates were below 2 K/min. 

Results and Discussion 

Arrhenius plots of ionic conductivity for DKKK ceramics 89 mol. % ZrO2 + 10 mol. % Sc2O3 

+ 0.01 mol. % CeO2 (16; 8; 0.6 m) during first thermal cycles are presented in Figs. 1 and 

3. Decreasing the grain size of ceramics from 16 to 0.6 m qualitatively changes the form 

of lg(σ) – 1/T dependence. For ceramics with large grain size (16 m), curve of ionic 
conductivity demonstrate the anhysteretic kink at 713 K caused by presence of tetragonal 
phase (fig.2).  
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Fig. 2: Arrhenius plots of ionic conductivity in DKKK ceramics 89 mol. % ZrO2 + 10 mol. % Sc2O3 + 
0.01 mol. % CeO2  (16 m) 
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For material with the twice smaller grain size (8 m), this curve obtains the sigmoid form 
(fig. 3). 
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Fig. 3: Arrhenius plots of ionic conductivity in DKKK ceramics 89 mol. % ZrO2 + 10 mol. % Sc2O3 + 
0.01 mol. % CeO2  (8 m) 

For fine-grained ceramics (0.6 m), lg(σ) – 1/T curves demonstrate the hysteretic kink 
(fig. 4) caused by the presence of  rhombohedral phase. 
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Fig. 4: Arrhenius plots of ionic conductivity in DKKK ceramics 89 mol. % ZrO2 + 10 mol. % Sc2O3 + 
0.01 mol. % CeO2  (0.6 m) 
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Fig. 5: Phase composition in DKKK ceramics 89 mol. % ZrO2 + 10 mol. % Sc2O3 + 0.01 mol. % 
CeO2  (0.6 m) 

Laplace’s pressure grows with decreasing the grain size, and for the grains with a 

diameter 0.6 m it reaches a value 0.33 GPa. This value is enough to transfer the material 
from the tetragonal phase to rhombohedral phase which has the significantly lower 
conductivity. This conclusion fully corroborates with our results of X-ray phase analysis 
(fig. 5). 

All specimens sintered from DKKK powder don’t show the previously studied (5-6) low-
temperature kinks on Arrhenius plots of ionic conductivity. However, the ionic conductivity 
value is reduced to a second for the specimen orthogonal directions within temperature 
range 640 to 740 K, and anisotropic properties of the specimen are the controlled 
parameter. 
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Abstract 

The article deals with description of rheological properties of solvents for electrolytes of 
lithium-ion accumulators. Solvents mixture of dimethyl sulfone and sulfolane at different 
volume ratios and with a lithium salt (LiClO4) appear as potentially suitable electrolyte. The 
aim of this experiment is to investigate the rheological properties, particularly density and 
dynamic viscosity, of solvents with lithium salt in temperature dependence and to find the 
optimal composition of the electrolyte from the perspective of achieving the lowest 
dynamic viscosity and better electrical conductivity because both quantities are closely 
related in accordance with Walden’s rule. The vibration method is used to determine the 
values of dynamic viscosity. 

Introduction 

Lithium-ion accumulators are among the power sources suitable, especially for the mobile 
applications, medical devices and electric vehicles. Rheological properties description of 
the electrolytes is one of the most important non-electrical physical quantities. These 
properties, in particular the value of dynamic viscosity, are decisive for the selection of 
suitable electrolyte solvents usable in lithium-ion accumulators. Solvents mixture of 
dimethylsulfone and sulfolane with a lithium salt (in particular case LiClO4) appear as 
potentially suitable electrolyte. The resulting ratio of the components depends on the 
desired properties to be achieved. 

Used solvents 

Sulfolane from structure are to sulfur atom with a double bond bounded two atoms of 
oxygen and a carbon ring composed from four carbon atoms. The sulfur – oxygen bond is 
polar which enables a good dissolving in water (is completely miscible with water). The 
carbon ring is nonpolar so it is possible blend with water and hydrocarbons. Sulfolane is 
used as an industry solvent and for purification of natural gas and the most used solvent 
for aromatics purification [2].  
Dimethyl sulfone aka. methylsulfonylmethane (MSM), is an organic sulfur compound, it is a 
white crystalline solid at room conditions. Dimethyl sulfone is used in high temperature 
industry for organic and inorganic as extraction and reaction solvent, metal and fungicide 
treatment. Selected properties of used solvents are shown in Table 1. 

279



13th Advanced Batteries, Accumulators and Fuel Cells Electrolytes 

Table 1: Selected properties of used solvents 

Solvent Density 
(kg m3) 

Viscosity 
(mPa s) 

Permittivity 
( - ) 

Melting point 
(°C) 

Dimethyl sulfone 1450 1.14 (at 123 °C) 48 110.0 
Sulfolane 1261 10.07 (at 30 °C) 44 27.5 

 
Solvents mixture of dimethylsulfone and sulfolane with a lithium salt (in particular case 
LiClO4) appear as potentially suitable electrolyte. The resulting ratio of the components 
depends on the desired properties to be achieved. The dependence of dynamic viscosity 
in a wide temperature range is observed to ensure optimal electrical properties. Dynamic 
viscosity is closely related to electrical conductivity in accordance with Walden’s rule. 

Sample preparing 

The samples of electrolyte were prepared with different concentration ratios of solvents as 
a sulfolane and dimethyl sulfone (both from Sigma-Aldrich Corporation). The amount of 
dimethyl sulfone in sulfolane varied from 0 % volume percent to the saturation of dimethyl 
suflone at 17 % volume percent. The lithium salt LiClO4 (1 M concentration) was added 
and dissolved in to the all samples. 
Into the beaker with sulfolane heated to 40 °C was added dimethyl sulfone (under the 
room conditions solid state). The weight of dimethyl sulfone was calculated from 
knowledge of the density values and the required volume. The resulting mixture was 
heated with hot air at 115 to 120 ° C (at temperature above the melting point of dimethyl 
sulfone). After melting and mutual mixing of solution components, it was added a defined 
amount of lithium salt (LiClO4 - lithium perchlorate) in to the mixture. The resulting sample 
of solution was blended in a closed vessel on magnetic stirrer for another 24 hours. 

Density determination of solutions 

Analytical balance Ohaus Explorer EX223 with extension kit for measuring the density of 
solid and liquid materials (see Figure 1a), based on the principle of Archimedes was used 
to determine the density of each solution. The density determination kit includes calibrated 
sinker (see Figure 1b) of defined volume (in this case 310,000 0,005 cmV = ± ), whose mass 
is set in the air ( 1m ) and subsequently in the observed solution ( 2m ) of the desired 
temperature. The formula for calculating the density of a liquid liqρ  can be derived from 
the resultant force F acting on the immersed sinker (see figure 1c) in the liquid and takes 
the form 

1 2 liq air
m m

V
ρ ρ−

= +  

that respects the measured data, including the effects of air density (0,0012 g cm-3). 
Densities of investigated, variously concentrated solutions were monitored in the 
temperature range 5 – 90 °C with a step of approximately 20 °C. From the obtained and 
approximated temperature dependences of density it is possible, among other things, to 
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determine the coefficients of volume expansion of solutions which in liquid materials are 
not generally negligible. To achieve the lower temperature range, respectively higher 
temperature range than the ambient temperature, the temperature chamber CLIMACEL 
111 was used, in which the temperature stabilization of all solutions samples proceed. The 
beaker with solution was immersed in the vessel with synthetic organic ester fluid to 
ensure sufficient thermal stability in the course of density measurement. The digital 
thermometer GREISINGER 3710 with a probe Pt100 Class A was used to determine the 
actual temperature of solutions (see Figure 1c). 

 
Fig. 1: a) Instrumentation Ohaus including density determination kit, b) detail of glass sinker, c) the 
physical principle and the thermal stabilization of the solution in the course of experiment 

The volumetric changes of the solution, respectively calculated density values in the 
temperature dependence were approximated by the mathematical function in the form,  

( ) ( )
20

20 1 ,  resp. 
1

V V ρβ ϑ ρ
β ϑ

= + ∆ =
+ ∆

 

which takes into account only the linear coefficient of volume expansion β .  Quadratic 
term which is very small is applied in the case of higher temperature differences ϑ∆  and 
therefore is neglected here. Temperature dependencies of the density of the solutions with 
limit DMSO2 concentrations (0 and 17 % volume percent) are shown in Figure 2. The 
displayed curves create a sector. Within this area, the dependencies are situated for 
solutions with other concentrations, but for greater lucidity, are not shown graphically. 
The calculated values of the coefficient of volume expansion β  and density of the 
solutions 20ρ  at 20 ° C are listed in Table 2 with the volume percentage DMSO2 as a 
parameter. 
Table 2: Selected physical properties of the investigated solutions at various concentrations 

vol% 
DMSO2 0 % 3 % 6 % 9 % 12 % 15 % 17 % 

ρ20 (g.cm-3) 1,315 1,315 1,313 1,310 1,310 1,309 1,307 
β (10-4 K-1) 6,93 6,86 6,86 6,89 7,17 6,58 6,51 

 

b) 

G VZF F F= −

ambϑϑ

ϑ

+ 

a) c) 
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Fig. 2: The temperature dependencies of the density of solution 

Dynamic viscosity measurement of solutions 

Viscosity (dynamic or kinematic) is a characteristic property of liquid and it expresses the 
rate of internal fluid friction that occurs at mutual motion of parallel to each other adjacent 
layers. It is closely linked with the internal structure of liquids. The course of viscosity 
varies considerably with temperature. The temperature dependence has always 
decreasing character which is possible in most cases to express by the empirical 
Arrhenius mathematical function in the form 

b
TA eη = ⋅  

where A  is a characteristic material constant dependent on the frequency of thermal 
vibration and on distance of individual liquid molecules (sometimes referred to as the 
viscosity η∞ at high temperature T →∞ ) and physical quantity b  is equal /Ab E R=  ( AE  is 
the flow activation energy and R  is universal gas constant). This relation also often used 
to represent experimental viscosity data for pure fluid and fluid mixtures solutions [3], [4]. 
The vibration method was used to determine the values of dynamic viscosity. The general 
principle of viscosity measurement method consists in the transfer of current, required for 
keeping constant frequency and amplitude of the vibrations of the sensor plates immersed 
in the observed liquid, on the apparent viscosity. Viscometer A&D SV series composed of 
two thin sensor plates with gold surface treatment that are driven with electromagnetic 
force at the same frequency by vibrating at constant sine-wave vibration in reverse phase 
like a tuning-fork. The electromagnetic drive controls the vibration of the sensor plates to 
keep in constant amplitude (see Figure 3a). The driving electric current, which is exciting 
force, will be detected as the magnitude of viscosity produced between the sensor plates 

( ) ( )4

1,315 
1 6,93 10

ρ ϑ
ϑ−

=
+ ⋅ ∆

( ) ( )4

1,307 
1 6,51 10

ρ ϑ
ϑ−

=
+ ⋅ ∆
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and the sample fluid. The coefficient of viscosity is obtained by the correlation between the 
driving electric current and the magnitude of viscosity. Conversion of apparent viscosity 

apη on dynamic η  is conditioned by knowledge of the sample density.  

Fig. 3: a) Scheme and the physical principle of vibration viscometer A&D SV10 [2] b) connection of 
the viscometer to the Internet 

The automated laboratory workplace was assembled to measure rheological properties of 
fluids in temperature range. Also, Agilent graphical language environment VEE Pro was 
used for the communication between computer and viscometer A&D SV 10 and analytical 
balance Ohaus Explorer Ex223. Serial communication interfaces of viscometer and bath 
thermostat were connected to the USB/RS232 Interface Agilent E5805A whose USB 
output was directly interconnected to the Networked LAN/USB Hub Agilent E5813A that 
provides access to the Internet (see Figure 3b). In this way, it is possible to remotely 
control the instruments which are equipped with serial interface RS232 only over Internet. 

The measured apparent viscosity values apη  were converted to dynamic viscosity for all 
measured temperature according to the relationship 

( ) ( )
ap

rel

T
T

η
η

ρ
=  

where relρ  is the relative density of the sample, i.e. the value of the density related to the 
unit density to which the instrument is calibrated. 
Temperature dependencies of the dynamic viscosity of the solutions with limit DMSO2 
concentrations (0 and 17 % volume percent) again are shown in Figure 4 (discreet points). 
As one can see from this figure, the viscosity of solutions monotonically decreases with 
increasing temperature. Temperature dependencies of viscosity were approximated by the 
Arrhenius function using the least squares method and the resultant courses are plotted 
graphically in Figure 4 (solid line) including relevant equations. 

RS232/LAN USB/LAN  
interface Agilent  

a) b) 

f 

Liquid level 
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Fig. 4: The temperature dependencies of the dynamic viscosity 

Conclusion 

Theoretical information about vibration method of viscosity measurement was summarized 
and initial results were published in the article. Dynamic viscosity of seven solutions of 
dimethyl sulfone and sulfolane at different volume ratios (0, 3, 6, 9, 12, 15 and 17 vol % 
DMSO2) and with a lithium salt (LiClO4) have been measured with vibration techniques in 
temperature range from 275 to 375 K. All of these solutions have approximately the same 
value of the coefficient of volume expansion β  which takes the value around 6,90.10-4 K-1. 
Solution (17 vol % DMSO2) exhibited the lowest value of the dynamic viscosity in whole 
temperature range and appears as potentially more suitable for electrolyte from the 
perspective of rheological properties. The values of flow activation energy will be 
calculated from the temperature dependencies of dynamic viscosity in the course of other 
experimental activities. Subsequently it will be examined the behaviour of solutions in DC 
and AC electric field to obtain the frequency dependencies of relative permittivity and 
electrical conductivity which is closely related to dynamic viscosity in accordance with 
Walden’s rule. 

( )
2602

3 3,91 10 TT eη
⎛ ⎞
⎜ ⎟− ⎝ ⎠= ⋅ ⋅

( )
2425

3 5,76 10 TT eη
⎛ ⎞
⎜ ⎟− ⎝ ⎠= ⋅ ⋅
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Abstract 

The aim of this work is to determination the influence of dimethyl sulfone on electrical 
properties of electrolytes. Dimethyl sulfone is an adjacent product by many chemical 
manufactory. The key thought of this article is to find a possibility to use of this adjacent 
product. In this work is dimethyl sulfone used as additive into commonly applied solvents 
that are used for aprotic electrolytes. There will be established properties in low flammable 
solvent such as sulfolane too. The article will discussed specific conductivity of this 
solvents mixtures.  

Main used solvents 

As one of possible solvents was used sulfolane due his higher fire safety[1]. Sulfolane is 
clear colorless liquid (with melting point 27.5 °C). From structure are to sulfur atom with a 
double bond bounded two atoms of oxygen and a carbon ring composed from five carbon 
atoms. The sulfur – oxygen bond is polar which enables a good dissolving in water (is 
completely miscible with water). The carbon ring is nonpolar so it is possible blend with 
water and hydrocarbons. Sulfolane is used as industry solvent and for purification of 
natural gas and the most used solvent for aromatics purification[2].  

Dimethyl sulfone aka. Methylsulfonylmethane (MSM), is an organic sulfur compound, it is a 
white crystalline solid at room conditions. Dimethyl slufone is used in hight temperature 
industry for organic and inorganic as extraction and reaction solvent, metal and fungicide 
treatment. Selected properties of used solvents are shown in Table 1. 

Table 1: Properties of used solvents 

Solvent Density 

[ kg·m
3 
] 

Viscosity 

[ mPa·s ] 

Permittivity 

[ - ] 

Melting point 

[ °C ] 

Dimethyl sulfone 1450 1.14 (at 

123°C) 

48 110.0 

Sulfolane 1261 10.07 (at 

30°C) 

44 27.5 

Ethylene carbonate 1321 1.50 (at 40°C) 89 36.3 

Propylene carbonate 1190 2.50(at 25°C) 65 -55.0 

 

Electrochemical Impedance Spectroscopy (EIS) is a method used among other for 
description electrochemical processes on electrode - electrolyte interface and in 
electrolytes. Passage of current through an electrochemical cell leads to a polarization 
processes with prevents the passage of current they are e.g. transition of electro active 
materials, creating of SEI layer or transport particles from electrolytes to electrode. Each of 
this processes by passage AC signal which changing frequency have a various response 
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and with a phase-sensitive current rectifiers and appropriate displaying it is possible to 
value  the equivalent circuit with characterizes researched system[3]. 

Experimental 

Amount of dimethyl sulfone (DMSO2, from Sigma - Aldrich) was weighed for defined 
volume from knowledge of its density. DMSO2 was than mixed with second solvents. The 
sample was heated with hot air gun to temperature 115- 120°C. (temperature over melting 
point of dimethyl slulfone). 

At first was determined saturation of DMSO2 in second solvent. In first step was increased 
the volume concentration of DMSO2 in second solvent each 5% from 10% to 30% for 
mixture with sulfolane and mixture with propylene carbonate and from 5% to 80% for 
mixture with ethylene carbonate. The mixture was heated with help of hot air gun and 
stand for 24 hours. By visual control was determined in which samples the DMSO2 has 
crystallized again. The interval between sample which crystallized and sample which does 
not crystallized was split in 1% step for determination the saturation border more precise. 
The results of saturation measurement are shown in Table 2. 

After DMSO2 dissolution was into the solvents mixture added lithium perchlorate (Sigma-
Aldrich) in 1 mol·l-1 concentration and the samples were mixed on cylindrical homogenizer 
for 24 hours. 

Resistance of electrolytes was measured in conductivity cell consisting from glass body 
and two platinum electrodes covert by platinum black. Resistance of electrolytes was 
measured by impedance spectroscopy in frequency range from 1 MHz to 100 Hz. Each 
sample was measured ten times and in the case that the corves in Nyquist graph were 
overlapped (does not get to temperature shift) was the values of equivalent circuit parts 
calculated. In the Nyquist graph was the linear part selected and from equivalent circuit 
which was composed from resistor and constant part element was the electrolytes 
resistance defined. Compering with a reference sample (1 mol·l-1 of KCl γ = 111.8 mS·cm-1 

at 25°C from company Penta) was the specific conductivity of electrolytes determined. The 
determined values are presented in Table 3 and Table 4. 

Table 2: Saturation of dimethyl sulfolane in second solvent 

Dimethyl sulfone 

Second solvent Volume saturation concentration 

[ % ] 

Sulfolane 17 

Propylene carbonate 15 

Ethylene carbonate 25 

 

Due the higher permittivity of ethylene carbonate, was the volume of dimethyl sulfone 
dissolved in ethylene carbonate higher than in other solvents.  
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Table 3: Measuring results of specific conductivity for sulfolane and proplylene carbonate 

Volume concentation of 

dimethyl sulfone [%] 

Sulfolane Propylene carbonate 

γ [mS·cm
-1

] γ [mS·cm
-1

] 

0 2.69 1.33 

3 2.71 1.33 

6 2.76 1.31 

9 2.80 1.29 

12 2.84 1.28 

15 2.87 1.27 

17 2.90 - 

 

 

Fig. 1: Specific conductivity dependence of dimethyl sulfone volume concentration in sulfolane 

The specific conductivity of DMSO2 and sulfolane is increased with increasing DMSO2 
volume concentration due the lower viscosity of the system. The highest conductivity is on 
the saturation border of dimethyl sulfon 17%. 

In figure 2 we can see that the conductivity of electrolyte is decreasing with increasing 
DMSO2 concentration. It could be caused by lower permittivity of dimethyl sulfone as can 
be seen in table 1.  

Table 4: Measuring results of specific conductivity for ethylene carbonate 

Volume concentation of 

dimethyl sulfone [%] 

Ethylene carbonate 

γ [mS·cm
-1

] 

0 11.93 

5 11.48 

10 11.21 

15 10.81 

20 10.40 

25 9.99 
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Fig. 2: Specific conductivity dependence of dimethyl sulfone volume concentration in propylene 
carbonate 

 

Fig. 3: Specific conductivity dependence of dimethyl sulfone volume concentration in ethylene 
carbonate 
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Conclusion 

Measurement of different solvent was made. The saturation of dimethyl sulfon in another 
solvent and specific conductivity of electrolytes based on mixtures of DMSO2 and lithium 
salt was done. From measured curves it is clear that dimethyl sulfone increases specific 
conductivity in mixture with sulfolane, highest conductivity was with 17% of DMSO2 and 
that 1.33 mS·cm-1. On the other hand decreases the specific conductivity in propylene 
carbonate and ethylene carbonate. It is clear that the addition of DMSO2 into the solvent, 
with higher fire safety, improves it‘s electrical properties. 
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Abstract 

In this paper are given global information about our recent research in the field of 
membranes for alkaline accumulators. Various types of experimentally prepared 
membranes were tested. We were focused on ionic conductivity and dendritic resistance 
measurements and on stability in highly alkaline liquid electrolytes. Different materials for 
electrode coating were also tested as ionic conductivity membranes and holders for active 
electrode material. 

Introduction 

Principle of the nickel-zinc accumulator was firstly described at the beginning of the 20th 
century. First prototypes appeared during thirties of the 20th century. That kind of 
accumulators was not succesful on the market; the only reason was short lifetime of this 
product. Nowadays, potential of this electrochemical cell appears. Good electrical 
properties and recycle possibilities (in comparison with NiCd system). Lifetime of NiZn 
batteries is still limiting factor. The main prospective usage of  these accumulators is 
replacing NiCd accumulators (cadmium is toxic and recycling is difficult). 

Nickel - zinc accumulator consists of Ni (positive) electrode and Zn (negative) electrode. 
Electrolyte is KOH solution in water enriched with additives, which restrict dendritic growth 
of the zinc electrode and improve cyclic lifetime of the accumulator.  

Basic properties of NiZn accumulators: 

 Nominal cell voltage 1,65 V. NiCd and NiMH have only 1,2V. Therefore, NiZn 
accumulators are suitable in appliances designed for primary batteries.  

 Low self-discharge – 8 % per month  

 High specific energy - 55 ÷ 75 Wh·kg-1 

 Specific power – over 200 W·kg-1 

 Easy to recycle – NiZn accumulators do not contain lead, mercury and cadmium 
neither.  

 Low price of active materials  

 Good electrical properties at low temperatures  

 Short lifetime is main drawback of NiZn accumulators, it prevents from having 
success on the market. Short lifetime is mainly caused by dendritic growth of Zn 
electrode during the charging process, which leads to short-circuit. 
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 Specific charging process in specialized charger for NiZn accumulators. 

Experimental 

Our research group prepared 11 appropriate PVA membrane types, which were 
subsequently tested. All samples were tested for the ionic conductivity; these with low 
resistivity were subsequently measured for the zinc impenetrability. 

Membranes were several days conditioned in 5,6 mol/l KOH electrolyte in the room 
temperature. Membrane resistivity was measured within four electrode glass cell filled with 
5,6 mol/l alkaline electrolyte. Membrane was embedded in the center of the cell. Electric 
current flowed between working electrodes. Reference electrodes were used to determine 
drop of potential on the membrane. Electric resistance of membrane was calculated thus. 
Experiment took place in the tempered cell with temperature set on 20 °C. 

Membrane resistivities are shown in table 1. It is obvious, that best resistivity result has 
membrane no. 2, prepared in bulk with KOH electrolyte and glycerol. The same membrane 
crosslinked with borax (sample no. 3) has almost two times higher resistance. Membrane 
no. 1 exhibits very low resistance, but we must take into account its small thickens. 
Resistivity is low too in comparison with previous membranes. Membranes based on 
NASA Technical Paper 1407 exhibit very high electric resistance, especially with 
increasing amount of crosslinker glutaraldehyde. Membrane no. 8 with 5 % of 
glutaraldehyde proved no conductivity. Commercially produced membranes from the 
company Membrain exhibit very high electric resistance in comparison with PVA 
membranes. Membrane no. 11, produced by the Academy of Science of the Czech 
Republic (CAS) does not have long-time resistance to the liquid KOH electrolyte.  

 

Fig. 1: Four electrode glass conductivity cell 
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Table 1: PVA membranes thicknesses and resistivities 

č. vzorku l [mm] R [Ω] 

1 0,131 0,088 
2 0,558 0,049 
3 0,565 0,100 
4 0,276 0,250 
5 1,029 0,274 
6 0,261 1,646 
7 0,185 1,025 
8 0,366 49,785 
9 0,598 2,370 

10 
11 

0,533 
0,242 

2,291 
0,719 

 

Selected membranes (samples 1, 2, 4, 5, 6 and 11) were measured for the zinc 
impenetrability. This measurement was carried out in two electrode cell, which simulated 
processes in battery. Cell consists of 2 electrodes and membrane in the center of them. 
Electric current flows between electrodes through the tested membrane. Membrane 
separates conductivity cell into two isolated spaces. Both sides of the cell are poured with 
5,6 mol/l electrolyte. On the side of the negative electrode is liquid electrolyte saturated 
with Zn ions. Through the cell flows defined current within specific time. Zn ions 
concentration in the electrolyte with positive electrode is determined with chelatometric 
titration in periodic time. Zn(OH)2- ion participation on the total current was calculated. This 
calculation is based on defined electric current within the cell and duration of the 
experiment. This measurement ends with the lack of Zn ions on the negative side of the 
fuel cell. 

Zn ions concentration calculation was based on this equation:  

 

Where  m - is concentratation of flowed Zn ions [mMOL] 

  V - is volume of titrimetric solution [ml] 

  C - is concentration of titrimetric solution (c = 0,01 mol/l) 

Current, carried by Zn ions was investigated and calculated:  

 

Where  IZn - is electric current of Zn ions [A] 

  m - is concentration of flowed Zn ions through the cell [mMOL] 

  t - Zn ions flowed within specific time [s] 

Ratio of the overall current and current IZn carried by Zn ions shows how many percents of 
electric current is carried by Zn ions.  
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Fig. 2: Glass cell for zinc impenetrability measurements 

Figure 1 shows Zn ions impenetrability results of selected PVA membranes. Membranes 
with the highest ionic conductivity exhibit the worst Zn ion impenetrability. An overall best 
result exhibits membrane no. 6. Zn ions do not penetrate surface of membrane. On the 
other hand, ionic conductivity is very low in comparison with other PVA membrane types. 

 

Fig. 3: Zn ions impenetrability results of selected PVA membranes – Zinc ions concentration time 
dependence  
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Fig. 4: Zn ions impenetrability results of selected PVA membranes – percentage of electric current 
carried by Zn ions  

Conclusion 

It was investigated, that high ionic conductivity requirement and zinc impenetrability 
requirement are contrary. In spite of it, our work in this field will continue, because Zn ions 
participate only in 3 – 5 % of the total current. Rest of the current (95 % or more) is carried 
by OH- ions. Zn(OH)2- tend to surround the negative electrode. Membrane with ionic 
conductivity is penetrated only with a small percentage of produced ions. 
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Abstract 

Mechanisms of ionic conduction in PVA based cross-linked nanocomposite polymer 
membranes were studied using the high resolution electrochemical impedance 
spectroscopy. It was shown that cross-linking originates second line in the Nyquist 
spectrum corresponding to second phase of the material. Temperature dependence of 
ionic conductivity for initial and new phases is different. The initial phase obeys VTF 
approach determining total temperature behavior of electrolyte. The new phase obeys 
Arrhenius equation. This finding yields an additional parameter enabling to control the 
conductivity-to-permeability ratio in polymer electrolytes.  

Introduction 

Polymer membranes with low temperature proton (or anion) conduction are under 
development and upgrading since mid-70-s in view of very promising application in low-
temperature hydrogen fuel cells (HFC) or direct methanol fuel cells (DMFC) (1). Last few 
years they attract especial interest in the connection with unitized reversible fuel cells 
(URFC) and future methanol economy proposed by G. Olah et al. (2). Both these energy 
storage systems provide electrolytic synthesis of fuel as well as power generation with fuel 
consumption, being in essence accumulators of unlimited or volume limited capacity. 

Hydrogen URFC are very close to commercialization and are implementing where weight 
considerations are of primary importance (3). On the contrary, methanol systems had been 
patented only this year (4), although electrolytic synthesis of methanol from mitigated CO2 
is known almost as long ago as DMFC’s (5).  

One reason of above lagging is connected with high methanol permeability of former 
perfluorosulfonic copolymerized films precluding their large-scale use if taking into 
consideration toxicity of methanol. This problem had stimulated an extensive search of 
proton electrolytes on different polymer basis and made selectivity (conductivity to 
permeability ratio) most important characteristic of novel polymer membranes. 

Recent progress in this field during last decade was related with polymer electrolytes 
based on polyvinyl alcohol (PVA). This partially crystalline polymer has intrinsic methanol 
permeability by order or more lower than Nafion (6). Proton conductivity in pure PVA is 
very small as well (6). However it can be significantly improved by adding inorganic or 
organic fillers, selectivity still staying few times higher than Nafion (7).  

Selection of the best fillers in Nafion based electrolytes is governed by a proton donor 
ability that is reflected in a slurry pH value (8). In our previous publication we had shown 
that fillers in PVA based electrolytes obey the same rule but with much stronger effect (9). 
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Indeed, recent most successful works in the field based on strongest insoluble acids such 
as heteropoly or sulfonic acids as fillers in PVA have surpassed Nafion in both conductivity 
and selectivity and reached specific power values of the order of tenths watts per square 
centimeter (10, 11). 

 However nearly as high performance was reached in the same years for amorphous PVA 
based gels or block copolymer blends containing no optimal fillers, e.g. (12, 13). It means 
that there exist structural factors determining the performance in addition to chemical 
fillers. The present work is focused on studying mechanisms of ionic conduction in PVA 
based nanocomposites in all material processing stages using high resolution 
electrochemical impedance spectroscopy (HR-EIS) with a high capacitance cell (9).  

Experimental 

PVA based composite polymer membranes were prepared by a solution casting method. A 
homogeneous PVA solution was first prepared by dissolving 5 wt. % of the powder in 
distilled water under stirring and heating up to 90oC. The solution was less viscous than 
commonly used (10 wt. %) that ensured absence of air bubbles and very thin resulting 
films. Separately aluminum hydroxide gel was prepared by mixing aqueous solutions of 
sodium hydroxide and aluminum chloride in respective ratio. Final suspension had pH 
about 5.0. Pre-calculated volume of above suspension was thoroughly mixed to hot PVA 
solution so that to obtain optimal filler concentration as determined in previous work (9). 
Re-heated homogeneous mixture or pure PVA solution as a reference specimen were 
poured out onto clean glass plates and dried at ambient conditions. The dried films had a 

mean thickness about 10 m and were strong and elastic enough to be easily separated 
from glass. Crosslinking was performed by soaking films in the saturated borax solution at 
room conditions during several hours. Finished washed and dried membranes were 
transparent in spite of filler charge.  

Dry or wet polymer membranes were placed between stainless steel ion-blocking 
electrodes in a spring-loaded ceramic holder suspended in a thermostat. The electrodes 
had diameter 3.5 cm and surface area 9.62 cm2 that provided a very high cell capacitance 
(equal to about 40,000 pF as roughly estimated and measured by a capacitance meter) 
comparing with conventionally used ones. Such design diminishes the phase angle 
measurement error due to higher currents, increases resolution, and reduces the required 
frequency range due to higher capacitance. Lower frequencies in turn diminish errors 
caused by uncompensated inductance. The pulse shape was sinusoidal with initial 
amplitude about 80 mV. 

Electronic conductivity in all membranes was negligible as was determined by direct 
current measurements. Data points were represented in Nyquist plots and fitted with 
separate semicircles or semi-ellipses.  

Results and discussion 

Electrolyte processing stages  

It is well known that both Nafion and PVA proton membranes reveal a single line in EIS 
spectra measured using cells with capacitance over 1000 pF (e.g. 14, 15). This fact 
indicates that above materials are structurally homogeneous.  
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Fig. 1: Fitting curves of EIS spectra for dry PVA/aluminum hydroxide gel membranes. 

In full accordance with the literature data, present results show the single EIS line (LPVA) in 
the case of either dry or wet PVA gel, conductivity of wet electrolyte being several times 
lower (Fig. 1). It should be noted that the input resistance, as determined by the distance 
from zero to left (high frequency) intercept point on the real axis, is lower for the wet 
membrane too. Since the input resistance is contributed by a constant active circuit 
resistance and electrode-electrolyte contact resistance, this effect is probably due to 
presence or absence of water in the electrode-electrolyte interfaces. 

However the same gel membranes after soaking in the cross-linking agent solution reveal 
the second line (LCL) with nearly the same total conductivity and somewhat higher input 
resistance. This phenomenon can be understood in the assumption that the cross-linking 
agent only partially penetrates into body of membrane, thereby dividing the electrolyte onto 
series layers with different properties.  

Added filler drastically reduces total resistance and sometimes yields one or two lines 
more. One of less conductive composites studied in (9) is illustrated in Fig. 1 because 
highly conductive films would be poorly resolvable in the given plot scale. The occasional 
nature of extra lines indicates that respective highly conductive structures arise only in 
definite cases. Very small input resistance implies that these cases are connected, at least 
in part, with the electrode-electrolyte interfaces. 

Layered membranes with cross-linked protective surface layers are promising for use in 
fuel cells due to enhanced selectivity and additional factor of possible optimization (16). 
For this reason it is worth to study the conduction mechanisms in both phases. One of 
possible approaches can be analysis of temperature dependences of conductivity. 

 

Temperature dependence of conductivity 

When reviewing recent publications devoted to PVA based electrolytes, one may notice 
that the cross-linked membranes generally demonstrate linear temperature dependence of 
conductivity in Arrhenius coordinates (e.g. 17-20) whereas non-linked gels show non-linear 
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behavior (21). Present materials had shown non-linear behavior too although they were 
cross-linked (9). 

This observation combined with above findings and assumption of cross-linked surface 
layers can be verified by plotting the temperature dependences of individual Nyquist lines 
in Arrhenius coordinates. Such plot is presented in Fig. 2. It is seen that the nonlinear 
nature of the total temperature dependence is dictated by nonlinear curve of the PVA line 
while the line of cross-linked layer gives the linear temperature dependence in Arrhenius 
coordinates.  

The present result confirms two-phase nature of cross-linked PVA membranes and yields 
once more technological parameter that may be used to optimize the conductivity to 
permeability ratio. 

 

Fig. 2: Arrhenius plots of total conductivity and lines LPVA and LCL for wet cross-linked 
PVA/aluminum hydroxide gel membranes. 

 

Analysis of temperature dependences 

Simple thermally activated charge transfer, which is fitted with a straight line in Arrhenius 
coordinates, is only indirectly related with structural parameters of a conducting medium 
via activation energy and pre-exponential factor.  Arrhenius behavior of ionic conductivity 
is observed in liquid solutions and crystalline ionic conductors. Cross-linked polymers are 
generally semi-crystalline. The activation energy (0.22 eV in Fig. 2) obtained in the present 

work is close to activation energies in aqueous liquid solutions (0.11 0.17 eV) as well as 
theoretically predicted from models of Grotthuss-like hopping proton motion mechanism 
(0.11 eV) (22). It is considerably lower that activation energies of ionic conductivity in 

crystalline conductors such as stabilized zirconia, for example (0.85 1.4 eV) (23). 

It should be noted that magnitude of ionic conductivity in this phase is essentially higher 
than the conductivity in initial phase, see Fig. 2.  
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Fig. 3: Temperature dependence for LPVA line of wet cross-linked PVA/aluminum hydroxide gel 
membrane in VTF coordinates. 

Non-linear temperature dependence of ionic conductivity in amorphous polymers is usually 
fitted by Vogel-Tamman-Fulcher (VTF) equation: 

 0

0

exp AE

T T
,  [1] 

where  is ionic conductivity; EA is a segmental motion pseudoactivation energy; T0 is 

zero-free-volume temperature, and 0 is a pre-exponential factor. This equation had been 
derived as a first order approximation of two-exponential equation for viscosity of an 
amorphous solid material (24). In application to ionic conductivity it means that an ion 
moves in free volume of a viscous solid medium occurring near melting point. Temperature 
T0 is a structural parameter and lays about 60 Kelvins lower the glass transition 
temperature (25). 

Fig. 3 shows the temperature dependence of conductivity for initial phase of the wet 
nanocomposite membrane in VTF rather than Arrhenius coordinates. It is seen from Fig. 3 
that data points are good fitted by VTF function at zero-free-volume temperature T0 equal 
to 280.4 K (7.4ºC). Glass transition point for pure PVA is close to 85oC (26) but it is 
lowered in the presence of inorganic filler down to 10 Kelvins or more (19). The present 
result is hence in good accordance with the VTF approach. 

Conclusions 

Present results show that PVA based membranes generally are, or can be made, 
essentially two-phase, one phase remaining primarily amorphous and another being 
primarily crystalline. Taking into consideration different properties of two phases, 
especially in relation to ionic conductivity and methanol permeability, this phenomenon 
yields an additional parameter to control selectivity of polymer electrolytes.  
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Abstract 

In this paper are are given global information about recent low temperature polymer 
electrolyte membrane (PEM) fuel cells. Furthermore, experimental preparation and 
resistivity measurements of polyvinyl alcohol (PVA) polymer electrolyte membranes are 
described. Fundamental characteristics of fuel cells containing PVA membranes were 
measured (e. g. volt-ampere and power characteristics). 

Introduction 

With the lack of fossil fuels and the increasing amount of greenhouse gases is our interest 
in alternative power sources increasing. Fuel cells seem to be very convenient power 
source. Fuel cells are electrochemical sources of electric energy, which directly convert 
chemical energy of fuel into electrical energy. This is very useful to minimize system loses. 
Therefore, fuel cells have high effectivity (higher than 90 percent). But fuel cells don´t 
compete source of electrical energy which use fossil fuels for his work. Many types of fuel 
cell are known now and new types are now being developed. Higher prices are 
disadvantage of all types of these fuel cells. From of all types of fuel cells are PEMFC fuel 
cells the most promising (1). 

Polymer electrolyte membrane fuel cells (PEMFC) are in category of low temperature fuel 
cells. Its working temperature is in range 50 - 100 °C. Theoretical effectivity reaches 50 - 
60 %. Cells are fueled with H2, CH3OH and CH4. Principle of function of these fuel cells are 
described on the figure 1 below (1). 
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Fig. 1: Principe of PEM fuel cell function (2) 

This type of fuel cells consist of polymer ion exchange membrane with GDL enriched with 
catalyst on the both sides of membrane. This structure is called MEA (Membrane 
electrode assembly) (1). 

The properties of membranes is the key of function of this type fuel cells. Two types of 
membranes are known – acidic and alkali type. If we use acidic membrane type (Nafion) in 
fuel cell, the chemical reactions in fuel cell are following (3): 

Cathode: O2 + 4H+ + 4e-  →  2H2O E0 = 1.229 V [1.1] 

Anode: H2 → 2H+ + 2e- E0 = 0 V [1.2] 

Total summary: 2H2 + O2 → 2H2O E0 = 1.229 V [1.3] 

And if we use alkali membrane type in fuel cell, the chemical reactions in fuel cell are 
following (3): 

Cathode: O2 + 2H2O + 4e-  →  4OH- E0 = 0.401 V [1.4] 

Anode: H2 + 2OH- → 2H2O + 2e- E0 = -0.828 V [1.5] 

Total summary: 2H2 + O2 → 2H2O E0 = 1.229 V [1.6] 

Using membranes of alkali type is very useful for this fuel cell type. This type of 
membranes is not too aggressive as acidic membrane types. And when the acidic 
membrane types are used, we can substitute platinum-based catalysts. When the catalyst 
based of MnOx is used, we can reduce cost of this type of fuel cells.  

For this purpose are very suitable membranes based on PVA. The price of these 
membranes are lower in comparison with alkali and acidic membrane types, which are 
fabricated now. 
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Experimental 

Tested PVA membranes were prepared in two ways – direct chemical cross-linking and 
crosslinking initiated by UV radiation.  

Process of direct chemical crosslinking was following: 

PVA (Mowiol 15 - 99) was dissolved in hot water (95 °C). Later, after cooling a small 
quantity of glutaraldehyde crosslinker and H2SO4 catalyst was added into mixture.  Mixture 
of sample 3B was poured on the Petri dishes and let 24 hours in room temperature 
for crosslinking and next 24 hours in 50 °C for drying. After that, the membrane was three 
times washed with the destilled water to remove non-crosslinked remains of PVA, 
glutaraldehyde and H2SO4. Finally, after drying, the membrane was put into 5.6 mol/l KOH 
electrolyte. 

Process of crosslinking initiated by UV radiation followed: 

PVA (Mowiol 15 - 99) was modified by glycidylmethacrylate. Further was this mixture 
dissolved in hot water (75 °C). Later, after cooling, a small quantity of Irgacure 2959 
crosslinker catalyst was added into mixture. Mixture for sample 4 B was poured on the 
Petri dishes and let 24 hours in drying box at 50 °C. Further was membrane inserted in UV 
chamber for 15 minutes for crosslinking. Process of preparation of sample 2 B was 
analogous but this sample was crosslinked in wet state. Next was this sample dry in drying 
box. Sample 1 B was prepared as follows – PVA (Mowiol 15 - 99) was dissolved in KOH 
solution. In this mixture was a small quantity of glycerol added. Final mixture was poured 
on Petri dishes and let 24 hours at the room temperature. Further was this sample dryed in 
drying box at temperature 50 °C.  

After that, the membrane was three times washed with destilled water to remove non-
crosslinked remains of PVA, glutaraldehyde and H2SO4. Finally, after drying, the 
membrane was put into 5.6 mol / l KOH electrolyte. 

Furthermore, membrane resistivities and their possible usage in fuel cells was examined.  

Measurement of resistivity of membranes 

To find out resistivity of membranes, 4 electrodes cell, which was designed for these 
purposes, was used. The cell contains two working Pt electrodes and two referent Hg/HgO 
electrodes, which indicate voltage differences on membrane. The membrane is placed in 
the annular middle of the cell (5). 

 

Fig. 2: 4- Electrode cell designed for ionic resistivity measurements (5) 
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All the membranes underwent resistivity testing in four-electrode glass cell. Resulting PVA 
membranes resistivities are shown in table 1.  

 

TABLE:  PVA membranes resistivities 

Sample l [cm] I [A] R [Ω.cm
-2

] 

3B 0,0263 0,1 0,224 

4B 0,0179 0,1 0,049 

2B 0,1312 0,1 0,103 

1B 0,0911 0,1 0,034 

 

These membranes sized 3 x 3 centimeters were measured in the fuel cell Quintech. 
Electrodes were made of carbon paper enriched with platinum catalyst ElectroChem EC-
20-10-7 Pt. Both sides of membranes were in the middle connected to the planar 
electrodes. These MEA (Membrane electrode assembly) structures were embedded into 
Quintech cell. Subsequently, volt-ampere and power characteristics were investigated.  

Measured values of open circuit, voltage U0 and maximal values of current Imax of 
individual membranes for various working temperature are shown in table 2. Subsequently 
were from measured values deducted values of maximal power. Measured values of 
maximal power and corresponding values of current for various working temperature are 
shown in table 3. Measured volt-ampere characteristics of measured membranes at the 
working temperature 80 °C are in Figure 3. Power characteristics of these membranes for 
the same working temperature are in Figure 4.  

 

TABLE II: Measured values of U0 and Imax  

Sample 

Working temperature 
26 °C 30 °C 40 °C 50°C 60 °C 70 °C 80 °C 

U0 Imax U0 Imax U0 Imax U0 Imax U0 Imax U0 Imax U0 Imax 
[V] [mA] [V] [mA] [V] [mA] [V] [mA] [V] [mA] [V] [mA] [V] [mA] 

1B 0,894 192 0,895 230 0,9 293 0,902 393 0,902 519 0,903 613 0,903 105 
2B 0,876 196 0,88 217 0,884 290 0,893 369 0,895 463 0,892 533 0,884 570 
3B 0,906 42 0,906 39 0,917 47 0,934 54 0,935 53 0,932 29 0,92 18 
4B 0,884 86 0,882 100 0,902 123 0,911 118 0,918 88 0,916 89 0,924 113 
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Fig. 3: Volt-ampere characteristics of fuel cell in which PVA membranes is used for working 
temperature 80 °C 

 

TABLE III: Measured values of maximal power and corresponding values of current  

Sample 

Working temperature 

26 °C 30 °C 40 °C 50°C 60 °C 70 °C 80 °C 

I Pmax I Pmax I Pmax I Pmax I Pmax I Pmax I Pmax 

[mA] [mW] [mA] [mW] [mA] [mW] [mA] [mW] [mA] [mW] [mA] [mW] [mA] [mW] 

1B 109 42 126 53 186 69 232 100 352 142 390 172 600 270 

2B 116 44 129 53 198 74 234 101 336 131 367 157 393 179 

3B 24 12 29 12 36 16 42 21 43 22 28 18 18 12 

4B 33 13 59 22 81 36 114 46 79 40 86 44 126 57 
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Fig. 4: Power characteristic of fuel cell in which PVA membrane 1B is used for working 
temperature 80 °C 

 

Best results exhibits 1B PVA membrane type.  Volt-ampere  and  power  characteristics of  
PEM  fuel  cell  with  1B  PVA  membrane  are  shown  in  pictures  1  and 2.  Membranes 
must be soaked properly. When membranes lose their hydratation, performance of fuel 
cell decreases. Performance can by restored by the membrane rehydratation. 

Conclusion 

PVA membranes tested in this work seem to be suitable to be used in PEM fuel cells.  
Most convenient are 1B and 2B types with the highest ionic conductivity. High ionic 
conductivity is ensured by proper soaking of membrane in electrolyte. Thickness of 
membranes affect the ionic conductivity and power characteristics significantly. Thicker 
membranes are more convenient to be used in PEM fuel cells. For the next measurements 
of this type membranes would also be appropriate, focus on the modifications with various 
amount of glycerol.  
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Abstract 

The paper is concerned with the relation between temperature and critical crack length for 
the initiation of a brittle crack unstable propagation at the yield strength level stress. For 
the purpose of calculation, results of dynamic fracture toughness test were applied; the 
experiment was supplemented with measuring stress and deformation characteristics in a 
determined test temperature range. For comprehensive assessment of test temperature 
effects, a fractographic analysis of fracture surfaces was conducted. 

Key words: critical crack length, unstable propagation, stress and deformation 
characteristics, fracture surface, degradation process. 

Introduction 

Armour or ballistic resistant materials directed at defeating Amour piercing projectiles are 
generally selected for hardness and steel is basic armour material. High strength low 
alloyed (HSLA) steels are very often used in military as personal or vehicle protection 
plates [1,2]. They dispose of a unique combination of high strength, high hardness with 
good toughness, weldability and ease application of thermo-chemical treatment. Brittle 
fracture represents one of the most dangerous causes of machine component 
breakdowns. A whole range of both external and internal factors contributes to causes of 
brittle fracture occurrence mechanism, which results in this degradation process. 
Contemporary evaluation methods of brittle failure risk are based on the approaches of 
fracture mechanics, which, among others, allow determining a critical defect value for 
machine component function conditions [3,4,5,6 ]. In the paper, temperature effects on 
critical crack length (lKR) values for the initiation of unstable propagation at yield strength 
level stress are evaluated. The test temperature range was determined with regard to the 
working load of machine components made of ARMOX 600T steel [7]. The paper presents 
results of stress and deformation characteristics measurements as determined based on a 
tensile test and a fracture toughness test. Consequently, the probability of limit state 
occurrence in the material is assessed.  
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Experimental programme 

The experimental programme of the work concentrated on the evaluation of test 
temperature effects on critical crack length and stress and deformation characteristics 
mentioned above. The test temperatures were determined in relation to extreme operating 
temperatures, i.e. in the temperature range –80 °C to +100 °C. Quality guarantees are 
usually not required for the extreme temperatures of this range; yet, machine components 
may be exposed to such temperatures. For the experiment, ARMOX 600T low-alloy steel 
(heat no. 073335-399106) was utilised. Chemical composition of the steel according to the 
certificate is stated in Tab. 1; the certificate also states guaranteed values of hardness 
HBW = 632 and impact work Kmin –9 J at the temperature of  
–40 °C (test as per EN 10 045-1, test specimen 5 x 10 mm, U notch 5 mm deep). 

Table 1: Chemical composition (weight %) of the steel studied 
Steel/Element C Mn Si Cr Ni Mo P S Al B 

ARMOX 600T 0.41 0.69 0.26 0.47 1.97 0.337 0.007 0.002 – 0.002 

 

Dynamic fracture toughness test 

Dynamic fracture toughness tests were carried out by means of ZWICK RKP 450 iwi 
instrumented impact pendulum. In the test, the force and time relationship during an 
impact was recorded. For the dynamic fracture toughness test [8], test specimens for 
three-point bending of an A–type specimen were utilised. Dynamic fracture toughness 
tests were carried out in the temperature range –80 °C to +100 °C. For testing at elevated 
temperatures, specimens were heated by liquid medium (H2O); for testing at low 
temperatures, a mixture of liquid nitrogen and ethanol was utilised as cooling medium. 

In order to determine fracture toughness value KID, or its temporary value KQ, the force FQ 

had to be read from the graph [3] in relation to F5 and fracture force Fmax. In the following 
step, the value KQ, i.e. the value of temporary fracture toughness, was determined. The KQ 
value is a characteristic of material resistance to brittle failure initiation, and represents 
dynamic fracture toughness, on the condition that the following requirements are met. A 
requirement for a limited crack tip plastic zone, a requirement for plane deformation state 
and a requirement for very limited stable propagation. Performance conditions and the 
dynamic fracture toughness evaluation method are defined in detail in works by [3,4,5]. 
Dynamic fracture toughness test results are stated in Tab. 4. 

 

Tensile test 

The tensile test is a basic test for stress and deformation characteristics. Performance and 
conditions of this test are defined in standards ČSN EN 10 002-1 [9, 10] tensile test at 
ambient temperature, ČSN EN 10 002-5 [11] tensile test at elevated temperature. Strain 
hardening exponent n was determined in accordance with ČSN EN (ISO) 10275 [12]. The 
test was conducted using a versatile Zwick test machine. Deformation was measured by 
means of SANDNER EXA 50/50N extensometer with measured length of the 
extensometer Le=50 mm and range 5 mm. During the test, force F, elongation ∆Le and 
time t were recorded.  

In cooperation with Military Technical Institute of Protection, Brno, a test chamber was 
constructed for experiments conducted at elevated and low temperatures.  The chamber, 
shown in Fig. 1, enabled carrying out experimental work in temperature range –80 °C to 
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+100 °C. For the purpose of reaching the temperature of –80 °C, a cooling system was 
designed for the existing box utilised for tests at positive temperatures. The cooling system 
was designed as an evaporator of medium – liquid nitrogen. Oxford Cryogenics pressure 
vessel served as a storage tank for liquid nitrogen (LigN2). The medium was regulated by 
ALCON 68 series. The evaporator was made of Cu heating pipes. The area of the 
evaporator on the LigN2 side is 0.169 m2, which is approximately treble the area required 
for heat transfer at the differential of temperatures of boiling medium and required lowest 
temperature –80 °C with ice accretion of up to 2 mm. This evaporator ensured that 
residual nitrogen in liquid state would not be injected in the chamber, as it would cause 
undesirable local cooling. The environment was homogenized by a small propeller driven 
by an electromotor. Eurotherm 810 controller was used to control the supply of the 
medium in the cooling box by means of a cryogenic valve. The controller kept the 

specimen temperature within 2 °C, as required by implementing standard ČSN EN 
10002-5 [11]. 

 

Fig. 1: Scheme of cooling system 

 

Fractographic analysis 

The purpose of the fractographic analysis was to evaluate temperature effects on failure 
mechanisms in specimens after a tensile test and a fracture toughness test. The analysis 
of fracture surfaces was conducted by means of JSM 840 (JEOL) scanning electron 
microscope. The subject matter of the research was the sphere under the notch in 
dynamic fracture toughness specimens, and the edge of a fracture surface in tensile test 
specimens. 

Results and discussion of the results obtained 

The evaluation of tensile test results concentrates on two basic groups of material 
characteristics, described in section 1.2. In the first group, conditions of plastic deformation 
occurrence and development (Rp0.2, n) in the determined test temperature range are 
discussed. In the other group, fracture characteristics (Rm, A) are discussed; in 
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consequence of the fracture characteristics, final limit state occurs in the material studied, 
in direct relation to the test temperature range monitored. 

When analysing values of fracture characteristics Rm depending on the test temperature in 
steel, no significant effect of temperature on the Rm quantity values was proved.  

When determining the value of ductility A5 in ARMOX 600T steel, decrease was identified 
at low test temperatures, i.e. at 0 °C (by approx. –14.8 %), –60 °C (by approx. –5.6 %), –
80 °C (by approx. –11.7 %), if compared to the value measured at +20 °C. It follows from 
the graph that the quantity measured clearly decreases at 0 °C, between –20 °C and +20 
°C. 

 

Fig. 2: The relation between test temperatures and ductility values A5 

 

Based on the result comparison (Tab. 2) in the test temperature range –80 °C to +100 °C, 
changes can be observed in measured values Rp0.2, at test temperatures –80 °C and –60 
°C, if compared to values determined at +20 °C. In steel (Tab. 2), the Rp0.2 values 
increased at –60 °C (by approx. +2.44 %), –80 °C (by approx. +2.9 %). At 0 °C, increase 
in the measured quantity value is apparent if compared to values measured at –20 °C and 
20 °C. 

Table 2: Proof strength results  
Temperature –80 °C –60 °C –40 °C –20 °C 0 °C 24 °C 40 °C 60 °C 80 °C 100 °C 

Rp0.2[MPa] 1497.5 1490.0 1479.5 1452.5 1469.0 1453.6 1458.5 1431.0 1442.5 1445.0 

 

The effects of test temperature on the degradation process occurrence and development 
were proved, in the material tested, upon exceeding the proof strength, based on 
measured quantity of strain hardening exponent n (Tab. 3). Here, n value increased from 0 
°C, specifically, at 0 °C (by approx. +7.8 %), –20 °C (by approx. +10.5 %), –40 °C (by 
approx. +10.8 %), –60 °C (by approx. +12.8 %), and –80 °C (by approx. 13.4 %). The n 
value also increased at test temperatures +80 °C and +100 °C, specifically at +80 °C (by 
approx. +5.1 %), and +100 °C (by approx. 13.9 %). 
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Table 3: Hardening exponent results 
Temp –80 °C –60 °C –40 °C –20 °C 0 °C 24 °C 40 °C 60 °C 80 °C 100 °C 

n [–] 0.11525 0.11435 0.11185 0.11115 0.10815 0.09977 0.09735 0.09995 0.1051 0.1159 

 

The dependence values for the material characteristics specified are stated in Fig. 4. What 
is interesting about these values is the effect observed at 0 °C. At this temperature, the 
ductility value decreases, and also minor anomalies can be observed in the yield strength 
and ultimate strength values.  

The relation between dynamic fracture toughness and temperature is stated in Tab. 4. 

Table 4: Dynamic fracture toughness test results 
Temperature –80 °C –60 °C –40 °C –20 °C 0 °C 24 °C 40 °C 60 °C 80 °C 100 °C 

KQ[MPa.m
0,5

] 51.309 55.851 58.851 65.144 63.917 71.418 71.976 73.675 74.561 75.643 

 

The toughness level of the steel studied is better characterised by a basic dimension value  
– critical crack length for the initiation of unstable propagation lKR at the yield strength level 
dynamic stress, determined as follows: 

 

2

2,0

1

p

Q

KR
R

K
l

  (1) 

In this simplified relation, the calibration function expressing a crack and specimen shape 
and their mutual configuration, is excluded. Its inclusion would decrease the crack size for 
common configuration by approx. 3x, and up to 10x for extreme configurations. The 
calculation is, however, sufficiently illustrative for the sake of comparison. Also, the 
calculation of critical length based on static yield strength is also partly inaccurate. The 
yield strength corresponding to the loading speed would be higher, which would also 
decrease the value of calculated lKR and thus the risk of brittle fracture occurrence (lKR 
values are shown in Fig. 3). 

 

Fig. 3: The relation between temperature and critical crack length lKR 

Experimental measurements proved that virtually entire experimentally evaluated 
temperature range is critical for the material characteristics KQ and derived critical crack 
length values. At 0 °C, lKR decreases, which corresponds with changes in properties that 
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also reflect in basic strength and plastic characteristics. Critical crack size decreases with 
temperature; with regard to its level over the entire measured range, the risk of brittle 
failure may occur under adverse shaping effects and loading conditions (e.g. extremely 
high deformation speed). Critical crack lengths do not exceed 1 mm even at temperatures 
over 20 °C. 

 

Fig. 4: The relation between temperature and measured material characteristics 

 

Fractographic analysis 

The failure mechanism in specimens after a dynamic fracture toughness test below 0 °C 
was a combination of transcrystalline cleavage and transcrystalline ductile failure. In case 
of testing at elevated temperatures, the failure was transcrystalline ductile. Steel fracture 
surface morphology is different, in particular for temperature of –80 °C, where unstable 
propagation immediately starts from a fatigue crack, which is demonstrated by quasi–
cleavage character of the fracture surface. Even at 100 °C, the area of stable crack is very 
narrow; the area of unstable crack propagation has dimple micromorphology with very fine 
dimples. Their distribution virtually corresponds with quasi–cleavage planes of the 
structure, and signalizes lower toughness level. The fractographic analysis of fracture 
surfaces after the evaluation of stress and deformation characteristics proved 
transcrystalline ductile failure over the entire range of test temperatures. 
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Specimen 140 

Tz = –80°C 
× 1000 zoom 

transcrystalline ductile 
 (fracture surface edge) 

 
Specimen 90 

Tz = 0°C 
× 1000 zoom 

transcrystalline ductile 
 (fracture surface edge) 

 
Specimen 52 
Tz = 100°C 

× 1000 zoom 
transcrystalline ductile 
 (fracture surface edge) 

Fig. 5: Fracture surface morphology after a tensile test 

 
Specimen 60 
Tz = –80°C 

× 1000 zoom 
transcrystalline cleavage 

 (by a crack) 

 
Specimen 42 

Tz = 0°C 
× 1000 zoom 

transcrystalline cleavage 
and the rest transcrystalline 

ductile 
 (by a crack) 

 
Specimen 25 
Tz = 100°C 

× 1000 zoom 
transcrystalline ductile  

 (by a crack) 

Fig. 6: Fracture surface morphology after a dynamic fracture toughness test 

Conclusion 

The paper provides results of a dynamic fracture toughness test, when, based on 
experimentally determined data KQ, the value of critical crack length for the initiation of 
unstable propagation lKR at yield strength level stress was determined. The experimental 
programme included a fractographic analysis of fracture surfaces in specimens after a 
dynamic fracture toughness test and a tensile test. The results obtained can be 
summarized as follows: 

 Based on the comparison of lKR values, the risk of brittle failure occurrence may be 
expected over the entire range of test temperatures –80 °C to 100 °C; at yield 
strength level stress. 

 At 0 °C, the proof strength, ductility and critical crack length  values decrease if 
compared to the values determined at –20 °C and 24 °C; based on the values and a 
fractographic analysis, the test temperature of –20 °C, (or possibly 0 °C) may be 
considered as the temperature, at which the limit state occurrence in ARMOX 600T 
steel is most probable; 
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 On fracture surfaces of specimens after a dynamic fracture toughness test, even at 
0 °C, certain proportion of quasi–cleavage transcrystalline fracture morphology 
occurs along with ductile failure morphology. 
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Abstract 

The paper presents results of study of mechanical and chemical properties of ZrN and 
ZrN/DLC coatings. These coatings were deposited on martensitic stainless steel surgical 
instruments by using PVD arc deposition. After treatment, SEM microscopy, laser confocal 
microscopy, micro-hardness and indentation test were used to characterize surface 
morphology, thickness, hardness and adhesion.  

Introduction 

Possibilities of applications of PVD or CVD thin films are increasing. Medicine is one of the 
fields where are these coatings used. Implants, prostheses, wires, stenos instruments are 
coated by different type of PVD coatings like TiN, TiCN, ZrN, diamond like carbon 
(DLC).[1,2,3] 

Biomaterials which are used in human body have to satisfy following requirements – they 
have to be minimally biotolerant, mustn’t initiate reaction with tissues, have to have good 
adhesion. Nowadays is increasing interest of small praxis in surgical instruments that are 
colored in their official’s colors. These requirements need a new approach in coating 
combination. Zirconium nitride is and attractive materiál because of its excellent chemical 
a physical properties. It has high chemical a thermal stability and high hardness and 
abrasion resistence. I tis widely applied as diffusion barier, has excellent erosion 
resistance and exhibits high hardness, good lubricity and ductility [2,3]. Diamond-like 
carbon (DLC) has emerged as a potential material in recent years due to its high 
hardness, low frictional coefficient, high wear and corrosion resistance, chemical inertness, 
high electrical resistivity, infrared-transparency, high refractive index, and excellent 
smoothness. All these properties match well with the criteria of a good biomaterial for 
applications in orthopedic, cardiovascular, contact lenses, or dentistry [4,5,6]. 

This work is interested in the properties of ZrN and ZrN\DLC coatings deposited on real 
medical instrument made from AISI 420 stainless steel. 
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Experimental details 

All investigated coatings were deposited on real eye scalpel. ZrN was deposited on blade 
and ZrN\DLC coating was deposited on scalpel holder. The coatings were deposited on 
two steps firstly was deposited TiN coating afterwards was coated by ZrN coating. The 
second step ZrN coating was coated by TiN and DLC coating. 

Microstructure of multilayered coating was investigated by confocal microscopy. Surface 
microhardness of coatings was measured by Vickers method. Load was in range of 
0.001N –  

 

Fig. 1: Photo of coated scalpel 

9.81N dwell was 12s.Adhesion test was performed on both parts of scalpel. I was used 
Rockwell C indenter with load 1471N.  

Results 

Fig. 2 shows an optical micrograph of a cross-section of the surface of an coated scalpel. 
The multilayered coating is composed from 5 layeres. The first and third is TiN coating 
thicknesses of this coating is 0.5 µm. The second and fourth layer is ZrN coating 
thicknesses of these coatings are 2 and 1.5 µm. DLC coating is the last layer and 
thickness of this coating is 3.5 µm. The total thickness of ZrN coating reached 4.5 µm and 
ZrN\DLC coating reached 7 µm. Fig. 3 shows results of indentation test which was applied 
on ZrN\DLC coating. Picture show that around indenter DLC coating abrupt. This damage 
shows that adhesion of DLC on ZrN substrate is very poor. The level of adhesion is HF5.  
Fig. 4 show results of indentation test of ZrN coating, detail of picture shows that around 
indenter there are no cracks or delamination of coating the level of adhesion is HF 1. The 
surface hardness of coatings (Fig. 3.) showed that the highest values 3141 HV0.01 
reached ZrN\DLC coating. ZrN coating reached the highest value 2484 HV0.01. 
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Fig. 2: Cross sectional microstructure of coated scalpel 

 

    

Fig. 3: Adhesion test of ZrN\DLC coating 

Conclusion 

In this study PVD coated surgical instrument was investigated. Two types of coating ZrN 
(blade) and ZrN\DLC (holder) were compared.The results showed that ZrN coating has 
very good adhesion on blade surface, adhesion of DLC coating on ZrN was very poor, this 
can be due to insufficient roughness of holder surface. Microhardness results shows that 
coatings increase very significantly surface microhardness. The results demonstrated that 
we must approach with caution when choosing coatings, and not all combinations are 
suitable for coating surgical instruments. 
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Fig. 4: Adhesion test of ZrN coating 
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Fig. 5: Surface microhardness of coatings 
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Abstract 

The aim of this article is to introduce a possibility of use a wind turbine in education 
process. The students will be able to measure the efficiency of wind energy to electricity 
transformation. To reach this goal there will be a laboratory workplace assembled. The 
workplace will contain a 100 W wind turbine, lead accumulator, measuring instruments and 
multiplexor. The measurement will be carried out be using a software interface special 
created to this purpose. 

Energy and wind power 

It is possible to express the energy of moving mass its kinetic energy with following 
equation:  

  (1) 

where m is mass and v is wind velocity. 

For mass m applies relation 

  (2) 

where A is surface, which the wind volume flows through and s is trace, which cover the 
moving wind. 

From describe equations it is possible to calculate the wind power through a surface unit 

  (3) 

where velocity is 

  (4) 

in witch is s the trace and t is time. 

  (5) 

From final equation (5) is clear, that wind power through a surface unit is direct 
proportional to the air density and third power of wind velocity. 

To become some power from wind turbine, the wind turbine needs to remove energy from 
wind, with is reached by slowing the air flow. In ideal case there will by efficiency of energy 
transfer one hundred percent. For such efficiency it will be necessary that the wind turbine 
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fully stops the air flow. But when the wind is moving, its do not stops before obstacles but, 
excepts for increasing pressure ahead of it, it is flowing around the obstacle. Already in 
year 1919 Albert Betz calculate, from the aerodynamic lows that theoretical highest 
possible efficiency of a wind devices is about 59.3% it is called the Belz limit[2,3]. 

The Betz limit applies to all wind droved machines. When we thing like Betz about 
horizontal wind turbine whose blades defined a swept area (disc perpendicular to the air 
flow). Then the wind long before disk plane flow undisturbed with velocity v1 and far 
beyond the disk plane with velocity v3 because the blades are a retardant obstacle. Betz 
starts with the assumptions that the velocity in disk area is average velocity v2 from 
velocity before and behind the disk plane: 

  (6) 

This assumption was confirming by Rankie – Froude theorem. There cannot be a velocity 
change by trespassing the disk plane (otherwise in the disk plane will be cumulated the air 
mass or it will leave a vacuum) so in the nearest distance before and behind the disk plane 
is constant velocity v2[3]. 

The rate at which mass streams across the swept area, A, is: 

  (7) 

The mass m in air flow before the disk plane have the velocity v1 and carrier energy

, and when is the mass rate  its carrier the energy . Far behind the disk plane 

is the energy of air flow . So the disk removed power from wind according to 

equation 8. 

  (8) 

When we compare the removed power and power of undisturbed wind with the same area 
A then: 

  (9) 

This ratio is  function with reach its maximum when it is  (Fig. 1), so the wind 

velocity behind the disk plane have one third of velocity before the disk plane. 

In this case is the maximum power calculated from equation 9: 

  (10) 

which is the Betz limit. 

So the maximum theoretical power available from wind turbine is[3]: 

  (11) 
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Fig. 1: The v3/v1 function for Betz limit with maximum at 0.33 

 

Measuring workplace  

A laboratory workplace will be assembled on with students can test the function of the 
wind turbine as renewable electric energy power source (Fig.2). There will be familiar with 
changing electricity power source and its economy. 

The students with by help of anemometer measured the wind velocity and calculated the 
wind power and on a resistance load they will measure the voltage and current and 
calculate instantaneous power supplied. From input and output power they will define the 
efficiency of wind turbine. The students will record fluctuation of power output through the 
time of laboratory lessen and plotted a graph. The students will be educated how work with 
such unstable power and haw is this problem usually solved. 

With the lead-acid battery they can visually verified a possibility of use a small wind turbine 
as power source at home for standard network appliances in a isled involvement. 
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Fig. 2: The workplace block scheme 

Wind turbine JTP-100 

It is a horizontal axis wind turbine with five blades rotor. Nominal output voltage is 12 V. 
Output power is 100 W at wind volume 12 m·s-1. The starting wind volume is 3 m·s-1 and 
maximal operating wind velocity is 20 m·s-1. When is this highest wind velocity 
overstepped, is the electromagnetic brake activated and the rotation speed is decreased 
(the nominal output power dependence on wind velocity is on Fig. 3). The wind turbine 
proportions including the pedestal are 725×648× 680 mm and the gross weight is 6 kg[4].  
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Fig. 3: The power curve for JTP-100 wind turbine 

 

The wind run the propeller blades and so transform the wind energy to turning force, with 
rotates the rotor inside a generator stator. The propeller blades are designed to be stable 
in degradation environmental influence. 

The main generator inside the turbine is a synchronous generator with permanent magnet. 
The function of generator is to transfer the mechanical force of rotating rotor to electricity 
current generated in stator. In wind turbine JTP 100 is one generator. Behind the 
generator is an integrated circuit, with rectify generated alternating voltage to direct voltage 
also its watch overvoltage and send a signal to the electromagnetic brake in case of need. 

Another part is yawing and slip ring in the pedestal of wind turbine. The ring is crated so 
that the turbine can rotate in 360° and make possible the current transfer without a cable 
connecting. 

Rudder serve to turning the wind turbine so that the propeller blades are perpendicular to 
the wind flow and so the efficiency stay on the maximum possible value[4]. 

Charging controller 

The task of  charging controller CC-100-12 is to keep the output voltage on constant level 
for battery charging, meanwhile the input voltage (output voltage from wind turbine) 
variance in range of 8 V to 20 V. Part of the charging controller is an evaluation device, 
with obstruct that the wind turbine work in unsuitable conditions. 

The charging regulator is carrying that the battery is not overcharged. The better types of 
regulators are sets so that they protect the wind turbine to run in no load mode (can cause 
rapidly increase of rotor speed) and break or stopped the wind turbine when the battery is 
full charged[2,4].  
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Batteries 

In laboratory measurements is 12 V and 74 Ah capacity battery used with six cells. The 
nominal voltage of one lead-acid cell is 2.1 V and it is not discharging more than to 1.6V. 

More than 150 years passed from discovery of lead-acid battery. During that time lead-
acid batteries become widely used in many kinds of applications that needs cheap and 
reliable electric power source. SLI (Starting, Lighting, Ignition) batteries are known the 
most. Lead-acid batteries are easily recyclable so when they are properly returned for 
recycling they don't mean threat for environment. Overall reaction taking place in lead-acid 
battery is: 

    (12) 

When the battery is discharged there is lead sulfate on both electrodes. When the battery 
is charged then there is lead dioxide on the positive electrode and spongeous lead on the 
negative one. Electrolyte is made of water solution of sulfuric acid and its concentration 
rises with increasing charge of battery.  

Anemometer 

For wind velocity measuring will be use an anemometer, with will be installed next to wind 
turbine. Used anemometer will measured the wind velocity to 50 m·s-1 (i.e. until 180 km·h-

1). As sensor is used classical mechanical propeller with three blades. The wind direction 
will be measured in 360° range and that in 16 positions. The anemometer will be 
connected to control computer with Ethernet network. 

Rectifier 

It will be used a 300 W rectifier, which by use of semiconductor components transfer the 
DC voltage to AC voltage. So crated voltage can be subsequently transfer with transformer 
help to required output voltage, in our case 230V/50Hz. The rectifier generated modified 
sinus wave (Fig. 4). The power of rectifier indicates the maximum possible power transfer 
that means power, with is able transform from input DC side to output side. The efficiency 
of rectifiers (e.i. ratio of power output to the input) is by commonly used devices about 90-
98%.  

 

Fig. 4: Compare modified sinus wave (dashed line) with sinus wave (solid line) 
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Abstract 

The paper firstly outlines control strategies for all three cooperating energy sources of 
TriHyBus and conditions for their cooperation.  For optimization of routine operation of the 
bus a mathematical model in MATLAB© - Simulink© has been developed at Department of 
Power engineering, Faculty of Electrical engineering, Czech Technical University in 
Prague. The solution of power flow consists of control strategies for fuel cell, charging of 
batteries and supercapacitor, and conditions for both limiting situations: lack and surplus of 
energy on the main bus.. In the second part of the paper the MATLAB© model is tested 
and verified by data obtained from the actual operation of the bus and the conclusions 
about differences between the model and the actual operation are made. 

Introduction 

Hydrogen is one of the promising fuels for the future, in sector of transport even one of the 
most promising. Not only for undeniable ecologic advantages, but because in many 
technical aspects hydrogen exceeds other “clean” sources of energy which are in transport 
under review. If their technical comparison with electric cars is made, hybrids with 
hydrogen as a main fuel beat pure electric cars because of weight, volume and time of 
filling up. Concerning size and heaviness of Li-ion batteries the both would be significant 
restriction for bigger applications as buses, or trucks. Hydrogen could reduce these 
parameters without simultaneous reduction of operating range. City transport is one of the 
most important public areas connected with the energy consumption. Mostly for these two 
reasons a project of testing of hydrogen bus entitled “Research and Development of 
Advanced Control Systems for Hydrogen Technologies” was selected as the pilot project. 
Four companies – ÚJV Řež (the main coordinator), Škoda Electric (traction system, 
completion), Proton Motor (fuel cells), IFE Halden (interfaces), have united their forces in 
consortium and as the result TriHyBus is operated in Neratovice as a shuttle bus from 
2010. The concept of triple-hybrid bus (TriHyBus) is characterized by combination of three 
advanced technologies: fuel cells, Li-ion accumulators and supracapacitors. The main 
energy source is electricity, generated by the fuel cell (manufactured by Proton Motor), 
with a nominal output of approximately 50 kW. Other key parts are 28 kWh Li-ion 
accumulator for energy recuperation during braking, and a bank of supracapacitors (more 
than 200 kW) to cover the current peaks during starting up and acceleration. Cooperation 
of all three source elements of motion has to be optimized by the appropriate strategies in 
order not to have undesirable lack or surplus of energy on the main bus. One of the main 
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objectives of the whole project is to create predicative control of propulsion by defined 
speed and altitude profile. A bus of this kind is supposed to shuttling between two points 
and number of such routes for one vehicle is always restricted and does not change often. 
For a public transport in a city or around a city the specific route could be analyzed after 
several rides with data of on-board computer of the bus and with valid collection of data 
the optimal strategy for the route could be created. For these two objectives (optimization, 
predication) a computer model has been created at Department of Power Engineering 
CTU in Prague. Because of poor availability of real charging and discharging 
characteristics of Li-ion accumulators, the model was firstly created in Mathematica© (Jan 
Kyncl) which is suitable for theoretic modeling with equations and where theoretical model 
of each energetic component was verified. Secondly, it was transferred to MATLAB© – 
Simulink© (Zbyněk Brettschneider), which is better for dynamic simulation of the bus ride. 
As the final step, the functionality of model has to be proved by valid data from the on-
board computer. The paper shows some important points in the process of verification and 
determines possible ways of improvement.  

The modeling of hybrid propulsion 

Acceleration 

Two tables are read in the initialization file: 

 Speed profile v=f(x) 

 Altitude profile h=f(x) 

The final distance is divided to linearly spaced vectors in which values of speed are 
interpolated. Because the two tables can have different ranges the higher one is always 
chosen for maximal size of the linear space. From “altitude profile” the second vector is 
prepared in the same linear space as the interpolated difference between two altitudes of 
the file. For speed the linear interpolation was chosen because the model always takes 
particular value of demanded speed to which the bus will accelerate, and for altitude 
differences polynomial interpolation was chosen because these differences are used in 
each step in “power flow” calculations.    

One step of the simulation begins by calculation of the total power needed Psum and power 
losses Plosses. Current acceleration is computed of it by equation 

a= (1/mbus v) (Psum - Plosses) 

where power losses Plosses is the sum of three elements - drag, height gradient, and 
friction. 

Drag power losses: 

Pdrag=0.5 v3 k cx 

where  is air density [kg/m3], v is speed [m/s], k is the constant of suspension, cx is the 
drag coefficient. 

Gradient power losses: 

Pgradient= mbus g dh v 

where mbus is the weight of TriHyBus [kg], g is gravitational acceleration [m/s2], dh is 
difference of altitude [-]. 
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Friction power losses: 

Pfriction=mbus g v (CRF/rwheel) (1/sqrt(1+dh2))   

where CRF is the coefficient of rolling friction [mm], rwheel is radius of wheel [mm]. 

The total power Psum is the sum of power losses Plosses and power for overcome of inercia 
Pinercia. 

Power for overcome of inercia: 

Pinercia=mbus a v 

where a is the actual acceleration of TriHyBus [m/s2].  

Current acceleration is compared with value obtained of speed profile. The difference 
between them is the acceleration demanded which is input for new calculation of Psum and 
the beginning of new iteration.  

Strategy for charging of battery and supercapacitor 

Equivalent diagram of charging system is on Fig. 1.  

MDC/AC

Pbus

Uc

Ic
Id

Udd

       Icharg

Pcharg

Uq

 

Fig. 1: Equivalent diagram of charging system 

 

If voltage on battery Uq is equal or higher than voltage on supercapacitor Uc, the ideal 
diode used in the equivalent schema as a voltage switch is open (diode´s forward 
direction) and battery is giving the power to motor. Its voltage Udd was given at 1 V. 
Otherwise, only the supercapacitor is connected to bus (diode´s reverse direction). In the 
both cases, the derivative of charge over time and derivative of voltage on supercapacitor 
over time are computed, integrated and a new evaluation of the condition is made.  

Battery is charging (charging power Pcharg is a constant) only when condition (Charge on 
battery q < Maximal charge Qmax AND Voltage on supercapacitor Uc > Voltage on 
supercapacitor computed of Qmax) is TRUE.  

Supercapacitor is charging by immediate surplus of energy on the main bus. It can be 
streamed of breaking (recuperation of energy to supercapacitor) or of fuel cell by rapid 
power drop because of its low dynamics. However, if the surplus of energy is higher than 
the system can handle, it has to be directed to breaking resistor as Pwaste. This state, 
surplus of energy, the model has to recognize, as the opposite case, lack of energy, and 
adjust adequately power flow.  
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Strategy for fuel cell 

Strategy of the fuel cell is the most important task for optimization. Fuel cell power is 
dependent on voltage on supercapacitor Uc. If Uc drops below 90 % of its maximum (680 
V), the fuel cell will begin to supply to the main bus. Of 60 % of maximum voltage on 
supercapacitor the fuel cell works on maximum power.  

Dependence of fuel cell power on voltage on supercapacitor is limited by these three 
points: 

 Fuel Cell Initial voltage  
o VFCStart = 0.9  Maximal Voltage on Supercapacitor 

 Minimum Fuel Cell Power (of Maximum Fuel Cell Power PFCMax=50 kW) 
o PFCmin = 0.2 PFCMax  

 Fuel Cell Maximum Voltage  
o VFCMax = 0.6 Maximal Voltage on Supercapacitor 

 

Power flow  

Efficiency of 

motor

Efficiency of 

fuel cell

Efficiency of 

charger

          Pfc

         Pfc1

          Pdrive

           Pwaste           Pother

      Pbus

Pchargbatt1

             

Pchargbatt

         Pmech

Charging 

system

 

Fig. 2: Pover Flow - schema 

 

The main schema is on Fig. 2. If the power balance is changed by the requirements from 
external files, the ability of system to deliver the required power has to be tested. Two 
values of power are computed – for electrical Pelmax and for mechanical part Pmechreal. 

The maximum electrical power Pelmax is compared with the power limit of the bus and if it 
exceeds, the limit is set as the maximum achievable power. The model tests whether there 
is enough energy by comparing Pelmax and Psum. If Psum is higher than Pelmax the system 
does not enough energy and Psum is adequately restricted before the new iteration.    
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Verification of model 

On-board computer of TriHyBus collects data of each route to file in format csv which is 
simply transformed to EXCEL supported by Matlab© commands. 

 

Fig. 3: On-board computer output 

 

Variables monitored: 

 Time (s) 

 Fuel cell power (W) 

 Battery power (W) 

 SOC (state of charge) (%) 

 Voltage on supercapacitor (V) 

 Power on the main bus (W) 

 Pother (W) 

 Speed (m/s) 

 Level of H2 (%) 

 Level of N2 (%) 

 Altitude (m) 

 Latitude (°) 

 Longitude (°) 

For loading data of log to model, the Block 3 (loading of speed profile and altitude profile) 
could be copied for each demanded input and connected with the appropriate output of the 
model to one Scope, so the comparison can be made very easily. 

The predicative simulation of acceleration is on Fig. 4 and consists of three sub-scopes 
with time on axis x – of bottom there is a distance, in the middle the demanded speed is 
compared with actual, and at the top acceleration caused by the demanded speed in limits 
of constants aplus and aminus. 
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Fig. 4: Simulation of acceleration (x=f(t), v=f(t), a=f(t)) 

The simulation of acceleration turned up to be successful, but in case of charge q and 
voltage on supercapacitor Uc the result cannot be displayed without substantial distortion. 
The format of external inputs – speed profile and altitude profile is the main problem. If the 
bus stops for a while (crossroads, jams) the distance in the log does not change. But 
Matlab© needs a function what means that one input cannot be related to more outputs. 
The simplest solution is to edit the log in the initial file by for-cycle and to erase all 
duplicate inputs. But even if the bus stops, the charging and discharging of batteries and 
supercapacitor continue.  Therefore, for the city transport the chosen solution is very 
inconvenient, because of huge distortion. For the long distances without pauses, the 
results are satisfying and they prove of rightness of chosen strategy as can be seen on 
Fig. 5, where the first third of simulation is in order, but the rest is distorted by the problem 
described above.  
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Fig. 5: Simulation of power flow –comparsion of Pmech of on-boar komputer and the model 

Future improvement 

The format of external inputs has to be changed because of distortion of outputs described 
above. Alteration of distance to time (v=f(t) and h=f(t)) is the best solution of the problem.  

The change of constants to functions will be the main improvement in the next steps of 
model building. There are prepared blocks for efficiencies which are constants now, but in 
the future they will be functions of power. The same improvement will be made with 
maximal and minimal charges on battery Qmin and Qmax, so the computation of charge q 
and Voltage on supercapacitor Uc will be more accurate. 

Conclusion 

The verification proves of model functionality. The second step of the research, creation of 
predicative strategy for hybrid vehicles, was the main objective for creation of model and 
its implementation will be one of the main results of the whole project. After changing 
format of external inputs, the optimal way of predictive drive control will be constructed and 
implemented to on-board computer of TriHyBus. 
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Abstract 

Fast-chargers improve dominantly the practical usability of electric vehicles because they 
enable to charge the traction accumulators during short time periods (ones of hours or 
tens of minutes). Nowadays “on board” fast-chargers are required instead of heavy and 
large stationary solutions. Therefore stronger requirements on high power/mass and 
power/volume ratio appear. 

This paper introduces fast-chargers developed by the authors for concrete users. The high 
power/mass and power/volume ratios are achieved using a non-tradition DC/DC converter 
operating at a very high switching frequency. Progressive silicon-carbide semiconductors 
are used in this converter. A modular conception was chosen, each charger module 
provides output parameters 140V/100A. The modules can be easily connected to series to 
create a fast-charger for an accumulator with any desired voltage. The developed devices 
are constructed as auxiliary portable devices (not „on board“). Their dimensions are very 
small and so the devices can be placed always in the vehicles. Then the charger can be 
plugged-in to the common grid 3x400V anywhere to charge the traction accumulator.  

Introduction 

The fast-charging is an important segment of the electro-mobility problems. It is developed 
very quickly. A DC/DC converter (switching supply source) with a high-frequency pulse 
transformer is the core of a modern fast-charger. Only “forward types” of converters can be 
used due to the high power demand. The presence of the pulse transformer is necessary 
because the galvanic separation between the output terminals and supplying grid is 
demanded (safety reasons). Converters used in these chargers (tens of kW) are 
commonly based on IGBT transistors and their switching frequency does not exceed 
approx. 40kHz.  

New development trends (as that one described in this paper) demand a rapid increasing 
of the switching frequency. This way the dimensions of wound components (power 
transformers and choke coils) are strongly decreased.  

However the increasing of the switching frequency brings the necessity to use faster 
switching transistors in order to eliminate their switching losses. Fast transistors MOSFET 
from INFINEON (so called CoolMOS) were used in the introduced devices. The usage of 
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these transistors with extremely short switching-on and switching-off times requires the 
usage of extremely fast diodes in the power circuitry with minimum reverse recovery and 
forward recovery effects. The diodes operate in the converter under hard conditions with 
high reverse voltage, high forward current, high operating frequency, high di/dt slope 
during the diode opening and high du/dt slope during their closing. The only usable diodes 
in this application are silicon-carbide diodes (SiC).   

Developed fast-chargers operate with an unusually high switching frequency of 100 kHz at 
the power 14 kW, 16 kW, respectively 48 kW. This progressive solution brings the 
advantage of low weight and dimensions. 

The fast-chargers were developed and completely realized in the Department of power 
electrical and electronic engineering (FEKT VUT Brno). Similar powerful fast-chargers with 
so low dimensions are not commonly available in the market. 

Converter conception 

The topology of the converter power circuit was created with respect to maximum 
simplicity. This is why various variants of resonant or quasi-resonant converters were 
rejected. The absence of switching losses in these variants enables to use a higher 
switching frequency with relatively slow semiconductors, but the complicated power 
circuits lead to a higher price. Also the controllability of these converters is limited. 

Very fast high-voltage switching transistors MOSFET (concretely CoolMOS from 
INFINEON) used instead of common IGBTs enable a high switching frequency in the 
simple topology with hard switching. The total switch-on and switch-off times of these 
transistors are only about 100 – 150ns. Therefore the high switching frequency does not 
represent unacceptable switching losses. The commutation losses of diodes in the 
secondary rectifier are avoided using progressive diodes from silicon-carbide. These 
diodes must be used also in the primary power circuits.  

It is advantageous to avoid using double-acting converters at the extremely high switching 
frequency 100kHz (for such high powers). The realization of reliable „dead-time“ at the 

switching period 10 s would be a complication. We use two single-acting forward 
converters (half-bridges). The topology is clear from Fig.1. 

 

2

DCU  

2

DCU  

i2A 

i2B ILB 

ILA 

 

Fig. 1: Topology of the power circuit (principle diagram) 

The three-phase input voltage is rectified with a simple passive diode six-pulse rectifier 
with a very low output capacity in the DC link. The DC link (560V) is split (2x280V) so the 
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two converters are connected to series on the primary side. Each converter is supplied 
from the half DC voltage 280V. This enables to use transistors with reverse voltage only 
600V with much lower switch-on resistance than those for 800V or 1200V. This brings a 
reduction of conducting losses. 

The converters don ´t work to a common choke (as usually) but each of them must have 
its own choke. In such configuration a natural negative feedback mechanism is present in 
the circuit which ensures the voltage symmetry of the split DC link without any additional 
control. 

There are very strong requirements on the drivers for fast CoolMOS (ringing suppressing, 
extremely low parasitic capacity of the galvanic separation). Also complications in the field 
of EMC are strong. The parasitic inductances in some parts of the power circuit must be 
extremely minimized (geometry lay-out). Also the problems of the transformer leakage 
inductance have a significant importance. 

All these problems are known from common converters but the negative influence of all 
the parasitic effects is much higher in the application with extremely high power and 
frequency. This is why nowadays only few companies are able to construct such devices.  

Basic description and user parameters 

The basic technical specifications of the developed fast-chargers are in Tab.1. 

Table I: Basic technical specifications of the charger. 

Type RN14-140 RN16-380 RN45-450 

Max. steady output DC current 100A 42A 100A 

Max. output DC voltage 140V 380V 450V 

Max. steady output power 14kW 16kW 45kW 

Supplying (standard grid 50Hz) 3x400V 3x400V 3x400V 

Switching frequency 100kHz 100kHz 100kHz 

Weight ca 25kg ca 25kg ca 60kg 

Dimensions 37x26x35cm 37x26x35cm 37x26x80cm 

 

The fast-chargers are realized as functional patterns to verify the conception in the real 
practical usage. They are not solved as “on board” devices but as compact portable 
devices with uncommonly low dimensions and weight. 

Type RN14-140 was developed for a concrete user of electric vehicle Peugeot 106 Electric 
with NiCd accumulators. This charger is equipped with a cascade voltage control with a 
slave current loop (adjustable current limit). The required voltage value is ca 145V and the 
maximum charging current can be chosen 10A, 20A, 50A or 100A. This device is finished 
and is practically used. 
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Fig. 2: Fast-charger RN14-140 (front view) 

 

Fig. 3: Fast-charger RN14-140 (see-through upper cover) 

Type RN16-380 was developed for a small electric plane. This plane is equipped with Li-
ion accumulators and cooperating BMS circuits. The BMS serves as the master voltage 
control system at the charging process so it commands the charger via a control signal 
(actual required charging current). This charger was finished in the laboratory and is still 
waiting for the practical use (while the plane is not finished). 

 

Fig. 4: Detail of some control and driver circuits (RN16-380) 
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Fig. 5: Fast-charger RN16-380 (upper cover removed) 

Type RN48-480 is developed for the same user as the RN14-140. It is matched for the 
electric vehicle SUPER-EL with Li-ion accumulators (Skoda SUPERB rebuilt to an electric 
vehicle by the company EVC Group). With respect to the higher weight (60kg) this most 
powerful type is equipped with wheels for a simpler manipulation. This device uses three 
power modules RN14-140 (the conception is modular and the output parameters can be 
configured using a serial or parallel ordering of several modules). The development of 
RN48-480 is not finished, the circuitry of the device must be debugged yet.  

 

Fig. 6: Fast-charger RN48-480 (upper cover removed) 
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Ringing problems 

Dangerous parasitic high-frequency LC oscillations (so-called ringing) are a specific effect 
of very fast switching MOSFETs and have to be suppressed with a sufficient power circuit 
construction and driver design.  

Thanks to the leakage of the transformer the load current transformed to the primary side 
of the converter helps to charge very fast the parasitic capacity of the transistors (drain-
source) at the transistor switching-off. This enables a high du/dt slope of the rising voltage 
drain-source. (In no-load state only the small magnetizing current would charge the 
transistor parasitic capacity slowly.)  

The high du/dt slope excites parasitic high-frequency LC oscillations in the drain circuit 
(see Fig.7 – closely after the fast rising edge). These oscillations are transferred to the 
transistor gate through its Miller capacity and via other external parasitic capacitive ways.  

Similar oscillations can appear also primarily in the driven gate of the transistor (even if no 
voltage is in the power circuit). This kind of ringing can be avoided making an appropriate 
design of driver circuits and their lay-out geometry. 

However the above (first) mentioned kind of ringing can not be avoided totally. Here the 
parasitic LC circuit is created with the inductance of the loop transistor – demagnetizing 
diode – capacitor of the half DC link and with the capacity drain-source of the transistor 
parallel with the capacity of the demagnetizing diode (both capacities lay parallel from the 
“AC point of view” because of the relatively high capacity in the DC link). The frequency of 
the oscillations is typically about 50-100MHz. The parasitic resonant circuit has very low 

characteristic impedance only about 10  – capacity of hundreds of pF and low inductivity 
of low tens of nH! 

 

Fig. 7: Switching-off process of the transistor 
 yellow – gate-source voltage 
 green – drain-source voltage 

Therefore the oscillations are very “voltage hard” and so potentially dangerous as an 
effective interference source. This can be spread to the ambient not only via capacitive 
currents (thanks to high du/dt) but also as an electromagnetic wave (the wires in the drain 
circuit are a parasitic transmitting antenna for UHF band). This must be avoided with the 
PCB lay-out and with shielding methods. 
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The parasitic feed-back through the Miller capacity is negative from principle. However at 
high frequencies additional phase shifts caused by various parasitic capacities and 
inductivities can appear. So a real danger of positive feedback is present – while the 
switching-off process of the transistor is not finished the transistor operates in the linear 
regime – as an amplifier with common emitter. Then the positive feedback leads to the 
amplification of the oscillations with fatal consequences – danger of high voltage 
breakdown, danger of high drain power dissipation. Moreover the transistor structure is not 
fast enough to operate in this parasitic linear regime at 80MHz in the whole volume 
symmetrically. So a local concentration to a small part of the chip area would probably 
appear with damaging effect.  

This very dangerous effect (positive feedback for ringing) was avoided with an appropriate 
driver circuitry and lay-out.  

A good immunity of the developed driver to these effects can be observed in Fig.7. Also 
the high quality of the power circuit is visible from the Fig.7. Although a high current of 55A 
is switched-off with extremely fast transistors the drain voltage over-shoot (amplitude of 
the high-frequency oscillations after the rising edge) is only about 50V! This is a perfect 
result achieved thanks to a careful PCB design, sandwich placement of DC link capacitor 
terminals, using appropriate DC link capacitors, using SiC demagnetizing diodes with 
practically zero forward recovery effect and also using a snubber RCD circuit. 

Influence on the supplying net 

Switching power supplies produce generally low-frequency interference to the supplying 
net (next to a high-frequency interference spread as electromagnetic wave and via 
capacitive currents). The low-frequency interference is represented by a deformation of the 
net phase voltage caused (thanks to the non-zero net internal impedance) by the non-
harmonic shape of the phase current. It corresponds to the usage of a passive (diode) 
input rectifier with an output capacitor in the DC link. 

The over-current phase protection (fuse) react on the RMS value of the phase current 
taken from the net by this rectifier and this RMS value is high. However only the first 
harmonic component of the phase current brings the true input power from the net. The 
other harmonics only create the total non-harmonic shape of the current (they are the 
interference creators) and they increase the total RMS value. This is why they decrease 
the usable maximum power at a defined fuse sizing.  

The usage of active rectifiers (power factor correctors PFC) is an effective solution of 
these problems but this is very expensive and technically a bit complicated. An AC/DC 
transistor converter with a sine pulse-width-modulation is used and the input phase current 
is then almost harmonic.  

This expensive solution is not used in the developed fast-chargers (space and price 
reduction). The input phase current is not ideal harmonic but using an available conception 
of the rectifier (with low output capacity) low values of higher harmonics of the phase 

current were reached. A very good power factor =0,96 was achieved (measured value). 
The phase current has not the shape of narrow and high pulses like in rectifiers with a high 
output capacity. In our application the shape of the phase current is approximately 
rectangular with a duty of 2/3, see Fig.8. This is advantageous with respect to the true 
power which can be taken from the fused net and also with respect to the deformation of 
the phase voltage. 
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Fig. 8: Phase current taken by the fast-charger 

Conclusions 

The developed fast-chargers use the most progressive technology of switching devices. 
The construction is not possible without very fast diodes from silicon-carbide (SiC). 
Nowadays their price is high (ca 280EUR only for diodes in RN14-140). Even so the 
material costs are acceptable with respect to the achieved low dimensions and high power 
of the device. 

The mechanical design should be re-configured before a higher serial production. Also no 
official approval measurements were done. The developed devices are not commercial 
products.  

Silicon-carbide and also gallium-nitride are progressive materials for power switching 
semiconductors. They provide new challenges to the constructers of power switching 
supplies to increase the ratio power/mass and power/weight.  

Authors want continue the development in this field. SiC MOSFET transistors will be used 
and an “on board” fast-charger with a water cooler will be probably constructed. Some 
laboratory pre-development tasks are already solved. 
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Abstract 

This article deals with parasitic effects of a battery charger 16kW operating at a very high 
switching frequency (100kHz). These parasitic effects are negligible at traditional lower 
switching frequencies. 

Introduction 

This paper deals with the parasitic effects of a charger (DC/DC converter) with nominal 
power 16kW.  

The minimum possible size, weight and lowest prices of the charger were required while 
keeping the simplicity and reliability of the equipment. For these reasons the choice of 
concept and the design of high power converter are very complex. Converter topology is 
limited by the available magnetic circuits, materials and semiconductor devices. 

Required parameters 

Charger required power is 16kW (connecting more basic modules can increase the output 
power). Because of the high power, it’s evident that the device must be powered by a 3-
phase net (3x400V/50Hz). 

Table 1: Required parameters of the charger.  

Symbol Name Value 

I Output current 100A 

U Output voltage 160V 

P Output power 16kW 

Uin Input AC RMS voltage 3x400V 

UDC DC link voltage (split DC-link) 2x280V 

F Switching frequency 100kHz 

M Mass ca 25kg 
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In addition, there are requirements on these converter output values: 160V/100A  DC 
(modifying the power transformer and the secondary circuit, this converter concept can 
work with different output voltages and currents). 

Power circuit concept 

Because of the required smallest size and weight it is necessary for the converter to work 
with a high switching frequency. For such a high switching frequency and power (current) it 
is not possible to use slower IGBT transistors and conventional diodes. It is necessary to 
use Cool-MOS transistors and diodes based on SiC. Total switch-on and total switch-off 
time of Cool-MOS transistors are only about 100ns and SiC diodes recovery time is about 
10ns. Thanks to this, the problems with switching losses are reduced and it’s possible to 
design such a charger with high power and high switching frequency (16kW/100kHz) (1). 

 

Fig. 1: Scheme of the basic module of the converter 16kW (1).  

Parasitic effects due to high switching frequency and their elimination 

The usage of Cool-MOS transistors and high switching frequency brings some new 
problems. 

Influence of the leakage inductance of the high frequency transformer on the equivalent 
internal resistance (in the output of the converters). 

Leakage inductance of high frequency transformer LR2 causes "reduction" of duty cycle 
voltage on the secondary side of the converter. The following illustration shows the 
leakage inductance LR2 considered on the secondary side of the transformer. 
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Fig. 2: Simplified schema of converter with parasitic inductance of the transformer considered on 
the secondary side.  

Where the meaning of the symbols is as follows: 

UD1 voltage of one half of the DC-link voltage UD, CF capacitor battery of the voltage DC-
link, TH upper transistor, TD down transistor, DD demagnetization diodes, N1 number of 
primary turns of power high frequency transformer, N2 number of secondary turns of power 
high frequency transformer, u2 actual value of induced voltage on the secondary side of 
the transformer, LR2 parasitic leakage inductance of transformer converted to the 
secondary side of the transformer, DU rectifier diode, i1 instantaneous current flowing 
through the rectifier diode, D0 free-wheel diode, i1 actual value of current flowing through 
the rectifier diode, i0 actual value of current flowing through of the free-wheel diode, ux 
actual value of  voltage on the free-wheel diode, L output choke, IZ nominal output 
current, UZ nominal output voltage. 

This parasitic effect is reflected in the moment of "taking" of current from free-wheel diode 
to the rectifier diode (at the moment of switching transistors TH and TD). Effect can be 
described as follows: When switching on the transistors, the rectifier diode DU is polarized 
forward and current begins flow through. However, the current i1 does not increase to a 
maximum value immediately, but thanks to the transformer leakage inductance increases 
gradually, until it reaches its maximum value. At the same moment when the current i1 
starts to rise, current i0 starts decreasing in free-wheel diode D0.  

The output current IZ is still constant. According to 1st Kirchhoff  law it results into equation 
[1].  

 IZ=i0+i1  [1] 

The voltage ux on the free-wheel diode D0 is zero (resp. small negative value – forward 
voltage of this diode) until the moment when rectifier diode DU takes over current IZ, as 
shown in Fig. 3. The result: Leakage inductance of the transformer reduces the duty cycle 
and decreases, the value of the output voltage, see Fig. 3. 

For an explanation of this parasitic effect (for the secondary side of the inverter) an 
analogy to the theory of real voltage source can be used (assuming continuous current). In 
the Fig. 4 there is a simplification of the circuit at the time of switching on of the transistors, 
which is reflected in our described parasitic effect. 
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Fig. 3: Leakage inductance influence of the resulting output voltage of the transformer. 

 

Fig. 4: Equivalent circuit of the secondary side converter at the moment of switching-on the 
transistors. 

Considering an equivalent internal resistance of a real voltage source we can write: 

 UZ=UZ0-RiIz [2] 

Following general equation is clear: 

 U/L= i/ t [3] 

Using Fig. 3 and expressing t from [3] we get: 

 IZ/ t = UD1(N2/N1)/LR2 => t =IZLR2/UD1(N2/N1) [4] 

The Uz value can be calculated from the curve ux as its average value (see Fig. 3): 

 UZ = ton- t)/T)UD1(N2/N1) [5] 

The duty cycle s is: 

 s = ton/T [6] 
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Next we implement the UZ0 according to [2] and s according to [6] into [5]: 

 UZ = UD1(N2/N1)s-( t/T)UD1(N2/N1) = UZ0-( t/T)UD1(N2/N1) [7] 

Then we use the t according to equation [4] and substitute it to [7]: 

 UZ  = UZ0-(IZLR2/(UD1(N2/N1))(1/T)UD1(N2/N1) [8] 

After simplification the equation [8] and using f=1/T we get: 

 UZ  = UZ0-LR2 f IZ [9] 

Comparing [9] a [2] we can write: 

 Ri  = LR2 f  [10] 

Equation [10] shows that the equivalent output resistance of the inverter (i.e. at a constant 
duty cycle switching) increases with increasing switching frequency and the leakage 
inductance of the transformer. 

Reverse recovery current overshoot of the free-wheel diode 

When a free-wheel diode takes current from the rectifier diode, a current overshoot rises. 
This effect in diode is called the reverse recovery. Both diodes are overshot by current, 
because of valid equation [1]. 

 

Fig. 4: Reverse recovery effects in the secondary rectifier diodes. 

Overshoot amplitude is proportional to the di/dt slope (smaller parasitic leakage inductance 
of the transformer – higher di/dt slope) and the Qrr (diode reverse recovery charge). 

It was necessary to reduce this overshoot in the construction. Reducing di/dt slope through 
the transformer leakage increasing was inappropriate because of the growing parasitic 
effects, see previous text. It was necessary to use diodes with a smaller Qrr. New diodes 
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based on silicon carbide (SiC) IDH15S120 Infineon (1200V/15A) were used. Their Qrr 
value is 54nC (independently on the di/dt slope). 

Conclusion 

This article dealt with parasitic effects of high power charger operating at a very high 
switching frequency. 

After the converter topology was chosen, a prototype of charger with nominal output power 
16kW with a switching frequency of 100kHz was constructed. 

For this reason new semiconductor devices were needed enabling a large du/dt or di/dt 
slope. Cool-MOS transistors and diodes based on SiC were used. However using of these 
elements requires an eliminating of new parasitic effect. The text describes how some 
parasitic effects appear. These parasitic effects were suppressed.  

The fact that this concept is functional was verified in a functional sample. 
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Abstract 

Weight and consumed space of the fuel cell systems are one of the most important factors 
limiting its utilization in electric airplanes. Possibilities of its implementation in electric 
airplane are frequently discussed issues. Power – mass relationship depending on 
installed power of the fuel cell shows, that the power/mass ratio is unsatisfactory, when 
powering electric motor directly from fuel cell. Configuration with high-power small-capacity 
battery and relatively small fuel cell is more profitable. Some calculations were done for 
functional prototype of the small airplane VUT 051 RAY, its take-off weight is about 600 kg 
and its max. power is 55 kW. There are some practical measurements on the Ballard fuel 
cell system presented in this paper, which can documents disputableness of its usage in 
airplane. Hydrogen management (hydrogen tank, cooling system, armatures etc.) still 
represents outstanding issue due to high volumes and weight of the whole fuel cell 
system. Current progress in the field of the Li-Ion accumulators, generally decreases 
importance of hydrogen-drive systems and focuses more attention to simply accumulator 
powered airplane. 

Introduction 

Fuel cells are nothing new in aviation. Firstly were used even in the sixties, for example in 
Gemini and Apollo projects. Meantime in aerospace industry another application begin to 
appear. One typical possibility, how to use fuel cell in aviation, is their utilization as an 
auxiliary energy units (APU) for backup power units. 

Boeing Co. developed first airplane which was powered with fuel cells and its first flight 
was made on 2.4.2008 in Madrid.  The fuel cell was built in to the HK36 Super Dimona 
airplane manufactured by Diamond Aircraft Co. The drive system was made with Fuel Cell 
propulsion system. The fuel cell wasn’t the only source of the energy on the board. There 
were used accumulators too and together with fuel cell provided total power about 50 kW.  

Another fuel cell airplane, which made its flight on 7th July 2009, was Antares DLR H2. It 
is modified motored glider which was firstly powered from batteries. Now the fuel cells 
provide output power 25kW, hydrogen tank and fuel cell are fixed under wings in 
aerodynamic gondolas. 
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Stanardized flight 

To get all basic values of desired power during the flight, the standardized flight profile was 
defined, see Fig. 1. In this flight profile is considered flight altitude 800 m and maximal 
climb approx. cca 1.5m/s. Descent of the plain can be realized with gliding with turned off 
motor or with minimal power.   

 

Fig. 1: Nominal flight profile of electric airplane. 

Table 1: Specific parameters for particular flight phases. (1) 

  V Vz t t Pmotor PFC Pt 

  km/h m/s s min kW kW kWh 

Pre-flight 

taxi      
600 10 15 17.32 2.5 

Take off     50 0.83 46 53.1 0.7 

Climb 95 1.5 367 8.88 46 53.1 5.4 

Cruise 95 0 1800 30 29.99 34.6 17.3 

Descent 95 -2 400 6.67 8.80 10.16 1.1 

Taxi and 

arival     
300 5 15 17.32 1.4 

Total     3217 53.62     28.4 

 

From measured data (see tab. 1) made on real airplane VUT 001 MARABU, which is 
determined for the reconfiguration with fuel cell, it is obvious that the desired mechanical 
power for take off and climb 1.5 m/s is about 46 kW.  
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Another desired power of the fuel cell were calculated for various flight modes of the 
airplane with given efficiency of the each components of the drive: 

 Motor efficiency     0.94 

 DC/DC inverter efficiency     0.96 

 (in case of battery powered airplane) 

 DC/AC inverter efficiency     0.96 

 Fuel cell inverter efficiency    0.96 

 Total efficiency     0.83 (0,866 without DC/DC inverter) 

Considering total efficiency and desired mechanical power is desired power of the energy 
unit 55,42 kW. If the only fuel cell is used than the total efficiency is approx. 0.86 and 
desired power of the supply unit is 53 kW. 

Airplane drive analysis 

From data mentioned in paper introduction is obvious that drives with fuel cell aren’t usual 
in current aviation. Drive conceptions follows two basic directions: 

 Airplane powered only with fuel cell 

 Airplane powered with battery and fuel cell 

Drive system of the airplane powered only with fuel cell 

Drive unit of the airplane is powered only with energy from fuel cells. These cells provide 
enough energy for all phases of the defined flight (take off, climb, horizontal flight, descent, 
landing and some taxi). With rising desired power not only weight of the fuel cells but even 
weight of the various supporting subsystems is rising too. Due to low efficiency of the fuel 
cell a lot of energy has to be takes away from drive system. The bigger dimensions of the 
heat sings than generate higher aerodynamic resistance. 

Drive system of the airplane powered from accumulators and fuel cells 

Drive unit of the airplane uses two independent sources of the energy stored in 
accumulators and fuel cells. Energy in accumulators provide desired increase of the power 
to maximal value desired in take off and climb stage of the flight. Only energy of the fuel 
cell is used in horizontal flight, descent, and pre-flight (arrival) taxi. Advantage  of this 
solution is lower number of the used fuel cells and their subsystems, lower requirements to 
cooling system, therefore some weight saving are achieved. The main disadvantage is 
necessity of using of the DC/DC inverter (lower total efficiency, high weight of the DC/DC 
module) and of course extremely high weight of the accumulators. 

The final solution of the drive is highly depended on desired power, total weight, volume of 
the drive unit and good capability to take away dissipated energy. Despite good weight to 
power ratio of the fuel cell, still there is significant issue with building the fuel cell into the 
airplane, due to weight of the necessary subsystems. Most of industrial manufactured 
components of the drive aren’t optimized in term of weight. 
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Drive unit of the airplane 

Preliminary component selection was made in terms of to minimal weight and dimensions 
of the drive. Principle schema is shown in Fig. 2.  

Main components of the drive 

Component selection is depended on desired actual power during the flight. The 
standardized flight profile is used to define basic requirements (see. Fig. 1). On the basis 
of collected data about products and their features, the basic components (motor, fuel cell, 
inverters, tank) were chose especially for basic analysis and conceptual design and 
proposals of the drive of the airplane VUT 051 RAY. These preliminary selected 
components are chosen due to former experience from other projects, where AI and DPEE 
were participated in. 

 

Fig. 2: Principal diagram of the airplane drive. There are two fuel cells in the Fig. 2. But due to high 
value of the desired power 53kW and according to available market products, at least two or three 
fuel cells are needed.  

Fuel tank 

Size of the hydrogen tank is depended on fuel (hydrogen) consumption and on desired 
power. For calculation of the hydrogen tank size, two fuel cells Mark 9 SSL from Ballard 
Co. were taken into consideration. It is modular fuel cell with output power 4.4; 8.8; 13.2 or 
19.4 kW.  
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Fig. 3: Consumption of the fuel cell.  

The fuel cell with output power 19.4 kW was finally chosen, this cell gives best power 
density related to one kilogram weight (1.14 kW/kg). Since the supplied output power is 
depended on length of the technical lifetime of the fuel cell and maximal power is reached 
only in the beginning of this lifetime period. Therefore for further analysis the value 19kW 
is considered as a maximal output power of the fuel cell. 

At maximal fuel cell power is according (2) hydrogen consumption approx. 230 SLPM. 

Hydrogen density ρH2 = 9*10-5 kg/l 

Hydrogen mass flow  

  [1] 

New auxiliary variable Z is introduced for defining desired size of hydrogen tank. The Z 
variable gives hydrogen consumption in dependence on operating time of the fuel cell and 
desired power. 

   [2] 

Table 2: Desired powers and hydrogen consumptions at standardized flight profile. 

 

V Vz t T PFC Pt Consumption 

 

km/h m/s s Min kW kW.h kg 

Pre-flight taxi   
600 10 17.32 2.5 0.18 

Take off   
50 0.83 53.1 0.7 0.05 

Climb 
95 1,5 367 6.12 53.1 5.4 0.35 

Cruise 
95 0 1800 30 34.6 17.3 1.13 

Descent 
95 -2 400 6.67 10.16 1.1 0.07 

Arrival, taxi   
300 5 17.32 1.4 0.09 

Total   
3217 53,62 
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For standardized flight profile 1.87 kg of hydrogen is desired. Suitable tank is W076 from 
Dynetek with capacity of 74 liters. This tank can contain 2.17 kg of hydrogen at pressure 
350 bar and gives us enough fuel reserves for standardized flight profile.  

Construction design of the drive unit on board configuration 

Several constructional configurations of the on board drive unit were analyzed to obtain 
important information used for final conception. Advantages and disadvantages of 
analysed configurations were defined.   

Configuration 1 

 

Fig. 4: Configuration of the airplane drive unit - 1.  

 

For first drive unit configuration (Fig.4) are fuel cell, compressor and hydrogen placed in 
airplane fuselage.  

+ No complicated reconfiguration of the airplane 
+ Easy assembly and disassembly  
+ Better use of space  

- Poor accessibility for maintenance and adjusting and  
- Problematic ensuring of demand on solid fixing at crash landing 
- Massive bulkhead for tank fixing is desired  
- Larger amounts of cabling 
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Configuration 2 

 

Fig. 5: Configuration of the airplane drive unit - 2. 

Constructional design according to Fig.5 considers the hydrogen tank placed either under 
or above the wing simultaneously with using proper aerodynamic covers. 

+ Good accessibility to tank and easy refueling 
+ Simple reconfiguration of the airplane 
+ Good assembly and disassembly  
+ Good accessibility for maintenance and adjusting 
+ No ventilation of the cabin is desired 
+ For tank fixing can be use system for former turbojet motor   

- Deterioration of the aerodynamic properties of the airplane 
- Construction of the new aerodynamic covers of the hydrogen tank 

At preliminary design of final constructional configuration both two solutions were taken 
into consideration. All advantages and disadvantages mentioned above were carefully 
considered and discussed.  Constructional propose 1 is advantageous especially due to 
fixing components to exiting fixtures and bulkheads which were only reinforcement if 
needed. Simple maintenance and component adjusting is very beneficial too. 
Simultaneously there is no degradation of the aerodynamic features of the airplane. Due to 
safety is the pilot space completely separated from hydrogen tank space and separate 
ventilation of the pilot cabin is ensured due to risk of hydrogen leak. Constructional 
propose 2 gives more possibilities how to place each components in the body of the 
airplane. 

Final configuration of drive unit will depend on weight and balancing demands on airplane. 

Measured fuel cell  

Verification of the fuel cell characteristic and features was made on stack Heliocentris 
HyPM® XR 8. This stack is contains fuel cell with output power 8.5 kW  with nominal 
voltage in range of 20 - 40 V and maximal output current 380 A. Efficiency of this cell is 
approx. 51 %. This fuel cell is from Ballard co. and is the same type which was considered 
by calculation discussed earlier in this paper. 
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Fig. 6: Stack Heliocentris HyPM® XR 8. 

 

Only few measurements were done on presented fuel cell to get some general data of the 
cell features and parameters. Some results are presented in Tab.3:  

Table 3: Parameters of fuel cell. 

Fuel Cell 

Current 

Fuel Cell 

Voltage 

Min. Cell 

Voltage 

Avg. Cell 

Voltage 

Max. Cell 

Voltage 

Coolant 

Temp. 

[A] [V] [V] [V] [V] [°C] 

136 30,6 0,762 0,767 0,772 45 

232,5 28,6 0,706 0,716 0,723 53 

214,1 28,5 0,704 0,714 0,722 51 

Conclusion 

This pater deals with design of the electric drive with fuel cell designed for airplane VUT 
001 MARABU.  Further the installation of the drive into the airplane fuselage is discussed 
more in detail. Two possible drive installation and drive component placement were 
proposed to achieve desired balance of the airplane.  
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Abstract 

Development and installation of photovoltaic (PV) is reaching a large number around the 
world. Taking into accout that the lifetime of photovoltaic modules sis about 25 years, the 
question occurs, how we deal with destruction of many such modules in the future. 
Currently, the old modules are disposed in two basic wals – environmental disposal and 
recycling. Each options has its pros and cons. We must take into account both the cista of 
disposal but also on its environmental impact. As for recycling, we can minimize the 
amount of residual waste from recycled PV modules, we focused on recycling methods 
with the possibility of using some components that remain after recycling. Recycling must 
be taken into account all the materials which the PV modules are manufactured, including 
materials that are used to encapsulate and protect the PV cells. Major recyclable materials 
for PV modules, which need to be addressed as aluminum, glass, plastic components and 
to a small extent by heavy metals are. Whether or not worth re-use some components in 
the manufacture of solar modules, we investigated on the basis of measurements of 
individual properties and parameters of such a newly manufactured article properties of 
commercially manufactured articles.  

Introduction 

Recycling of modules is not focused only on the panels, which is now ending its life cycle. 
This process may also undergo modules, which are showed e.g. material hidden defects, 
defects caused by poor manufacturing or transportation (mechanical damage). 
Through recycling we have to take into account that the type of bar it is. For individual 
types of modules (e.g. crystalline or thin-film) the different procedures for recycling are 
selected. The main reason is the thickness of the cell, which in a few years still shrinking. 

Recycled materials 

The main objective of the recycling of PV modules are reduce the amount of remaining 
waste and maximize material processed so that they can be further utilized in further 
production. The main recycled materials are glass, aluminum, plastic, solar cells and 
heavy metals. 

The largest proportion by weight of crystalline modules falls on glass (60 – 70 %) and 
aluminum frame (around 20 %). For thin-layer modules, the proportion of glass and 
aluminum is over 95 %. Both of these materials are commonly recycled almost 100 %. 
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Other metal materials are prized commodities that are worth acquiring from waste. Plastics 
can be recycled only partially or not at all. (1) 

When recycled materials are re-use it can significantly reduce energy and costs to make 
new modules. Exception is with plastics, which usually can not be recycled to its original 
shape. Plastics in the course of their lifetime subject degradation (e.g. UV radiation, etc.) 
and thereby lose their properties and appearance. 

Table I: Solar cells measurements results. (2) 

CIS - 
Module 

Producer A Producer B 
CdTe - 

Module 
Producer C 

Amorph. Si 
- Module 

Producer D 

Recycling 
Fractions 

%   
Recycling 
Fractions 

% 
Recycling 
Fractions 

% 

Glass 75.27 84.6 Glass 83.5 Glass 89.78 

Aluminium 15.05 10.15 Aluminium 12.29 Aluminium 0.04 

Indium 0.02 0.02 Indium 0.13     

Copper 
(Cable) 

1.51 0.85 
Copper 
(Cable) 

0.2     

Gallium 0.01 0.01 Gallium       

Recovery 
Fraction 

%   
Recovery 
Fraction 

% 
Recovery 
Fraction 

% 

Polymers 6.52 5.08 Polymers 3.67 Polymers 9.84 

Hazardous %   Hazardous % Hazardous % 

Cadmium 0.0005   Cadmium 0.1336 - - 

Recycling methods 

For the recycling of PV modules are used two methods - thermal and chemical processing. 
The first step is to choose a suitable method of processing for used or damaged modules. 
Based on the method chosen, the individual parts of the module (EVA, glass, Tedlar, 
aluminum frame, steel, copper, plastics) separated. After separation of these parts, it is 
important that the produced PV cells have been thoroughly cleaned and free of anti-
reflection coatings, plating and PN junction. Cleaning cells can be done in two ways - by 
chemical or laser. Clean cell is ready for the next use. 

The chemical recycling is used chemical solutions (KOH) to separate encapsulation 
materials. The main problem with this method is the long time of action, before we reach 
the desired result. This method is also very cost expensive. 

Same results and at the same time lower costs can be achieved using thermal recycling. 
In this method, the modules are heated. In this process, plastic components are 
incinerated. The disadvantage of this method is the formation of gas emission during 
combustion of plastics. This method also has three major advantages - simplicity, high 
efficiency (up to 85% yield), applicable to different PV modules. While reducing the energy 
consumption for the production of new panels to ¾ the original cost. 

 

360



13
th
 Advanced Batteries, Accumulators and Fuel Cells Photovoltaics 

 

Fig. 1: Sorting of raw materials (thermal recycling). (4) 

 

Part of each recycling are also needed mechanical work before and after the recycling 
process (e.g. removing aluminum frame, sorting materials, etc.). After separation of cells 
from other parts of the panel must be collected cells cleaned. Removing the remaining 
layers is necessary in order that depends on the manufacturing process - front contacts, 
bottom contacts, antireflection layer and finally NP junction 

For chemical cleaning a solution of KOH is used. After some time of exposure of the 
solution to the silicon it must be rinsed with water. The silicon wafer is further immersed in 
the etching solution, and then it is washed again with water. 

For chemical cleaning, the following etching solutions can be used: HF/HNO3/H2O, 
H2SiF6/HNO3 / H2O or H2SiF6/HNO3/C2H4O2. [4] 

Laser treatment can be used as neodymium laser pulse (λ = 1064 nm, f 120 Hz, t = 10 ns, 
E = 300 mJ per pulse), which should help remove the bottom coating and anti-reflective 
layer. 

 

Fig. 2: Removing layers of ARC solar cells using laser technology. [4] 
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Fig. 3: Removing coating of solar cells using laser technology. [4] 

 

If we compare these two methods of cleaning we find that chemical cleaning is more 
effective. Laser cleaning is very expensive and not very effective. Also the time at which 
the wafer can be cleaned by laser is much longer. 

Conclusion 

During the current recycling performed to demonstrate that the old silicon wafer can 
maintain a good quality and stability. However, with decreasing thickness of silicon wafers 
it is much harder to regain intact plate. Currently, still prefer the production of new silicon 
wafers, but in the future are expected to decrease their production. The reason is the high 
cost of silicon and high consumption of energy in their manufacture. Over the next 15 to 20 
years, the number rises rapidly discarded PV modules. It is assumed that the individual 
components of these modules will be recycled and the existing silicon wafers to be reused 
in the production of new modules. This reduces the cost of manufacture. It is important 
that new cells and modules achieve the required efficiency and quality. In order to reuse 
the silicon wafers, silicon must be sufficiently clean. It is up to the correct execution of 
each step of recycling. 

Reducing the cost of production the PV will be much more competition in the field of 
renewable energy than it is today. If capacity recycling lines will be some dozen modules 
one thousand tons per year, then recycling is economically advantageous. 
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Abstract 

The testing of solar panels and photovoltaic cells as well is a very interesting art of NDT’s 
(non destructive techniques) allowing the fast and safe inspection. Measuring method uses 
infrared thermography and this is known more than 10 years and is becoming increasingly 
important standard. Accurate thermographic images of photovoltaic cells reveal quickly 
and purposefully for example shunt effects, short circuits, faulty contacts etc.  

Introduction 

Ineffective solar cells 

If a solar cell produces less electricity, it usually produces more heat than the other cells. 
That means that you can very easily spot such ineffective cells with a thermal camera. The 
cause for solar cell inefficiency usually lies in the uniformity of the semi-conductor material 
that is used, for most solar panels this semi-conductor is silicon. The multicrystalline silicon 
wafers used in most solar cells can be very prone to develop these non-uniformities either 
during the production process or later on. If a solar cell has a higher concentration of these 
non-uniformities it produces less electricity and more heat than others, dragging the 
performance of the entire panel down. 

Problems with the solar cells 

There are many possible causes for a solar panel’s performing poorly like broken cells, 
broken glass, water leakage, broken soldering points, defective sub strings, defective 
bypass diodes, delamination of the semi-conductor material, defective connectors, to 
name just a few. Whatever the cause may be, thermal imaging cameras help the operator 
to find out where the cause is located and often it even indicates what the cause might be. 
In all of the possible scenarios a thermal camera can play an important part in finding out 
what’s wrong. 

Principle how to measure the V-I characteristics 

The solar cell can take the place of a battery in a simple electric circuit. In the dark the cell 
in circuit does nothing. When it is switched on by light it develops a voltage, or e.m.f., 
analogous to the e.m.f. of the battery in circuit. The voltage developed when the terminals 
are isolated (infinite load resistance) is called the open circuit voltage Voc. The current 
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drawn when the terminals are connected together is the short circuit current Isc. For any 
intermediate load resistance RL the cell develops a voltage V between 0 and Voc and 
delivers a current I such that V = IRL and I(V) is determined by the current-voltage 
characteristic of the cell under that illumination. Thus both I and V are determined by the 
illumination as well as the load. Since the current is roughly proportional to the illuminated 
area, the short circuit current density Jsc is the useful quantity for comparison. These 
quantities are defined for a simple, ideal diode model of a solar cell. 

Principle how to measure objects temperature from camera output (calibrated) 

For better understanding a real measuring situation is displayed in Fig.1. The final result is 
a formula for calculation of the object temperature. If we consider radiation power W from 
blackbody source of temperature Tsource the result is output signal Usource. The Usource 
means voltage. Than we can write following equation: 

  [1] 

where C is a constant and equation can written in simplified notation, 

  [2] 

But in real situation every object is a graybody or something like this with emittance ε, so 
then the received radiation will be equal to 

  [3] 

From Fig.1 we can write three radiation power terms. Emission from the object is equal to: 

  [4] 

Where ε is the emittance of the object and τ is the transmittance of the atmosphere. The 
object temperature is Tobj. 

In an ambience there are many sources of reflected emission. These sources can be 
described by this equation: 

  [5] 

Where (1-ε) is the reflectance of the object. The ambient sources have the temperature 
Trefl. 

 

Fig. 1: The real thermographic measurement situation. 
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The last influence is emission from the atmosphere and can be also described as 
equation: 

   [6] 

Where (1-τ) is the emittance from the atmosphere at temperature Tatm. Finally the total radiation 

power can be now written as: 

  [7] 

By multiplication of each term by constant C from first equation and by replacing the CW 
products by the corresponding voltage equivalent the result is: 

  [8] 

We are looking for temperature of the object, so then the equation must be solve for Uobj 

   [9] 

Experimental 

The thermographic measurement is able to record the temperature changes much faster 
than the contact measurement. The best performance is obtained with FLIR i7 
thermocamera. This type is the highest model of the basic i line. The complete measuring 
system contains DC power supply, multimeters UT804, solar analyser Prova 210, solar 
exposure meter and thermocamera as well. The V-I characteristics of the solar panel are 
measured in traditional way and in parallel the thermograms are measured also. The 
pictures from thermocamera are evaluated by the professional FLIR Reporter software. 
The results are shown on Fig.3 where we can find the hot spots (areas with very high 
temperate about 63°C). If several cells of the solar panel are hotter than others, the warm 
areas will show up clearly in the thermal image. Depending on the shape and location, 
these hot spots and areas can indicate several different faults. The temperature rise of a 
cell or of part of a cell indicates a defective cell or shadowing. 

 

Fig. 2: Scheme for measuring of characteristics of solar panels. 
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To measure temperature accurately, it is therefore necessary to compensate for the 
effects of a number of different radiation sources. This is done on-line automatically by the 
camera. The following object parameters must, however, be supplied for the camera: 

 The emissivity of the object 

 The reflected apparent temperature 

 The distance between the object and the camera 

 The relative humidity and temperature of the atmosphere 

Results 

Several thermal images were made with thermocamera Flir i7. The results are shown on 
Fig.3 and Fig.4. Hot spots on images have lighter color and these places are in most 
cases defective. Because the thermal camera has low resolution, the images are 
modifyied in Matlab m-file script that can allows data filtration (Gaussian filter and another 
as well) and manipulation with specific image area. The final result is measurement report 
with all important data. 

 

 

 

  

Fig. 3: Deffective solar cells on new solar panel with modified images in Matlab envinronment – 2D 
and 3D structure. 
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Fig. 4: Example of another defective solar cell on commercial solar panel. 

Conclusions 

The thermographic inspection of the photovoltaic systems allows the fast localization of 
potential defects at the cell and module level as well as the detection of possible electrical 
interconnection problems. The inspections are carried out under normal operating 
conditions and do not require a system shut down. New laboratory theme was made 
(details on Fig.2) and three measurements methods are discussed. The properties of a 
solar cells or panel can be measured with solar analyzer Prova model 210. The V-I 
characteristics can be measured with an UNIT-804 meters and diametral instrument plus 
other needed equipment also. The last and probably the most interesting method 
discussed in this paper is thermography measurement. With a thermocamera Flir i7 type 
were found the problems with new solar panel. The deffects are shown on Fig.3 and Fig.4, 
where are evident wrong solar cells. For evaluating and modifying the thermal images was 
used program created in Matlab environment. This program allows data filtration and 
making changes in image structure. With this program is very easy to localize the defects 
and determine the level of damage. 
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Abstract 

In this work infrared thermography is used for the analyzing of a photovoltaic system. The 
focus of the measurement was to monitor and compare the heat distribution and the 
defects distribution in the module via the work in real conditions. The measurement was 
taken every week at the same time and the conditions of measuring were noted. The 
output results were recalculated to the relative value to be possible to make correlation of 
degradation rate and heat distribution. Once per week at the same time, the thermovision 
pictures were taken of the photovoltaic module connected to the stable load and also the 
ambient temperature, light intensity and notes of weather conditions were taken. The 
efficiency of solar module was measured once per month and the correlation of heat 
distribution was made.    

Introduction  

The solar photovoltaic system efficiency is highly depending on the temperature 
distribution on the photovoltaic module. The higher temperature the lower efficiency of 
photovoltaic conversion because of lowering the module output voltage despite the output 
current is slightly higher. The second problem of higher local temperature is higher 
degradation rate. The monitoring of the temperature allows detecting the anomalies before 
they become failures. Measuring by using IR thermography can be done without 
disconnection of whole PV panel. 

Experimental set-up 

The Thermo-camera used was the VarioCam HR INSPECT 580. The not cooled detector 
with resolution 348x288 was provided high quality IR images. It works between -40⁰C and 

1200⁰C with thermal sensitivity 0.08⁰C.  

The measurement was taken from the back surface of PV panel every week at 10 am. For 
acquisition the emissivity was set for 0.85 (value for back surface of PV panel). It is the 
measure of the radiation sent forth by the object compared to that one would send forth if it 
were a perfect black body. Normal range of emissivity for objects goes from 0.1 to 0.95. 
The emissivity of a very shiny (mirror) surface goes down under 0.1, while an oxidized 
surface or painted has a very great value of emissivity. In our case the value of the back 
side material emissivity has been set, because it represent the backside surface of the PV 
panel and the thermocamera operates in the near IR range. 
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The IR images were analyzed in the software IRBIS 3. Based on Windows, it integrates 
function of analysis of the images and creates a technical report. 

 

Fig. 1: VarioCam HR INSPECT 580. 

As experimental the panel PV panel Microsol 3311154048 with maximal power 225 Wp 
was chosen. The panel was exposed to extreme ambient temperature from max. 36.5 ⁰C 

to min. -18.1⁰C during the experiment.  

The results were evaluated in view of the current weather conditions like intensity of solar 
radiation and ambient temperature.    

 

Fig. 2: Experimental modules 

Measurement of the electrical properties of the experimental panel was taken by the solar 
module analyzer Prova 200. The main parameters as Uoc - open circuit voltage, Isc - short 
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circuit current, Um – voltage in maximum power point, Im current in maximum power point, 
light intensity, ambient temperature was measured and the EFF – efficiency by the real 
condition and FF – fill factor ware calculated. 

Results 

No-defected PV cell (with irrelevant temperature with respect to the surface temperature) 
has been taken as the reference cell.  

 

Fig. 3: Measured areas on pv panel’s surface 

For the evaluation of the measured data, two cells with abnormal overheating with respect 
to the reference cell were chosen and marked as area 1 and area 2. 

 

Fig. 4: Detail of the selected areas 
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Fig. 5: Temperature profile along line L1 

Fig.5 shows temperature profile along line L1 (Fig.4). Analyzed area is characterized by a 
superior temperature about 10⁰C. 

As visible on fig. 6 temperature in the selected area is increasing with solar radiation. 

 

 

Fig. 6: Temperature of area 1 
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Fig. 7: Temperature of area 2 

 

During the thermovision measurement the electrical parameters were noted (fig. 8, fig. 9).  

 

 

Fig. 8: Dependence of temperature and ISH 
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Fig. 9: Dependence of temperature and VOC 

 

Evaluation of the defect of the selected PV panel on the power of the panel two 
measurements of I-V curve have been made. First measurement was taken before the 
experiment and the second one after the experiment. 

 

 

Fig. 10a: I-V curve before experiment 

Current [A] 

 

Power [W] 
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Fig. 10b: I-V curve after experiment 

 

Measurement was made by FLASH tester PASAN 3B on the CTU (Czech Technical 
University) in Prague. 

The measured values were used for the measurement of the mean PV module 
degradation. The degradation was defined[3]: 

 (%) 

 

Conclusions 

The long time monitoring of the chosen solar module heat and defect distribution was 
performed. The work has shown that the infrared analysis can be usefully utilized for the 
efficiency analysis of PV plants. In fact, efficiency depends strongly on the temperature of 
the PV modules and an overheating causes a decrease of the produced energy. The 
correlation with the calculated efficiency and also with the defect distribution by the 
electroluminescence was made and shows the possibility of the thermovision monitoring 
for foreseeing of the destruction of the photovoltaic module. 
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Abstract 

This paper deals with creating a workplace for automatic measurement of VA 
characteristics of photovoltaic cells in the LabVIEW. Challenge is to create a functional 
program, which automatically measures the VA characteristics not only in the lighted cells, 
but also in the shaded cell (diode mode). The program calculates the power and important 
parameters, such as short-circuit current, open circuit voltage, maximum power, current 
and voltage at maximum power article. The program allows you to export the measured 
values to a text file. In the last chapter of this work is made control measurements of three 
samples of monocrystal photovoltaic cell by the measuring workplace. The measurement 
is compared with the reference device Solar Cell Tester 

Introduction 

The aim of the practical part is to create a software for the automatic measurement of VA 
characteristics of the photovoltaic cell. The software is designed especially for students, 
their practical measurements in laboratories. Control software is to be able to measure the 
VA characteristics according to the specified input parameters. The output is displayed on 
the front panel, or it may be saved to a file. 

Hardware setup 

As a Volt-meter and an Amper-meter was chosen the Agilent 34401A digital multimeter 
(Alternatively, you can use the multimeter Agilent 34410A or Agilent 34411A), which allows 
you to measure both current and voltage. The instrument is capable of measuring voltage 
to thousands of volts but the current only up to 3A. Relatively small current range will be 
sufficient to measure one solar cell but not to measure the entire PV module. All the 
specifications of the equipment is possible to find in (5). Measurement of current and 
voltage should be carried out at the same time, but for our purposes it is sufficient to 
switch between current and voltage measurement. Switching between voltage and current 
is slowing the whole measurement.  

As a power source is used the Agilent N6731B module put in a N6700B Agilent mainframe 
system. The 0-5V output voltage and output current up to 10A is set up. Other information 
about instruments can be see in the technical documentation for the apparatus (6). Both 
devices will communicate with the PC over the USB. 
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Software setup 

The LabVIEW programming environment was chosen although both measuring 
instruments are produced by the firm Agilent technologieswhich is connected with 
programming environment the VEE because the author had already experience with 
LabVIEW. The LabVIEW uses same as VEE a non-standard way of programming in the 
language of "G". 

Measurement is divided into two main parts: the measurement during the light and dark 
condition.  The measurement shall be carried out in the dark condition in the shaded 
photovoltaic cell. The solar cell behaves like a standard diode and measurement is 
identical with the measurement of VA characteristics of the pn junction. VI-characteristics 
can be see on fig.1.  

 

Fig. 1: The VI-characteristic of photovoltaic solar cell during dark condition 

The light measurement is performed at the illuminated photovoltaic cell. In this case the 
current produced by cell is working against the current of power source. Measurement of 
VI-characteristics is not so simple. On the Figure 2 is left half characteristics measured at 
the same polarity as the source set for measuring in the dark condition (source works in 
same direction as photovoltaic cell). Unfortunately this left part of the characteristic is not 
sufficient because it is the only small part of the VI-characteristic of explanatory cell. To 
measure the characteristic the source polarity should be amended so that the source will 
act against the photovoltaic celle. Both measurements are then combined into one figure. 
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Fig. 2: The VI-characteristic of photovoltaic solar cell during light condition 

 

For this reason the switcher of polarity was designed. 

 

Fig. 3: The schema of the involvement of the polarity switch 

 

The change of polarity 
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Fig. 3: The realization of the polarity switch 

 

 

Fig. 4: The experimental set up 
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Fig. 5: The sample of software part for the data reading from the power source 

Examples of measurement 

Table 1: The comparing results of solar cell tester and our VI tester  

  UOC [V] ISC [A] PM [W] UM [V] IM [A] FF [-] Rs [] Rsh [] 

SC Tester 0,4976 1,2445 0,2991 0,2908 1,028542 0,4830 0,1698 53,67 

VA Tester 0,4964 1,2512 0,2729 0,2881 0,9474 0,4373 0,1943 59,52 
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Fig. 6: VI-characteristic taken by reference equipment and our VI-tester 

 

Table 2: The testing of measurement error 

Č. měření UOC [V] ISC [A] PM [W] UM [V] IM [A] FF [-] Rs [] Rsh [] 

1 0,4931 0,4704 0,1409 0,3384 0,4164 0,6075 0,2656 62,11 

2 0,4934 0,4705 0,1410 0,3389 0,4160 0,6074 0,2657 62,11 

3 0,4927 0,4707 0,1409 0,3384 0,4164 0,6076 0,2655 62,11 
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Fig. 7: Development of absolute deviation 

 

Table 3: Comparing the results in different illumination intensity 

E [W/m-2] UOC [V] ISC [A] PM [W] UM [V] IM [A] FF [-] Rs [] Rsh [] 

206 0,4931 0,4704 0,1409 0,3384 0,4164 0,6075 0,2656 62,11 

362 0,5202 0,9064 0,2474 0,3189 0,7755 0,5247 0,2088 60,98 

 

 

Fig. 8: The different illumination intensitz 
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Conclusions 

The software is designed for the measurement of the VA characteristics of PV cell lit by 
source of light-powered from AC and DC sources. Therefore, the measurement takes a 
relatively long period (5 – 100 second depending on the set the number of steps). In the 
event that the source of illumination is running on battery or DC source, it is possible to 
shorten the period of averaging the measured values and thus greatly reduce the total time 
measurement. 
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Abstract 

CAx systems provide comprehensive software solutions for the design, development, 
production and product management (Product Lifecycle Management - PLM) from its 
inception to the end of its life. Their working environment leverages support systems 
technical documentation (CAD) systems covering the NC (CAM) and general support 
systems engineering work (CAE). Design and optimization of cooling equipment for 
heating concentrator solar cells is realized by these systems, which provides distinct 
advantages. The equipment is analyzed for fluid flow and heat transfer before 
manufacturing functional sample. 

Introduction 

Photovoltaic concentrators are systems using lenses or mirrors for concentration of solar 
radiation on a photovoltaic cell. The objective is to reduce the size of the cell in order to 
achieve the desired output. Owing to this we can use more powerful photovoltaic cells 
which, without the concentrator, would have been too expensive as related to the required 
output. Concentration of solar radiation, can, however, have certain disadvantages due to 
a greater heating of the cell. Light radiation is thus converted into electrical energy only 
partially. The greater part is converted into thermal energy. If this heat is not led away by 
means of additional cooling components, systems with a high concentration can be totally 
destroyed. 

Concentrator solar systems 

In concentrator systems, the same materials are used for manufacturing of cells as in case 
of conventional photovoltaic panels. They are so called first-generation crystalline quartz 
cells (conversion efficiency 16-19%, in special structures up to 24%), second-generation 
GaAs cells (efficiency under 10% generally), thin-layer cells or third-generation cells with 
multiple PN junctions (under development). Constructions of the systems vary and 
therefore the requirements are rather different. Low concentrations require standard 
panels or well positioned cells, which are not suitable for concentration in the order of tens 
or hundreds of suns. In such cases cells specifically designed for these applications are 
used. However, requirements for concentrator cells are higher. They require increased 
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heat/thermal stress and high flow density in the cell given by exposure several orders 
higher than in cells without a concentration [1]. 

Temperature impact on cells 

As mentioned above, standard cells designed for applications without a concentration can 
be used in the given case. Their efficiency is approximately 10% higher at a concentration 
of 10 suns), but at a higher concentration resistivity loss would considerably increase. Cell 
efficiency will be increasing up to a certain concentration. When it has been reached, 
efficiency will decrease. A considerable increase will be observed in the thermal and flow 
stres of the cell. For this reason, the use of standard cells is limited, and special cells are 
recommended for higher concentrations, either low concentration cells (2 to 100 suns) and 
high concentration cells (300 and more suns) [2]. 

 
Fig. 1: Concentrator with Fresnel lens. 

Temperature has an increased impact on the position of the operating point. At high 
temperatures, electrical properties of the cell change. Due to this change the terminal 
voltage decreases, thus causing a decrease in the load output [3], [4] . 

 
Fig. 2: The influence of temperature on the VA characteristic, and the P characteristics. 

Solar radiation 

Fresnel 
lens 

Solar cell 

Heat dissipation
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Analysed model 

The analysed cooled model is based on the design of the operating sample implemented 
and investigated at the Department of Electrical and Electronic. Four variants have been 
analyzed with different basic shape characteristics for determination of the impact of 
characteristic design changes: 

• Basic vision – simple operating model  shape (Fig.5) 
• Half the flow of cooling medium to the Basic version to determine the effect of 

changes in the flow rate of the coolant (Fig.6) 
• The Leading edge and rounded corners to determine the effect of changes in 

aerodynamic shape (Fig.7). 
• Water supply to the media by 16 holes, rounded corners to determine the effect 

of changes in the character of the inflow and outflow of the coolant (Fig.8). 

Analysis by finite volumes method 

The finite volumes method was used for the solution. In the given case it was a transient 
problem solving two physical problems: cooling medium flow description and heat 
conversion. 
The problem of the cooling medium flow was solved by a system of three partial differential 
equations describing the flow of a viscous liquid in the Carthesian coordinate system: 
The continuity equation expressing the mass preservation law: 
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Stokes-Navier equation expressing the applied Newton theorem on movement change: 
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Energy equation expressing the energy conversion law for compressible fluids: 
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This system was completed with the state equation: 

TR
pM

=ρ  (4)

In the above equations  is the velocity of the fluid,  density,  temperature,  internal 
energy.  external mass forces acting on the mass unit (e.g. gravity, centrifugal),  
related to volume unit,  diffusion heat flow,  tensor of viscous stress and  are indexes 
for summation quantities according to three directions of coordinates (Einstein 

387



13th Advanced Batteries, Accumulators and Fuel Cells Photovoltaics 

summation). It is a three-dimensional flow of compressible, viscous fluid with heat supply 
[5], [6], [7]. 
Heat conversion was described by the equation of energy conversion law: 

 
(5)

And 

 
  (6)

Where is enthalpy and heat flow is defined: 

 
 (7)

Where  is the specific internal energy,  specific heat,   tensor thermal conductivity. 

Here constant  = 0.9,  is Prandtl number. This equation describes the laminar and 
also the turbulent type of flow. The calculation makes possible conversion from one flow 
type to another. 
Anisotropic heat conductivity in solid media was described by equation. 

 
(8)

where e is the specific internal energy, c specific heat,     tensor thermal conductivity. 

Boundary conditions 

Cooling medium inflow: Volume flow: 3  = 0.00005 , Temperature 20.05 . 

Cooling medium: Outflow into atmosphere – statistic pressure 101325 . 

Onto the upper surface of glass plate: Heat brought to the surface: 15000 W/m2. 
 

 
Fig. 3: The Boundary conditions. 
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Results evaluation  
Table 1:  

 Version 
 

The maximum 
temperature reached 

in the Cell. [°C] 

The average 
temperature 
reached in 

the Cell. [°C] 
1 Basic version (Fig.5) 28.2 24.6 

2 Half the flow of cooling medium 
(Fig.6) 34.2 28.4 

3 The Leading edge (Fig.7) 35.3 25.3 

4 Water supply to the media by 16 
Holes (Fig. 8) 27.8 23.9 

 

 
Fig. 4: Graphical Results. 

 

 
Fig. 5: The basic version. 
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The Basic version showed a tendency to swirling due to the cell surface perpendicular to 
the inlet. From Fig. 5 is apparent the swirling then causes local overheating on the front of 
the panel. 

 
Fig. 6: Half the flow of cooling medium. 

As anticipated, the maximum temperature of the photovoltaic cell is mostly influenced by a 
reduced cooling medium flow, which is not so big according to the calculated maximum 
temperature on the panel, but from the graphical representation in Fig. 6 it is apparent that 
in close vicinity of the cell the medium temperature sharply increases. The medium half-
flow can influence increased swirling and poor outflow of the coolant. Further analyses on 
the final construction shall be focused on an optimal volume flow with the view of 
preventing local overheating. 

 
Fig. 7: The leading edge. 

The leading edge construction (Fig. 7) does not actually remove the problems apparent in 
the Basic version – the swirling and local overheating, and does not effectively influence 
the process of cooling. The swirling can be subdued by the manner of the cooling medium 
inflow and outflow. 
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Fig. 8: Water supply to the media by 16 Holes. 

Construction with 16 holes (Fig. 8) showed the anticipated balanced flow over the entire 
cooled profile, but also the necessity to create a variant where swirling having a negative 
impact on cooling efficiency could be removed. 

 
Fig. 9: The analysis of the flow character in a cooled chamber. 

In the system was analysed the character of the flow for each version with the view to 
direct the cooling medium flow in the final construction to prevent swirling and local 
overheating of the panel.  

CONCLUSION 

First analyses of the newly designed cooling system of contractor solar panels have been 
conducted. The results will constitute a basis for deeper planned analyses in the system 
ANSYS CFX focused on minimization of the height of the cooling medium column, its 
volume flow, removal of local overheating due to swirling. The objective will be maximum 
economic effectiveness of operation.  
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Abstract 

One of the types of thermal cells are cells composed of elements in the form of tablets. 
They are made by a method known as powder technology or pressed technology. This 
technology is based on the preparation of mixtures of the electrolyte and the cathode in 
the powder form and then pressing one tablet of specific composition and dimension. 
Single cell has a cathode, an electrolyte-separator system and anode, which contains a 
reducing agent in the form of solid metal, bi-metal or metal placed in the matrix. Electrolyte 
and cathode layers are permanently connected.  

The study applied two types of anode (Mg and Mg/ KCl-LiCl 5 wt.%) and the cathode 
PbSO4 containing percentage additions of graphite and silica. The electrolyte was a 
mixture of 88 wt.% KCl-LiCl and 12 wt.% of SiO2. A series of cells was performed on the 
electrical study at temperature ranging from 375 to 550 oC. Electrical tests were carried out 
by activating cells electric heaters.  

Introduction 

Characteristic of the thermal battery is that it they can to be used only once and regardless 
of whether the energy stored therein has been used by a user or not, again they can’t be 
run. The sense of the existence of the batteries that operate short a time, have a complex 
structure, specific and unusual application, and hence the requirements to be met should 
the power source. 

Their characteristics is the possibility of a long, maintenance-free storage battery in an 
inactive state, the possibility of sudden activation, very high resistance to environmental 
factors, and practically 100% reliability. Therefore highly varying conditions electrical 
circuits are supplied by a battery, they are designed for specific consumers of electricity. 
This in turn makes it necessary to use a wide range of active cell materials, construction, 
isolation and heat-generating [1,2,3]. 

Magnesium is one of the anode materials used in the thermal battery cells. It is used such 
pressed powder to the collector of nickel or an alloy thereof, usually having the form of foil, 
warmed mesh. The electrolyte used in the cells is a mixture of thermal molten salt placed 
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between the cathode material and anode material. Molten electrolyte is formed when the 
salts cell heated to a suitable temperature melt. Lead sulfate (II) is used cathode material 

in thermal batteries. Its advantage is the high melting point - 1170 C and simple reaction 
that provides uniform discharge voltage during work of the cell, allowing for accurate 
determination of donated electrical capacitance. Electrolyte and electrode materials are 
formed into a tablet. This method minimizes waste production and allows constructing 
batteries more resistant to exposure to vibration that cause leakage of the electrolyte and 
cathode material, which can lead to short-circuit cells [1-4]. 

Experimental 

Cells research were designed to test the effect of added electrolyte on the performance of 
the anode material of the cell. The cathode used the composition of the cathode mass: 
45 wt.% PbSO4 (Alfa Aesar), 45 wt.% LiCl-KCleut., 5 wt.% graphite (Alfa Aesar) and 5 wt.% 
SiO2 (Alfa Aesar). In addition, a test cell containing a cathode weight of the composition: 
45 wt.% PbSO4 (Alfa Aesar), 45 wt.% LiCl-KCleut., 2.5 wt.% graphite (Alfa Aesar) and 
7.5 wt.% SiO2 (Alfa Aesar) in to verify reproducibility of the effect originating from 
modification of the anode-cathode system with another. As the anode material used 
magnesium powder obtained by milling the pulse. The electrolyte was a mixture of 88 wt.% 
KCl-LiCl and 12 wt.% of SiO2 (Alfa Aesar).  

The cathodes and anodes were made by pressing the cathode to the substrate mass in 
the stamping using a hydraulic press in a glove box with protective atmosphere of argon. 
Fig.1 presents across section of the test cell. Table 1 shows comparison of cell 
configuration and the conditions of their study. 

 

Fig.1: Cell research. 

Table 1: Comparison of cell configuration and the conditions of their study. 

ANODE CATHODE 

45% PbSO4 

45% LiCl-KCleut. 

7.5% SiO2 

2.5% graphite 

45% PbSO4 

45% LiCl-KCleut. 

5% SiO2 

5% graphite 

290 mg 580 mg 290 mg 580 mg 

Mg 
2.6 Ω 

375÷550ºC 

2.6 Ω 

375÷550ºC 

2.6 Ω 

375÷550ºC 

2.6 Ω 

375÷550ºC 

Mg 

+ 

LiClKCl 

2.6 Ω 

375÷550ºC 

2.6 Ω 

375÷550ºC 

2.6 Ω 

375÷550ºC 

2.6 Ω 

375÷550ºC 
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The obtained electrode a series of cells was performed, and then studied the discharge 
constant resistance 2.6 Ohms and 50N pressure in the temperature ranging from 375 to 

550 C. Electrical tests were carried out by activating cells, electric heaters (Fig.2.). 

The measurement was performed using testing equipment cell and a thermal battery 
ATLAS 1061 MBLT. During the study measured the voltage and current the electric with a 
frequency of 10 measurements per second, and during the analysis of the results of ten 
measurements were averaged to give the adjacent frequency of 1 measurement per 
second. 

As a minimum voltage level determined value 1.186V. 

 

Fig. 2: Electric heaters. 

Results and discussion 

Fig. 3 to 10 presents the results of measurements of individual cells are shown as curves 
discharge [U = f (Q)]. Descriptions of a particular configuration of cells are located in the 
signatures for the graphs, each curve reflects a measurement performed at a different 
temperature (as described in the legend). 

 

Fig. 3: Cells discharge curves of the composition:  anode Mg; cathode 45 wt.% PbSO4, 45 wt.% 
LiCl-KCleut.,7.5 wt.% SiO2, 2.5 wt.% graphite; mass cathode 290 mg. 
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Fig. 4: Cells discharge curves of the composition:  anode Mg; cathode 45 wt.% PbSO4, 45 wt.% 
LiCl-KCleut.,7.5 wt.% SiO2, 2.5 wt.% graphite; mass cathode 580 mg. 

 

Fig. 5: Cells discharge curves of the composition:  anode Mg; cathode 45 wt.% PbSO4, 45 wt.% 
LiCl-KCleut., 5 wt.% SiO2, 5 wt.% graphite; mass cathode 290 mg. 

 

Fig. 6: Cells discharge curves of the composition:  anode Mg; cathode 45 wt.% PbSO4, 45 wt.% 
LiCl-KCleut., 5 wt.% SiO2, 5 wt.% graphite; mass cathode 580 mg. 
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Fig. 7: Cells discharge curves of the composition:  anode Mg+(LiCl-KCleut.); cathode 45 wt.% 
PbSO4, 45 wt.% LiCl-KCleut., 7.5 wt.% SiO2, 2.5 wt.% graphite; mass cathode 290 mg. 

 

Fig. 8. Cells discharge curves of the composition:  anode Mg+(LiCl-KCleut.); cathode 45 wt.% 
PbSO4, 45 wt.% LiCl-KCleut., 7.5 wt.% SiO2, 2.5 wt.% graphite; mass cathode 580 mg. 

 

Fig. 9: Cells discharge curves of the composition:  anode Mg+(LiCl-KCleut.); cathode 45 wt.% 
PbSO4, 45 wt.% LiCl-KCleut., 5 wt.% SiO2, 5 wt.% graphite; mass cathode 290 mg. 
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Fig. 10: Cells discharge curves of the composition:  anode Mg+(LiCl-KCleut.); cathode 45 wt.% 
PbSO4, 45 wt.% LiCl-KCleut., 5 wt.% SiO2, 5 wt.% graphite; mass cathode 580 mg. 

Individual graphs presents the dependence obtained electrical capacity and average cell 
voltage. Capacity value is calculated using integral to the extent to which the cell has a 
voltage of not less than the accepted minimum value equal to 1.186 V; similarly, the 
average voltage of a cell is defined as the average value of the part of the discharge curve, 
in which the voltage is a minimum of 1.186 V.  

Analyzing the measurement results summarized in Fig. 11 and 13 shows small increase 
electrical capacity generated by using anode with the electrolyte; the average voltage was 
obtained at a similar or slightly higher for cells containing anodes without the addition of 
electrolyte. 

Obtained a substantial increase in capacitance has been increasing double the amount of 
mass the cathode. This increase is not proportional and was from about 71 to about 95%. 
The graphite content increasing from 2.5 to 5% causes an increase of capacitance 
obtained from about 34 to about 53%, without increasing the amount of active substance 
(PbSO4). 

  

Fig. 11. Comparison of cells voltage in relation to the composition of the anode. 
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Fig. 12: Comparison of average cells capacity (capacity and average voltage). Individual columns 
represent the average value obtained by the capacity of the cell configuration across temperature 
range. 

Conclusion 

1. Electrodes containing in its composition 7.5 wt. % SiO2 are mechanically unstable. 
2. Cells containing a cathode on the composition of 5 wt. % SiO2 and 5 wt. % graphite, 

in all studies obtained electric capacity increased about 30% than the cells containing 
the cathode on the composition of 7.5 wt. % SiO2 and 2.5 wt. % graphite. This follows 
from the improved conductivity of the electrode.  

3. In all cases, the cell containing an anode with 5 wt. % KCl + LiCl have a slightly 
higher capacity of the anode in the form of metallic magnesium (about 3.25%). 

4. Fold increase the amount of weight increases the cathode capacitance obtained an 
average of 80.7%. 

5. The observed differences between the types of test voltage cells are within the 
measurement error. 
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Introduction 

This paper deals with  battery monitoring system for the airplane VUT 051 RAY and 
description of the whole airplane battery. 

Recently, Lithium-ion (Li-ion) accumulators have better capacity/weight ratio of all 
accumulators types. Due to this fact, they could be successfully used for some mobile 
applications, because these applications need high accumulated energy with maximally 
low weight – for example automotive industry or aerospace. 

Following chapters present the Li-ion accumulators system (includes a monitoring system) 
that is designed as an energy source for the airplane VUT 051 RAY. DC-line (the battery), 
composed of this kind of accumulators, will feed mainly a synchronous motor (about 
52 kW). Similar projects of electric airplanes are HK36 Super Dimona, Antares DLR H2 
and ENFICA-FC, see lit. (1). 

Required airplane drive parameters are divided into two aspects:  

The first one is power. There are important requirements on the motor power and total 
energy of the battery for safety fly: 

 Motor power 52 kW 

 Battery output power 60 kW 

 Stored energy for one flying cycle 34 kWh 

The second aspect is total mass of whole electric drive system: 

 Whole system mass max. 230 kg 

 Allowed battery mass max. 150 kg 

 Motor mass 40 kg 

From previous aspects, the battery has to have energy density minimally 227 Wh/kg. 
Other requirement is minimal discharge rate 2C. In next chapters, it is introduced our 
solution for this problem. 
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Airplane electric drive 

Electric drive system of airplane VUT 051 RAY consists of three main blocks, see Fig. 1.  

Electric drive – consists of permanent magnet synchronous motor and its inverter 

Board system – consists of main computer, control inputs and display 

Accumulator supply – this part is described in following chapters 

 

Fig. 1: Airplane electric drive scheme. 

Battery description 

Whole battery consists of 3060 Li-ion cells Panasonic NCR18650A. These accumulators 
contain a spiral structure with 4 layers. A positive electrode is activated by cobalt acid 
lithium; a negative electrode is activated by special carbon. A separator is put together in a 
whirl pattern and stored in the case. It also incorporates the variety of safety protection 
systems such as a gas discharge valve which helps prevent the accumulator from 
exploding by releasing internal gas pressure (2). 

The next safety system of these accumulators is called Heat Resistant Layer (HRL). This 
layer is connected between the cathode and the anode of the accumulator. HRL creates  
a temperature-dependent resistor (posistor). When the accumulator is discharged by high 
current (e.g. short-circuit), the HRL resistance is so high that the accumulator stops to give 
current to the circuit and due to this fact the accumulator temperature decreases 
spontaneously. This action happens when the layers temperature is about 80 °C. 

The airplane battery is modular system of Li-ion accumulators and it is consisted of 
following subgroups: 

battery = 6 × battery pack = 30 × battery block = 3060 × accumulator Panasonic 
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The battery block is the group of 102 (3 × 34) pieces of the Li-ion accumulators Panasonic 
NCR18650A, see Fig. 2a). These accumulators are connected in series-parallel by the 
Fig. 2b). The voltage levels are measured at each parallel combination of the 
accumulators, i.e. on 34 cells connected in parallel. Each battery block has its own battery 
block monitoring board that controls important parameters (voltage, temperature and so 
on). 

 

 
 
Fig. 2: Battery pack. a) Illustration photo. b) Connecting scheme of accumulators. 

 

The battery pack (Fig. 3) is the five pieces group of the battery blocks connected in series. 
These units will be mounted behind a pilot’s cockpit into two panels, see Fig. 4. Six pieces 
of the battery packs create the battery (complete DC-line of drive). 

 

Fig. 3: Battery pack model. 

 

Fig. 4: The placement of battery packs in the airplane.  

a) 

b) 

10.8V 

7.2V    

3.6V    

34× 

0V 

Battery block 

battery 

DC/AC inverter PMS motor 
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Important parameters of Li-ion accumulators Panasonic and whole battery are shown in 
Tab. 1. 

Table 1: Important parameters the Li-ion accumulator Panasonic and the battery. 

Parameter 
Panasonic 

NCR18650A 
Battery 

Nominal voltage [V] 3.6 324 

Maximal voltage [V] 4.2 378 

Nominal capacity [Ah] 3 102 

Mass [kg] 0.0455 150 

Maximal current [A] 6 204 

Battery monitoring system 

Battery block monitoring computer is included at each battery block; hence the battery 
contains 30 pieces of these computers. The monitoring system is controlled by the 
processor Freescale DSP MC56F8036. The Fig. 5 shows the placement of the monitoring 
PCB and its bottom side.  

The primary functions of the monitoring computers: 

 Temperature measuring of each accumulator by NTC thermistors (tree multiplex 
structure) 

 Voltage measuring of each parallel accumulator combinations 

 Balancing circuits controlling during charging of the battery 

 Communication with a main computer through CAN bus by the CANaerospace 
protocol 

Monitoring computers has in CAN protocol following emergency messages: 

 Exceeding of allowed temperature for each accumulator  

 Non-allowed over-voltage level for each parallel combination of accumulators 

 Non-allowed under-voltage level for each parallel combination of accumulators 

In the case of incorrect processor function, the monitoring PCB is equipped by an analog 
safety circuit that watches the voltage level of each battery block. In the case of over-
voltage or under-voltage level, the analog safety circuit sends an error message directly to 
the main computer.  

An active balancing circuit works during the charging of the accumulators. The capacity 
difference of individual accumulator series can be caused either by accumulator 
parameters dispersion during their production or by their aging that it is caused by their 
working. Each parallel combination of the accumulators is equipped by the active 
balancing system (see (3)) that reduces the danger of weak accumulator overcharging. 
This system enables to equally distribute energy between all accumulators connected in 
series. 
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Fig. 5: Battery blocks monitoring PCB. a) Top side – location on Battery block. b) Bottom. 

Battery block discharging performance 

This chapter describes discharging measurement of battery block by constant current 
116 A (3.4 A per one accumulator). This current level is equivalent to current load during 
horizontal flight of the airplane. External cooling was not used during measurement. Total 
measuring time was 53 min. After this time, the battery block was completely discharged, 
i.e. it was taken energy 102 Ah. Ambient temperature before the measurement was 23 °C. 

Fig. 6a) shows typical discharging curves measured at each parallel accumulator group of 
battery block. From the graph, it is apparent that some curve start to decrease critically 
when voltage is lower than approximately 3 V (accumulator is discharged). 

Fig. 6b) shows temperature course during measurement. It is possible to see, that 
temperature arises about 40 °C without any artificial cooling. 

Fig. 7 shows battery block temperature in the end of discharging. The warmest 
accumulators are at the second row from the top side because warm air moves up. 
Accumulators at the edge of the battery block are cooled by ambient air. The point of 
maximal temperature has about 62 °C.  
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Fig. 7: Thermo-figure of battery block after discharging by constant current 116A. 

Conclusion 

The article presents battery and its monitoring system in the electric aircraft VUT 051 RAY. 
Battery is constructed according to desired parameters: battery output power 60kW, stored 
energy for one flying cycle 34 kWh and maximal mass 150 kg. The battery consists of 
3060 cells of Li-ion accumulators Panasonic NCR 18650A. 
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