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EDITORIAL 
 
 

Fundamental electrochemical research and the 
knowledge created thereby is the prerequisite to bring 
novel concepts and ideas forward to possible 
applications and transfer it to technology. This is 
particularly of interest in the area of electrochemical 
energy technologies. For many years, our Laboratory 
has dedicated its efforts to various aspects of 
electrochemical energy conversion in fuel cells and 
electrochemical energy storage in batteries and double 
layer capacitors, by bridging this gap between 
fundamental research and engineering aspects.  

This approach has allowed us to transfer our genuine 
know-how to industry at an early stage. In this respect, 
the past year 2010 was a very successful one. On one 
side, we could announce first results of our 
collaboration with Belenos AG, Biel, namely the 
development and demonstration of a 25 kW H2/O2 fuel 
cell stack fulfilling the demanding specifications for its 
integration into an all-electric power train. Future 
oriented, we could announce the participation as an 
academic founding partner of the BASF international 
research network Electrochemistry and Batteries. In 
addition to these two highlights, we continued to work 
on many other technology transfer projects. In 
accordance to our philosophy, aspects of fundamental 
electrochemistry pursued to be in focus of our work. 

With the 44 contributions to this report, we deliver an 
overview on activities and results achieved during the 
course of the year 2010. Materials research for the 
electrochemical devices of interest, diagnostic methods 
and results of their ex situ and in situ applications, and 
systems issues are the topics. 

In addition to our daily scientific work, dissemination of 
results and education of our co-workers and the 
scientific community are of prime importance. 

“Electrochemistry in Switzerland” was the topic of our 
26th One-Day-Symposium on Electro-chemistry, which 
took place on May 5, 2010. Close to 100 participants 
from several countries expressed their interest in 
electrochemical research and industrial activities. The 
topic was introduced by Patrik Schmuki, University of 
Erlangen, providing an overview on past and today’s 
Electrochemistry in Switzerland from the outside. 
Hubert Girault, Ecole Polytechniqe Fedéral de 
Lausanne, presented his view on Interfacial 
Electrochemistry: A Special Focus on Soft Interfaces. 
An overview on Electrochemical Energy Research in 
Switzerland was given by A. Wokaun, Paul Scherrer 
Institut and O. Bucheli, HTceramix-SOFCpower, 
Yverdon-les-Bains,  

referring to different operating temperature regimes of 
the respective devices. J.C. Puippe, Steiger SA, Châtel-
St-Denis, L. Philippe, Empa Thun, and T. Suter, Empa, 
Dübendorf, addressed issues of Electrochemical 
Surface Treatments and Corrosion, and Caspar 
Demuth, ZHAW, Wädenswil, reported on 
Electrochemical Sensors: Trends and Challenges in 
Academic and Industrial R&D. Finally, L. Schlapbach, 
former director of Empa, gave an outlook on Future  

Electrochemical R&D Activities in Switzerland and the 
possibilities for their funding. 

Today, we are already looking forward to our 27th One-
Day-Symposium, taking place on May 11, 2011, where 
we address the important topic of Electromobility. 
Lecturers from academia and industry will deliver their 
views on the future of the various technologies 
comprising the overall topic electromobility. 

We will be delighted to welcome many of you on this 
occasion, which also offers you a possibility to start or 
continue discussion with us on possible joint interests. 
 
Please enjoy reading our Electrochemistry Laboratory 
Annual Report 2010. 
 
 
Günther G. Scherer 
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 Effect of styrene/methacrylonitrile composition on the performance of 
radiation grafted ETFE based membranes for PEFCs 

H. Ben youcef, K. Jetsrisuparb, L. Gubler, A. Wokaun, G.G. Scherer 

phone: +41 56 310 4188, e-mail: hicham.ben-youcef@psi.ch 

 

The development of radiation grafted membranes for 
fuel cell application is directed towards the 
improvement of the cost effectiveness, 
chemical/oxidative stability, and reliability. During fuel 
cell operation, the membrane is subjected to chemical, 
thermal, and mechanical stress. Evidently, the selection 
of the base film and grafted polymer is a key to control 
and improve the membrane properties. The grafting of 
the α-methylstyrene/methacrylonitrile (AMS/MAN) 
copolymer into fluorinated base films resulted in a 
membrane with an improved chemical stability under 
fuel cell operation (80°C) in comparison to a styrene 
grafted membrane [1]. In the first approach, the MAN 
was used as co-monomer to promote the grafting of the 
α-methylstyrene (AMS), due to its poor radical 
polymerization kinetics and low ceiling temperature 
(60°C) [1]. Thus, the MAN was thought to be a "dead 
mass" in the system, i.e., it was thought not to 
contribute to the proton conductivity and performance of 
the grafted membrane. Recently, we showed that the 
observed stability is not only the result of the α-position 
protection in AMS compared to styrene, but also the 
incorporation of the MAN monomer itself [2]. We have 
adopted an approach using styrene-co-MAN co-grafted 
into poly(ethylene-alt-tetrafluoroethylene) (ETFE) base 
film to evaluate the influence of the MAN content on the 
performance of grafted membranes at fixed ion 
exchange capacity (IEC). 

Experimental 

Based on a detailed kinetics study [3], a set of 
membranes based on ETFE (25 μm, Dupont) with fixed 
ion exchange capacity (IEC) of ~1.5 mmol·g-1 and with 
different molar fractions of styrene/MAN were prepared. 
The membranes were prepared with different 
styrene/MAN molar fractions (0.2, 0.4, 0.6, 0.8 and 1) in 
the initial grafting solution, as described previously [3-
4]. The styrene/MAN composition in the grafted ETFE 
films was determined by FTIR analysis (Table 1). 

# Membrane GL 
Styrene molar 

fraction 
in the film 

Ion exchange 
capacity 

  % - mmol·g-1 

1 S-co-MAN 61 0.39 ± 0.02 1.59 ± 0.03 

2 S-co-MAN 38 0.56 ± 0.02 1.43 ± 0.05 

3 S-co-MAN 34 0.64 ± 0.04 1.55 ± 0.01 

4 S-co-MAN 29 0.77 ± 0.04 1.61 ± 0.05 

5 S-co-MAN 23 1.00 ± 0.00 1.54 ± 0.02 

6 Nafion 212 - - 1.10 ± 0.02 

Table 1. Graft level (GL), molar fraction and ion exchange 
capacity (mass base) of the styrene/MAN grafted ETFE based 
membranes. Data for Nafion 212 is presented for comparison. 

The grafted membranes were impregnated with 0.5 % 
Nafion solution, dried and hotpressed (110 °C / 40 kN / 
180 s) together with poly(etheylene naphtalate) (PEN) 
sub-gaskets of 25 µm thickness and gas diffusion 
electrodes (type JM EL162, Johnson Matthey Fuel 
Cells) with a platinum loading of 0.4 mg cm-2. The MEA  

was assembled into a single fuel cell with an active 
area of 16 cm2 and operated at a temperature of 80 °C 
and at a constant current density of 500 mA·cm-2. The 
electrochemical characterization techniques, namely, 
high frequency resistance (HFR), polarization curves, 
electrochemical impedance spectroscopy (EIS) 
(impedance at HF intercept and polarization 
resistance), and H2 crossover, were measured. 
Experimental details of the used procedures are 
available elsewhere [4]. 

Results  

The styrene-co-MAN grafted membranes were 
characterized for their ex situ fuel cell relevant 
properties (IEC, water uptake and through plane 
conductivity) (Table 2). 

#
Water 
uptake 

Ion exchange 
capacity 

Thickness Conductivity

 % mmol·cm-3 μm mS·cm-1 

1 61 ± 2 1.26 ± 0.04 45 ± 2 84 ± 11 

2 47 ± 3 1.34 ± 0.03 41 ± 1 93 ± 9 

3 49 ± 1 1.39 ± 0.03 40 ± 2 100 ± 9 

4 38 ± 2 1.61 ±0.04 39 ± 1 85 ± 3 

5 35 ± 2 1.52 ± 0.19 37 ± 1 86 ± 6 

6 39 ± 1 1.28 ± 0.03 65 ± 1 78 ± 4 

Table 2. Ex situ properties of the styrene/MAN grafted ETFE 
based membranes and Nafion 212. Conductivity measurement 
were performed at fully swollen state at RT. 

The volume based IEC shows clearly the effect of the 
increase of MAN content (GL increases) on the 
dimensional change of the grafted membrane (Table 2). 
In fact, the volume based IEC decreases with the 
decrease of styrene molar fraction in the grafted 
membrane, whereas the water uptake and the 
thickness showed an opposite trend. Interestingly, the 
membrane conductivity was not improved either with 
the increase of water uptake nor with the increase of 
the volume based IEC. This finding is quite different 
from what has been observed previously for the styrene 
based membranes and the linearly increasing trend of 
conductivity with graft level i.e., improving proton 
mobility with an increase of water uptake [4]. Therefore, 
the hydrophilicity of the nitrile group and its ability to 
form hydrogen bonds with water do not improve the 
proton mobility. The question to address in near future 
is related to the nano-scale morphology of the co-
grafted membranes at lower molar styrene fraction and 
its effect on proton transport. 

To ensure good lamination between the grafted 
membrane and the electrodes, the ETFE based 
membranes were impregnated with Nafion/ethanol 
solution 5 % (v/v), while Nafion 212 showed good 
lamination when hot-pressed with the electrode without 
need of impregnation. The assembled MEAs were 
tested under steady conditions and the single fuel cell 
performance was evaluated in situ by recording 
polarization curves after 24 h operation (Figure 1). No 
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significant change of the recorded HF resistance values 
were measured with the decrease of the styrene molar 
fraction. A slight difference in the cell voltage between 
the different MEAs was determined at high current 
densities. The MEA based on a styrene molar fraction 
of 0.56 showed comparable performance in comparison 
to that of Nafion 212. 

To determine the origin of the differences in the MEA’s 
performance, electrochemical impedance spectra were 
recorded (Figure 2). No significant change in the 
impedance values extracted at the intercept at high 
frequency was measured, which correlates quite well to 
the ex situ conductivity values (Table 1). However, the 
polarization resistance, which is a measure of the 
quality of the interfacial properties of the MEAs, showed 
a clear trend. The membranes with high styrene molar 
fraction (0.77 and 1) in the grafted membrane showed 
similar polarization resistance values and were by ~50 
% higher than those of the other membranes, including 
the MEA based on Nafion 212. 

 

Figure 2. Ohmic resistance and polarization resistance of 
MEAs based on ETFE-g-styrene-co-MAN membranes and 
Nafion 212, based on ac impedance spectra recorded at a dc 
current density of 500 mA·cm-2 (frequency range: 0.1 Hz –
50 kHz). 

Evidently, the combination of Nafion solution 
impregnation procedure and improved surface 
properties introduced by the polarity of the nitrile group 
of MAN to some extent induce better adhesion 
properties between the electrode and the grafted 
membrane. 

To evaluate in situ the mechanical integrity of the 
grafted membranes and the influence of styrene/MAN 
composition, the H2 crossover was measured 
electrochemically in H2 / N2 mode at 80 °C (Figure 
3).The H2 crossover gradually decreases with a 
decrease of the styrene molar fraction and all grafted 
samples show lower permeability values than the 
Nafion°212 sample. We note here that Nafion 212 is 
thicker than all styrene-co-MAN grafted membranes 
(Table 2). It is expected that an increase of membrane 
thickness with an increase of MAN molar fraction will 
lead to a reduced permeability. Likewise, an increase of 
GL and water uptake is assumed to lead to an increase 
in membrane permeability. In addition, the nitrile group 
was pointed out to be the functional group of choice to 
be incorporated into polymer materials in order to 
improve their gas barrier properties [5]. 

 

Figure 3. Hydrogen crossover of ETFE-g-styrene-co-MAN
based membranes and Nafion 212 measured electrochemically 
in H2 / N2 mode at 80 °C. 

It is clear that the improvement of performance of 
styrene-co-MAN grafted membrane is governed by the 
combination of good interfacial properties, optimized 
monomer composition, and reduced gas permeability. 
The styrene-co-MAN grafted membranes exhibit 
comparable interfacial properties and performance at 
high MAN content, when assembled with JM 
electrodes. Furthermore, grafted membranes exhibit 
lower gas crossover and higher dimensional stability 
than the Nafion 212 membrane. 
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Figure 1. Polarization curves of MEAs based on grafted ETFE-
g-styrene-co-MAN based membranes and Nafion 212 at a cell 
temperature of 80°C; H2/O2 at a stoichiometry of 1.5/2, 
atmospheric gas pressure, full humidification at 80°C.  
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 Styrene-co-(meth)acrylonitrile radiation grafted ETFE based membranes: 
Influence of the α-methyl and nitrile group on membrane properties 

H. Ben youcef, K. Jetsrisuparb, A. Waibel1, L. Gubler, G.G. Scherer, A. Wokaun 

phone: +41 56 310 4188, e-mail: hicham.ben-youcef@psi.ch 

 

The second generation proton exchange membrane for 
fuel cells prepared by radiation induced grafting of 
α-methylstyrene / methacrylonitrile (AMS / MAN) 
copolymer into fluorinated base films showed improved 
chemical stability under fuel cell operation (80°C) [1]. In 
the first approach, MAN was used as co-monomer to 
promote the grafting of the AMS, due to its poor radical 
polymerization kinetics and low ceiling temperature 
(60°C) [1]. Thus, the MAN was thought to be a "dead 
mass" in the system, i.e. not contributing to the proton 
conductivity and performance of the grafted membrane. 
Recently, it was shown that the observed stability is not 
only the result of the α-position protection in AMS as 
compared to styrene, but also the incorporation of the 
MAN monomer itself [2]. However, the role of MAN for 
the stability of these membranes is not yet understood. 
In this contribution, we have adopted an approach 
using styrene-co-MAN and styrene-co-acrylonitrile (AN) 
co-grafted into poly(ethylene-alt-tetrafluoroethylene) 
(ETFE) base film to evaluate the influence of these two 
factors mentioned before on the ex situ fuel cell 
relevant membrane properties. 

Experimental 

Based on a detailed kinetics study, a set of styrene-co-
AN and styrene-co-MAN grafted films based on ETFE 
(25 μm, Dupont) with fixed graft level (GL) of ~ 40 % 
and with different styrene molar fractions (molar fraction 
of styrene is X(styrene) = 0.2, 0.4, 0.6, 0.8, 1 in the 
initial grafting solution) were prepared. The styrene-co-
MAN and styrene-co-AN grafted ETFE base films were 
characterized by FTIR analysis. Membranes obtained 
by sulfonation of grafted films were characterized ex 
situ to determine their fuel cell relevant properties, 
namely, ion exchange capacity (IEC), swelling, 
conductivity and dimensional stability (wetdry) [3]. 
Membrane electrode assemblies (MEA) were prepared 
by hotpressing selected grafted membranes onto gas 
diffusion electrodes (type JM EL162 / Johnson Matthey 
Fuel Cells, platinum loading 0.4 mg Pt cm-2) and then 
characterized in situ in a single fuel cell  

Results  

Detailed kinetics studies using both monomer 
combinations were performed and the film compositions 
were determined using FTIR spectroscopy. The 
understanding of the radiation induced co-grafting of 
two monomers was important to ensure an optimal 
control of the grafted films’ resulting composition. Thus, 
reactivity ratios for the different monomer combinations 
of r(styrene)= 0.53 +/- 0.07, r(AN)= 0.22 +/-0.05 and 
r(styrene) = 0.50 +/- 0.06, r(MAN)= 0.13 +/- 0.03 were 
determined for styrene-co-AN and styrene-co-MAN 
grafted films, respectively. Both monomers show 
similarities when co-grafted with styrene. However, it is 
important to point out that AN can not be grafted well 
into ETFE alone, as it is the case with MAN. This is 
most likely due to the difference in solubility and polarity 
factors between the two nitrile monomers [4]. Due to its 
stronger polarity, AN is more soluble in water than MAN 
and the polyacrylonitrile (PAN) is known to be insoluble 

in its monomer. Band shifts at 2234 cm-1 wavenumber 
value (band of the C≡N group) were observed in both 
systems with an increase of AN / MAN content in 
grafted films. Thus, the generated 
intramolecular/intermolecular interactions showed 
clearly the influence of the polarity of the nitrile group 
on ETFE grafted films [2-4]. Grafted films with fixed GL 
(40%) and with different molar fractions were prepared 
and subsequently sulfonated to obtain proton exchange 
membranes. 

 

Figure 1. FTIR spectra of styrene-co-AN grafted membranes at 
different styrene molar fraction and at fix graft level (GL ~ 
40 %). 

Based on the FTIR spectra of membranes, the shift 
observed in the C≡N wavenumber value disappeared 
after sulfonation in both monomer combination systems 
(Figure 1-2). The spectra of the styrene-co-AN based 
membranes revealed that the nitrile groups were 
partially hydrolysed into amide and carboxylic acid 
(Figure 1), whereas the styrene-co-MAN based 
membranes were not subjected to significant change 
(Figure 2). Only the highly MAN grafted film subjected 
to the sulfonation procedure showed slight hydrolysis 
(Figure 2). 

 

Figure 2. FTIR spectra of styrene-co-MAN grafted membranes 
at different styrene molar fraction and at fix graft level (GL 
~40 %). 
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Indeed, new peaks appearing at wavenumber values of 
1673 cm-1 and 1700 cm-1 assigned to C=O stretch 
vibration of the amide and carboxylic acid group, 
respectively, were observed. Furthermore, the extent of 
hydrolysis increases with an increase of AN content in 
the grafted membrane (Figure 1). The observed 
response to the sulfonation procedure of both systems 
was not expected. It is obvious that the hydrolysis of the 
nitrile group is hindered in case of MAN containing 
films. On the one hand, the difference in polarity 
between the nitrile group in MAN and AN may explain 
the sensitivity of AN to be readily hydrolysed during the 
sulfonation procedure [4]. On the other hand, the 
difference in the intramolecular/intermolecular 
interactions between the styrene-co-AN and styrene-co-
MAN chains may play a non-negligible role. 
Furthermore, steric hindrance due to the presence of 
the α-CH3 group in the MAN is assumed to create 
different conformation of polymer chains and different 
tacticity with respect to AN [5]. 

Figure 3. Ex situ fuel cell relevant properties of styrene-co-AN 
and styrene-co-MAN grafted ETFE based membranes. 

A detailed comparison of ex situ fuel cell relevant 
properties was carried out based on styrene-co-AN and 
styrene-co-MAN grafted ETFE based membranes with 
IEC values ranging from 1.2 to 2.4 mmol·g-1. The 
experimental IEC values correlate reasonably well with 
the theoretical values calculated based on the GL and 
molar fraction of monomers in the grafted films 
determined by FTIR (data not shown). The derived 
degree of sulfonation is around 95 %. The IEC and 
conductivity are enhanced with an increase of the molar 
fraction of styrene in the grafted membrane and no 
significant difference was observed between the 
styrene-co-AN and styrene-co-MAN grafted 
membranes (Figure 3a). This result is not in agreement 
with the evolution of water uptake (Figure 3b). Higher 
swelling values were observed for the styrene-co-AN at 
lower styrene content than for the styrene-co-MAN 
membranes. The hydrolysis of part of the nitrile group 
into carboxylic acid group may explain the observed 
improvement in the swelling of the styrene-co-AN 
membranes. The data comparison between both 
systems revealed that the additional water uptake at 
low styrene content in the styrene-co-AN grafted 
membranes is not contributing to the proton mobility. 

Two selected membranes based on styrene-co-AN and 
styrene-co-MAN grafted ETFE with a styrene molar 
fraction of 0.6 were tested in situ in the single fuel cell 
(Figure 4). The styrene-co-MAN based MEA showed 

comparable performance to that of the Nafion 212 
based MEA. However, lower cell voltage and higher 
high frequency resistance (HFR) values were measured 
for the styrene-co-AN based MEA in comparison to 
other MEAs with increasing current density after only 
24 h operation. 

Figure 4. Polarization curves of MEAs at a cell temperature of 
80°C; H2/O2 at a stoichiometry of 1.5/2, atmospheric gas 
pressure, full humidification at 80°C. 

In fact, the HFR value of the styrene-co-AN based MEA 
started to gradually increase after only 6 h of fuel cell 
operation (80 °C), whereas the styrene-co-MAN MEA 
showed a stable HFR value over the testing time 
(< 50 h). Furthermore, the interfacial resistance and H2 
crossover of the styrene-co-AN were higher than that of 
the styrene-co-MAN based MEA (Table 1). 
 

# Membrane H2 crossover Interfacial resistance 

  mA·cm-2 mOhm·cm2 

1 S-co-AN 0.452 516 

2 S-co-MAN 0.139 254 

3 Nafion 212 0.638 143 

Table 1. H2 crossover and interfacial resistance of styrene-co-
MAN, styrene-co-AN based membranes and Nafion 212. 

The sensitivity of the nitrile group in AN to be readily 
hydrolysed to a carbonyl group, combined with its 
unprotected α-position in comparison to MAN, may 
explain the observed poorer in situ fuel cell relevant 
properties and lower stability of the styrene-co-AN 
based MEA. 
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   Does methacrylonitrile (MAN) affect the conductivity and crystallinity of 
styrene based membranes for fuel cells? 
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Our group has developed partially fluorinated proton 
exchange membranes synthesized by pre-irradiation 
grafting of styrene onto 25 µm base films (e.g. ETFE) 
and subsequent sulfonation. The grafted polymer 
chains are formed in the amorphous region of the 
polymer substrate, hosting the functional groups and 
proton conducting sites. In addition to the amorphous 
phase, the crystalline phase of the ETFE contributes to 
the mechanical strength of the membrane.  

The polystyrene sulfonic acid (PSSA) domains enable 
proton conduction. However, PSSA is prone to 
degradation in the fuel cell environment caused by 
radicals (HO•, HOO•), which are formed as a result of 
H2 and O2 permeation through the membrane. 
Incorporation of methacrylonitrile (MAN) as a co-
monomer to styrene effectively reduces gas permeation 
through the membrane and thereby enhances the 
durability of the fuel cell membrane [1]. Membrane 
properties, particularly conductivity and structural 
characteristics, are strongly correlated to the overall 
performance of the fuel cell. In this study, we 
investigated the effect of co-grafted MAN on membrane 
conductivity and its thermal properties. 

Experimental 

The ETFE-g-styrene / MAN membranes with a fixed ion 
exchange capacity (IEC) of around 1.5 mmol/g were 
prepared from 25 µm thick ETFE films by pre-irradiation 
with electron beam, grafting, and sulfonation [2]. The 
IEC and conductivity were measured using the 
procedure reported previously [2]. In addition, thermal 
analysis of the membrane was carried out in triplicate 
with differential scanning calorimetry (DSC) under N2 

atmosphere. The membranes were converted to salt 
form (K+) and dried at 80°C for at least 6 hours. Single 
heating curves were recorded with a heating rate of 
20°C/min from 30-320°C. The melting temperature was 
determined based on the temperature at the maximum 
heat flow of the melting endotherms. 

The intrinsic crystallinity Ci of the membranes has been 
determined to exclude the dilution effect caused by the 
grafted component as follows: 
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where ∆Hf is the heat of fusion of the membrane and 
∆H0 is the heat of fusion of 100% crystalline ETFE 
(113.4 kJ/g). M is the molar mass, where the subscripts 
indicate the species. GL symbolizes the graft level and 
GLstyrene is defined as the relative graft level of styrene.  
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where m refers to the mass and the subscripts define 
the species. The hydration number λ represents the 
number of water molecules per sulfonic acid group in 
the swollen membrane: 
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Results and Discussion  

The relative mass of the grafted styrene with respect to 
the total mass of the dry membrane is kept constant 
while the MAN content is varied. The synthesized 
membranes have an IEC of 1.53 ± 0.07 mmol/g with 
different molar fractions of styrene (Xstyrene). The graft 
level of membranes with Xstyrene=1 and 0.4 differs by a 
factor of 3 (Figure 1). The water uptake of the 
membrane is significantly higher in membranes with 
lower styrene molar fraction. The incorporation of MAN 
enhances the hydrophilicity of the membranes, hence 
the water content increases. 
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Figure 1. Effect of styrene molar fraction on graft level (circle) 
and water uptake (square) for ETFE-g-styrene / MAN 
membranes with an IEC of 1.53 ± 0.07 mmol/g. Xstyrene is the 
molar fraction of styrene with respect to the total monomer 
content in the membrane. 

Typically, the conductivity of the membranes is strongly 
dependent on the hydration state of the membrane and 
the water present in the membrane governs proton 
mobility [3]. The water uptake and IEC of styrene 
containing membranes, i.e. purely styrene grafted 
membranes, are closely related. By increasing the IEC, 
the water uptake increases considerably as a 
consequence and with that the conductivity (Figure 2). 
Surprisingly, an increase in the water uptake of ETFE-
g-styrene / MAN membranes with fixed IEC does not 
lead to higher proton mobility. No differences in 
conductivity were observed for the various co-grafted 
membranes. Thus, there are water molecules which do 
not promote the mobility of the charge carriers. The 
conductivity of Nafion® 212 is included for comparison. 
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Figure 2. Membrane conductivity as a function of hydration 
number. 

The structural changes of ETFE can be influenced by 
the graft level, the water uptake, and the number of 
sulfonated groups, which can lead to a disruption of the 
crystallites. The melting of the crystalline phase leads to 
broad endotherms in DSC experiments as typically 
observed for semicrystalline polymers. A similar shape 
of endotherms of the styrene / MAN co-grafted 
membranes (in salt form) and the ungrafted ETFE was 
obtained (Figure 3). 
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Figure 3. Melting endotherms of an ungrafted ETFE film 
(GL=0%) and styrene / MAN co-grafted membranes in K+ form 
with similar IEC, yet different graft levels. 

The melting temperatures of all membranes in salt form 
are higher than that of the ungrafted ETFE film. By 
incorporating MAN as co-monomer, the co-grafted 
membranes with fixed IEC exhibit higher melting 
temperature with decreasing graft level (increasing 
Xstyrene). The temperature shift indicates that the grafts 
in the amorphous phase induced changes in the 
crystalline domain. In addition, the recrystallization 
thermograms showed that crystal formation was 
affected by the graft components (results not shown). 

By introducing MAN into the grafted chain, the physical 
interactions (e.g. ionic crosslinking) between the 
sulfonic acid groups in the amorphous region may be 
reduced and as a result the melting temperature 
decreases. A detailed study is under investigation.  

Due to the sulfonation of the grafted film, a decrease in 
intrinsic crystallinity of ETFE was found for membranes 
compared to that of the ungrafted ETFE film (Figure 4). 
Independent of the composition of the graft component, 
the intrinsic crystallinity of membranes with fixed IEC (in 
salt form) remains almost identical over the entire range 
of graft levels from 23% to 61%. The lower intrinsic 
crystallinity compared to the base film may be attributed 
to the grafted branches carrying potassium styrene 
sulfonate, which disrupt crystalline regions of the ETFE. 

Similar results were also report on FEP based 
membranes by Gupta et al  [4]. 

Disruption of crystalline domains was not found in the 
grafted (unsulfonated) state [5]. We have confirmed that 
membranes containing only MAN are not conducting 
since sulfonation of MAN does not take place. 
Therefore, by incorporation of MAN through changing 
the graft level, the intrinsic crystallinity of the 
membranes with fixed IEC is not affected. The 
destruction of crystallites is only caused by sulfonated 
groups of grafted styrene.  
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Figure 4. The intrinsic crystallinity of styrene / MAN co-grafted 
membranes (in salt form) with similar IEC compared to that of 
ungrafted ETFE film. 

Conclusions 

In the fully hydrated ETFE-g-styrene / MAN 
membranes, the conductivity is governed by the mass 
based IEC. An increase in hydrophilicity by introducing 
MAN to the polymer matrix increases the water sorption 
of the co-grafted membrane, yet does not lead to an 
improved proton conductivity of ETFE-g-styrene / MAN 
membranes for a given IEC. It is suggested that some 
of the water molecules associated with MAN do not 
contribute to proton conduction. 

The observation based on DSC indicates that the graft 
components have an impact on the crystalline domain. 
The melting temperature decreases with the graft level. 
The grafted styrene carrying potassium sulfonate 
groups disrupts the crystal structure and decreases the 
intrinsic crystallinity of ETFE accordingly. The 
incorporation of MAN into the polymer matrix however 
does not lead to a change in the intrinsic crystallinity of 
ETFE. 

The thermal properties of ETFE-g-styrene / MAN (non-
sulfonated) films will be studied to exclude the effect of 
the interactions induced by sulfonic acid groups. 
Besides, mechanical testing of the co-grafted 
membranes will be carried out. 
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In the polymer electrolyte fuel cell (PEFC), hydrogen 
and oxygen are made to react electrochemically to 
produce electricity at high efficiency, water and heat. A 
noble metal catalyst such as platinum located at the 
membrane-electrode interface on the anode and 
cathode side, promotes the oxidation of hydrogen and 
the reduction of oxygen. The current PEFC technology 
suffers from insufficient durability for the fuel cell to be 
used in electric cars or stationary power units. The 
membrane degradation of the PEFC is a major concern 
and needs to be understood to make effective 
countermeasures possible. The diffusion of O2 through 
the membrane to the anode side and its reaction with 
adsorbates on the anode Pt catalyst leads to the 
formation of radicals, which attack the membrane and 
cause ionomer degradation. According to a similar 
mechanism, H2 crossover causes radical formation on 
the cathode side.  

Reactive Intermediates 

The formation of hydrogen peroxide has been 
confirmed by its detection in product water and by the 
use of an in situ probe technique [1]. In addition, the 
radicals HO•, H• and HOO• have been detected in an 
operating fuel cell via spin trapping or a fluorescent 
probe technique [2]. Whereas H2O2 is kinetically a 
rather weak oxidant, the generated radicals cause 
considerable oxidative stress and can attack weak 
ionomer constituents. The mechanism of radical 
formation has been discussed with some controversy 
during the past decades. Radicals may be created 
directly at the electrodes and then attack the membrane 
at the surface. Since the lifetime of the radicals is very 
short, diffusion into the membrane is unlikely [3]. The 
indirect pathway involves first the formation of the much 
longer-lived H2O2 on the anode and, or, cathode, which 
may diffuse into the membrane. The decomposition of 
H2O2 to yield HO• radicals, catalyzed by impurities such 
as Fe-ions, is well known (Fenton reaction). According 
to this mechanism, radicals can be created inside the 
membrane. 

Kinetic Scheme 

To simulate these reactions, we assume that H2O2 is 
the “parent” molecule and investigate the type and 
concentration of radicals formed inside the membrane. 
We assume a constant concentration of H2O2 of 
0.5 mM, which is comparable to the values 
experimentally determined. A number of relevant 
reactions are considered (Table 1), which include the 
attack of HO• on weak carboxylic end-groups found in 
perfluorosulfonic acid (PFSA) membranes, such as 
Nafion® (reaction 1). The concentrations of radicals are 
calculated as a function of the Fe-ion content, under the 
assumption of a constant concentration of H2 and O2, 
which diffused into the membrane from the anode and 
cathode compartment, of 10 and 7.5 mM, respectively 
(Figure 1). We find that the concentration of HO•, the 
most aggressive of the three radicals with E°(HO•/H2O) 
= 2.7 V, is in the range of 10-15 M. Primary pathways for 
HO• creation are the homolytic decomposition of H2O2 
(reaction 3) and the Fenton reaction (reaction 9). The 
presence of H2 and O2 in the membrane is crucial, 
because hydrogen radicals, E0(H•/H2) = 2.3 V, can be 
created via reaction 6, followed by the creation of 
hydrogen dioxide radicals, E0(HOO•/H2O2) = 1.5 V, via 
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 Figure 1. (a) Concentration of radicals, (b) fraction of Fe2+

with  respect to the total Fe-ion content.  

 

# Reaction Rate constant 
1 HO• + RfCF2COOH → products <106  M-1s-1 
2 HO• + PSSA → products 4·108  M-1s-1 
3 H2O2 → 2 HO•  1.2·10-7  s-1 
4 HO• + H2O2 → HOO• + H2O 2.7·107 M-1s-1 
5 HOO• + H2O2 → HO• + H2O + O2  1 M-1s-1 
6 HO• + H2 → H• + H2O 4.3·107 M-1s-1 
7 H• + O2 → HOO•  1.2·1010 M-1s-1 
8 2 HOO• → H2O2 + O2 8.6·105 M-1s-1 
9 Fe2+ + H2O2 + H+ → Fe3+ + HO• + H2O 63 M-1s-1 

10 Fe2+ + HO• + H+ → Fe3+ + H2O 2.3·108 M-1s-1 
11 Fe2+ + HOO• + H+ → Fe3+ + H2O2  1.2·106 M-1s-1 
12 Fe3+ + HOO• → Fe2+ + O2 + H+  2·104 M-1s-1 
13 Fe3+ + H2O2 → Fe2+ + HOO• + H+ 4·10-5 M-1s-1 

Table 1. Reactions involving H2O2, the fuel cell reactants (H2, 
O2), Fe-ion impurity and radical intermediates (HO•, H•, HOO•) 
and PFSA ionomer with reactive end-groups (RfCF2COOH) 
considered in this simulation study. 
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reaction 7. The concentration of H• is even lower than 
that of HO•, but HOO• is predicted to be present at a 
level of 10-9 M. Figure 1 shows the radical 
concentrations in the absence of ionomer attack, and 
when a fraction of the HO• reacts with the -COOH end 
groups, whose concentration is estimated at an upper 
limit of 1.17 M, which corresponds to 5 % of the total -
CF2- count in the PFSA main chain.  
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Figure 2. Reaction sequence with contributions of each
reaction (in blue) at an Fe-ion concentration of 1 ppm and a -
COOH end-group concentration in the PFSA ionomer of
1.17 M.  

A scheme of the reaction sequence starting from H2O2 
is shown in Figure 2. At low Fe-ion content (<1 ppm), 
HO• formation proceeds mainly via the homolysis of 
H2O2 (reaction 3). With increasing Fe-ion level, the 
Fenton reaction (reaction 9) becomes more and more 
dominant. The contribution by reaction 5 (Haber-Weiss 
reaction) to HO• generation is negligible under the 
prevailing conditions. Due to its high electrode potential, 
the hydroxyl radical can attack the ionomer via the 
weak end-groups which results in unzipping of the 
chain. The removal of one -CF2- unit requires two HO• 
molecules. The reaction of HO• with H2 (reaction 6) also 
represents an important pathway; hence molecular 
hydrogen can be regarded as a HO• scavenger. 
Although the Fenton reaction contributes significantly to 
the creation of HO•, the rate of the reaction is limited by 
the low ratio of Fe2+ / Fe3+. Since the reactions for the 
reduction of Fe3+ back to Fe2+ are rather slow (reactions 
12 and 13), over 99.9 % of the Fe-ions are in the +III 
oxidation state and therefore not available for the 
Fenton reaction. 

For the development of partially fluorinated 
membranes, such as the PSI Membrane prepared by 
radiation induced graft copolymerization, different 
radical attack mechanisms have to be considered [4]. 
An implication of using poly(styrenesulfonic acid) 
(PSSA) based membranes is that HO• reacts rapidly 
with the aromatic ring (reaction 2). Follow-up reactions 
can lead to chain scission or the formation of stable 
reaction products. In general, however, partially 
fluorinated membranes face greater challenges 
regarding chemical stability compared to perfluorinated 
membranes.  

Discussion 

The reaction mechanisms of the radical intermediates 
with a PFSA ionomer such as Nafion® are still 
controversially discussed. Based on this simulation 
including weak end-group attack by HO•, which has 
been widely accepted, we can estimate the rate of 
membrane degradation by calculating the fluoride 
emission rate (FER) based on reaction 1 for a 
membrane of 50 μm thickness. Furthermore, we can 
extrapolate to a temperature of 90°C, using an 
activation energy of 70 kJ/mol, to compare with 
experimental data. It is found that the calculated rate is 
one to two orders of magnitude lower than the 
experimental data reported in the literature. Following 
arguments may be put forward in this context:  

i) Many of the fuel cell accelerated tests are carried 
out under sub-saturated humidity conditions, 
leading to an effectively higher H2O2 concentration 
due to “lack of dilution” with water.  

ii) As highlighted at the beginning, radicals may be 
formed directly at the electrodes and attack the 
membrane from the surface. 

iii) In the fuel cell, there is also Pt dissolution from the 
cathode and redeposition of Pt-particles in the 
membrane, which act as H2O2 decomposition 
catalyst, thereby increasing the rate of HO• 
formation.  

iv) There are additional ionomer attack mechanisms 
(e.g., direct side-chain attack), which are less well 
understood today and not quantified.  

It has been argued that attack of the PFSA side-chain 
could play a significant role. In addition, from a 
thermochemical point of view, fluorine abstraction by H• 
from PFSA is conceivable. Last but not least, there is 
little known at the moment about the reactions that 
HOO• can undergo. This could be relevant in view of 
the much higher concentration of HOO• over HO• (and 
H•).  

Conclusions 

The kinetic simulation study reported here yields radical 
concentrations and ionomer attack rates at conditions 
relevant of those in an operating fuel cell. HO• is the 
most aggressive radical, leading to polymer 
degradation. The complex kinetic framework highlights 
the probability of various reaction pathways. Yet still, 
not all the mechanisms are sufficiently well understood 
and need further experimental studies, e.g., via pulse 
radiolysis of representative model compounds.  
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Description of the project 

The objective of the project is to understand the 
functional operation and degradation mechanisms of 
high temperature H3PO4 imbibed PEM and its 
electrochemical interface. During the course of the 
project, the degradation mechanisms will be thoroughly 
studied and novel catalysts will be developed. Low 
loading Pt or nanostructured alloyed Pt electrocatalysts 
and catalytic layers, which will be supported on finely 
dispersed or structurally organized, modified carbon 
supports (e.g nanotubes, pyrolytic carbon) so that a 
stable electrocatalytic layer with full metal 
electrocatalyst utilization can be achieved. Another 
challenging area of the project is the optimization of this 
technology through the development of stable, long 
lasting, polymer structures with high ionic conductivity. 
The development of both, novel catalysts and polymers, 
is aiming to more active and stable electrochemical 
interfaces with minimal Pt loads. Due to the low 
abundance and high intrinsic cost of Pt, the future fuel 
cell technology and its cost effective implementation 
must reduce dependence on cost drivers, such as 
platinum. 

The high temperature PEM membrane-electrode 
assembly (MEA) will be based on a) PBI and variants 
as control group and b) the advanced state of the art 
MEAs based on aromatic polyethers bearing pyridine 
units, which can act as basic polar groups and interact 
through an acid base reaction with H3PO4. These MEAs 
have been developed and optimized successfully and 
were tested at temperatures up to 200oC, where they 
exhibit stable and efficient operation. In the present 
project, these advanced materials in the form of 
membrane-electrode assemblies will be studied and 
tested in single fuel cells with regards to their operating 
conditions and long term stability, aiming to the 
development of a series of diagnostic tests that will lead 
in the design and development of an accelerated test 
and prediction tool for the MEA’s performance. If the 
fundamentals of the failure mechanisms can be really 
understood, then the use of that information will guide 
the development of new materials or system 
approaches to mitigate these failures.  

The role of PSI 

The Paul Scherrer Institut is a partner and a 
workpackage leader. More specifically, the 
Electrochemistry Laboratory will contribute to the 
project through the diagnostic techniques developed. 
The purpose is to investigate the local degradation 
phenomena and the mechanisms of the catalytic layer: 
Pt dissolution and redeposition, known as the Ostwald 
ripening process, Pt migration, Pt agglomeration, and 
carbon support corrosion. All the above have as a result 
the loss of active surface area of the expensive Pt 
catalyst. Mitigating these processes will help reducing 
the amounts of catalysts used and essentially reduce 
the production costs of the MEA. 

In the Electrochemistry Laboratory of PSI locally 
resolved applications of the well known electrochemical  
techniques have been developed [4]. As a first 
approach local I-E measurements will be acquired 
followed by electrochemical impedance spectra and 
cyclic voltammetry measurements. This can help us 
investigate thoroughly the effect of water in carbon 
corrosion. Li and Lane have showed that water is the 
only source of oxygen in the carbon corrosion 
mechanisms [2, 3]. Also Schneider et al. has shown 
through neutron radiography that in low temperature 
systems, water accumulates in the outlet region of the 
electrode [1]. This should also apply to the water vapor 
partial pressure at higher temperatures.  

Furthermore, combining the results of the 
electrochemical techniques with results of X-ray 
tomography, Focused Ion Beam SEM, and XRD 
measurements could provide insights on the effects that 
medium and long term degradation has on the catalyst 
layer and on the membrane.  
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In order to quantify the losses related to different 
limiting phenomena occurring in Polymer Electrolyte 
Fuel Cells (PEFC), advanced diagnostics tools are 
required. In this context, a method for the evaluation of 
molecular diffusion losses, based on the comparison of 
the performance of a cell operated on air and on Helox 
mixture (21% O2 + 79% He) was developed. The use of 
Helox as a diagnostic gas mixture was occasionally 
reported in the literature (e.g. [1]), where two 
polarization curves (one recorded with air and one with 
Helox) are compared. In the presently reported method, 
instead of repeating each experiment twice, the cell 
was operated normally with air, and the cathode gas 
was changed to Helox for short periods of time. This 
transient technique allows to compare air and Helox 
operation at almost the same time, avoiding 
measurement errors induced by long term changes in 
the cell state, as for example variations of voltage 
related to the oxide coverage of the catalyst. Moreover, 
the use of short pulses permits to reduce as much as 
possible drying effects related to the increased 
diffusivity of water vapour in Helium [2]. Simultaneous 
to the diffusion losses measurement using this 
technique, the distribution of liquid water in the cell was 
measured, using high resolution neutron imaging, in 
order to establish correlations between the 
accumulation of water and diffusion losses. 

Experimental 

The experiments presented here were realized on a 
small scale differential cell with an active area of 0.5 
cm2, with graphite flow fields having a rib and channel 
width of 1 mm. The membrane electrode assembly 
(MEA) was composed of a catalyst coated membrane 
(CCM) of type Primea 5710 (Gore, USA) with carbon 
paper gas diffusion layers (GDL) of type Sigracet 
GDL24BC (SGL Carbon Group, Germany). The cell 
was operated at 2 bara and 70°C. During all 
experiments, the gases fed to the cell were H2 on the 
anode and air on the cathode, with short periods (2 s) 
of operation with Helox on the cathode, repeated each 
30 s. 

The result of two different experiments will be 
presented here, both realized at a constant current 
density of 1.5 A/cm2. In the steady state experiment, 
the cell was initially operated at low relative humidity 
(anode 20%, cathode 0%) and increased in 20% steps, 
first on the anode, then on the cathode, until full 
humidification. Each combination of relative humidity 
values was kept for 10 minutes, and the results 
presented correspond to the average of the 2 last 
minutes of operation for each step. During 2 minutes 
(starting 6 minutes after the change of humidity), 2 s 
pulses with pure O2 were applied instead of the usual 
Helox pulses. In the transient experiment, the relative 
humidity was changed instantly from a high humidity 
condition (100% RH on both sides) to a low humidity 
condition (40% RH on anode and dry cathode). 

During all experiments, in plane neutron imaging was 
performed in order to measure the water content in the 
cell, in particular in the gas diffusion layers. The setup  

used for neutron imaging [3] has a spatial resolution of 
~20 µm. Exposure times of 10 s were used, 
corresponding to an acquisition rate of one image each 
15 s approximately, when taking into account the read 
out delay. 

Results  

Examples of the time evolution of voltage and resistivity 
during Helox pulses are presented in Figure 1. A delay 
of approximately 1 second is observed between the 
switch to Helox and the corresponding change of 
voltage. The time lag corresponds to the transport of 
gas from the gas switching valve to the cell. For the 
high and middle humidity conditions, the voltage 
reaches a stable value during the gas pulse and no 
increase of resistivity is observed. For the dry condition, 
the resistivity increases and the cell voltage decreases. 
In order to minimize the errors due to drying, the point 
for the voltage measurement under Helox was chosen 
at 1.2 s after the valve switch – just after the voltage 
has stabilized. 

 
Figure 1. Evolution of cell voltage and resistivity during 2s 
Helox steps, for 3 different combinations of anode an cathode 
relative humidity. The vertical line represents the time of 
measurement for the “Helox” voltage (t = 1.2s). Current density 
is 1.5 A/cm2. 

The voltages measured in operation with air, Helox and 
O2 are presented in Figure 2 for the different values of 
relative humidity of the steady state experiment. The 
values displayed as “air” correspond to the values 
measured just before the gas switch, while the values 
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displayed as “Helox” and “O2” are measured 1.2 s after 
the switch to the respective gas, as explained above. 
The voltage difference between Helox and air operation 
(ΔUHelox-air) clearly increases for the highest values of 
humidity. A point needing clarification is whether the 
value of ΔUHelox-air  can be considered to represent the 
total of voltage loss induced by molecular diffusion 
limitations. Such an assumption implies that the voltage 
loss, due to diffusive transport in Helox operation is 
negligible, which is not necessarily true. By comparing 
Helox and O2 operation, we can support this 
assumption: the voltage difference between these two 
gases remains unchanged by the accumulation of 
water, which was responsible for a significant drop of 
voltage for operation with air. Thus, we can consider 
the method presented here as a reasonable evaluation 
of the losses related to molecular diffusion. 

 
 

Figure 2. Measured electrochemical parameters and water
content as a function of the gas flows relative humidity. Current 
density is 1.5 A/cm2. 

In the low humidity range, higher diffusion losses are 
measured than in the middle humidity range, which may 
not appear intuitive, as the amount of water in the GDLs 
is reduced to nearly zero. To understand this result, the 
differences between rib and channel areas must be 
considered. When the membrane is well humidified, a 
higher current density can be expected for the channel 
region than for the rib region. As the membrane 
resistance increases and plays a more important role, 
the current density will decrease in the channel region 
and increase in the rib region, which will result in an 
increase of the diffusion losses. In summary, the 
diffusion loss corresponding to the GDL structure only 
(in absence of liquid water) is not an intrinsic property of 
the cell construction, but depends on a particular 
current density distribution. It is, however, possible to 
define a minimal diffusion loss, corresponding to the 
optimal case where the membrane is perfectly 
humidified but there is no water in the GDL. In the 
steady state experiment, the lowest measured diffusion 
loss for the current density of 1.5 A/cm2 is 
approximately 80 mV, for the case of a fully humidified 

anode and a dry cathode. In this condition, there is still 
a significant amount of water under the ribs, but it can 
be considered to have a low effect on diffusion losses. 
To support this assumption, we can firstly observe that 
in the operation points around this optimal point, there 
is a significant variation of the water content in the rib 
region, with no or very little change of the diffusion 
losses. The observation of the transient experiment 
results (Figure 3) gives further insight: we can observe 
that the change of water content in the channel region 
is well correlated to the dramatic reduction of diffusion 
losses (during 1.5 min after the change) while the 
variation in the ribs region is slower (drying time is 
approximately 5 min). 

 

Figure 3. Evolution of ΔUHelox-air, cell resistivity and water 
content following a step change in an relative humidity at t=0. 
Initial RH is 100% on both sides. Final RH is 40% on anode 
side and 0% on cathode side. Current density is 1.5 A/cm2. 

Conclusion 

The use of transient Helox operation was established 
as an efficient method for evaluating the voltage loss 
related to molecular diffusion in differential PEFCs. 
Using this method, the relation between water 
accumulation in porous media and diffusion losses was 
studied. For the particular cell design studied here, the 
diffusion limitations were evaluated to represent a loss 
of 70-80 mV in absence of liquid water in the porous 
media, and of 200 mV approximately for the conditions 
of highest humidity. Using a transient experiment and 
by comparing the temporal evolution of water content in 
the different regions of the GDL with the temporal 
evolution of diffusion losses, the region under the 
channels was identified as the most critical region for 
water accumulation. 
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As candidate for the main power supply device in 
automotive systems, the PEFC must be able to be 
operated at sub-zero temperatures for cold-start. The 
polymer electrolyte, typically a Nafion™ membrane, 
offers sufficient proton conductivity at sub-zero 
temperatures. The major issue occurring during cold-
start is the poor removal of the generated water that 
can lead to complete blocking of the electrode pores so 
that access of O2 to active sites is hindered and, as a 
consequence, the cell voltage finally drops. As any 
auxiliary heating device is not desirable, a common 
strategy is to keep sufficient amount of heat produced 
inside the system to increase the temperature 
sufficiently in this lapse of time to avoid high level of 
water accumulation and make the cold-start successful. 
This requires both, an appropriate thermal management 
as well as suitable operating conditions to reach a 
sufficient operating time.  
Taking benefit of the high resolution neutron imaging 
set-up available at PSI, we imaged isothermal sub-zero 
cold-starts of differential PEFCs positioned in in plane 
configuration. Keeping the temperature constant during 
the experiment allows being independent of the thermal 
management of the real technical design so as to 
understand basics of transport limitations. Different 
operating parameters are investigated in the present 
study, e.g., the temperature and the constant current 
density applied. 

Experimental 

A specific set-up was designed to provide enough 
cooling power to the cell. An issue specifically emerging 
of neutron imaging is to prevent any condensation or 
freezing of water in the spaces located outside the cell 
and inside the field of view. Heated housing, thermally 
insulated of the cell is used for that purpose. On its 
external sides, its temperature is high enough to avoid 
condensing water from ambient air. Internally, dry N2 is 
circulated avoiding freezing of the water in this volume. 

 

 

Figure 4. Sectional view showing the chamber where dry N2 is 
circulated. 

Three different current densities were applied in 
galvanostatic mode: 0.05, 0.1 and 0.2 A/cm2 at three  

different temperatures: -10, -15 and -20°C. The 
following procedure was applied for all experiments: 
 
1) Drying the cell at 25°C. 
2) Conditioning at 25°C with N2 at 50% relative humidi-
 ty. 
3) Quick drying of the pipes and the cell channels at 
 25°C to avoid ice formation during cooling. 
4) Cooling down the cell to the required temperature. 
5) Operating the cell until the voltage drops by 

applying the required current and using dry gases 
(H2 and air, both at 100 nml/min). 

6) Automatically stopping the current and the gas flows 
 when the voltage drops. 
7) Drying the cell at low temperature. 
8) Heating up the cell to ambient temperature. 

Results  

The voltage drop occurs after very different lapses of 
time, according to the operating conditions (Figure 4). 
The total amount of water produced during this time, 
which depends on the current, is not constant. Both, an 
increased current at a given temperature and a 
decreased temperature at given current are detrimental 
to the working time. The observation of ice/liquid water 
distribution and evolution can give clues to understand 
the different transport limitations taking place in the cell. 
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Figure 5. Comparison of operating time and total amount of 
water produced. 

Let us consider the cold-start in three experiments 
conducted at the same current density (i = 0.1 A/cm2) 
but at different temperatures (Figure 2). The voltage is 
plotted, as well as the water content in the MEA area, 
as this region presents clear trends, according to the 
experiments. But the images of the whole cell are 
showed at the times of the voltage drop. 

The following results can be observed. At -20°C, the 
operating time is limited to two minutes only. No 
condensed phase is visible outside the MEA. The 
accumulation rate of water within the MEA seems to 
stay constant until the voltage drops, at which moment 
it shows a slight increase.  
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Figure 6. Effect of temperature at low current density (0.1
A/cm2) on the voltage and the liquid/ice water evolution during 
sub-zero isothermal start-up. 

For experiments at higher temperatures, less water 
accumulates in this area and it continues increasing 
until t = 4 min. At this time, both experiments present a 
reduction of the accumulation rate. At t = 6 min, the 
water accumulation rate suddenly increases again at -
15°C and the voltage drops. The corresponding image 
reveals that the porous media (GDL) shows a 
significant content of water, especially under the ribs. At 
the same moment, the image taken at -10°C shows a 
similar distribution. In this case, accumulation of water 
slowly pursues until the final voltage drop, 102 min after 
the start. 

Let us now try to interpret what has been observed. 
When starting the cell with dry porous media, two 
limitations can be basically expected: the first being a 
diffusive limitation of the water vapour transport in the 
porous media, the second being a limited quantity of 
water vapour uptake by the gas. As it is reasonable to 
consider that both limitations will be critical at these 
temperatures, due to the low saturation pressure of the 
gas, it could be expected that different accumulation 
rates would be induced by the dependence of the 
saturation pressure on the temperature, which is not 
clearly the case here. If water will be produced or 
rapidly converted to ice, then diffusion should be getting 
progressively more and more limiting as the pores of 
the different media are getting filled, which is not 

observed either, as the accumulation is reduced at t = 
4min. The sudden increase of water accumulation at 
the very last operating moments of these two 
experiments is also hard to explain by solely a diffusive 
transport that should not present such a discontinuity of 
trend. At last, concerning the experiment carried out at -
10°C, the shape of the condensed water emerging from 
the porous media and filling progressively the channels 
is hard to defend if only an ice phase is considered. 

It is then reasonable to assume that a capillary flow 
must help removing the water during these cold-start 
experiments. To argue the presence of liquid water at 
sub-zero temperatures, two hypotheses can be made. 
Firstly, as heat is produced by the reaction in the centre 
of the cell, while its housing is kept cooled, a 
temperature gradient exists through the different layers. 
According to a simple calculation, this difference, 
however, is less than 1°C, so that the whole system can 
be considered to be maintained well under 0°C. 
Secondly, as the water electrochemically produced is 
assumed to be pure by essence, the presence of a 
meta-stable state of water, called super-cooled water, 
can be proposed here. This assumption has already 
been reported in other studies [1]. 

It would justify the presence of capillary flow in these 
experiments and thus the efficient removal of water 
observed. Moreover, as super-cooled water is meta-
stable, it can rapidly be converted into ice, if a nucleus 
of ice appears somewhere in its bulk. This would 
explain the sudden change of the accumulation rate. 
For the voltage drop at -15°C, it can be imagined that 
rapid freezing of water present under the ribs and 
partially under channels, makes the water evacuation 
strongly dependant on the diffusive flow. As it is not 
sufficient for the evacuation, the water produced gets 
confined in the MEA area. The membrane gets 
saturated and the water produced blocks the access to 
the active areas inside the catalyst layer, finally causing 
the voltage drop. 

Conclusion 

Isothermal sub-zero cold-starts of fuel cells were 
performed using in plane neutron imaging as 
visualization tool of the liquid/ice water distribution. 
Different temperatures and current densities were 
investigated. Very different operating times were 
observed with no constant integral amount of water 
produced. 

First, results tend to indicate that super-cooled water is 
present in the system so that capillary flow is taking 
place in the removal of the water produced. The sudden 
voltage drop is well correlated with a rapid 
accumulation of water in the MEA. Such a discontinuity 
of trend in water accumulation could be explained by 
the very fast freezing of the super-cooled water, as it is 
one of its properties. 

Further experiments will be conducted on the same 
procedure, but with a wider variation of parameters, 
e.g., the relative humidity used for the conditioning. As 
a goal, sufficient statistics should be acquired to allow a 
judgement on the reproducibility of the operating time. 
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 A two-dimensional impedance model on the channel/rib scale of PEFCs 
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In the previous report, we have given experimental 
proof that in air fed PEFCs consumption of oxygen, 
while it diffuses under the ribs, leads to significant mass 
transport losses and to characteristic features in the 
locally resolved impedance spectra on channel/rib 
scale, especially negative values for the polarization 
resistance at high loads [1, 2]. In this work, we model 
the impedance, using a two-dimensional, purely 
diffusive model. This model accounts, for the first time, 
for lateral effects in PEFC impedance measurements. 

Model formulation 

The model considers mass transport in the GDL by 
binary diffusion of oxygen in nitrogen, according to 
Fick’s law (1). For the sake of simplicity an isotropic 
effective diffusion coefficient of Deff = 0.05 cm2/s [3] is 
used. The calculated element is a single repetitive unit 
of the air cathode consisting of one channel and rib (1.2 
mm wide each) with periodic boundary conditions in 
lateral direction (in plane direction, y-direction). In the 
across the MEA direction (through plane direction, z-
direction), the model considers the GDL (tGDL = 200 μm, 
ε = 0.6) and the catalyst layer, which is just treated here 
as an additional 10 μm thick GDL element. The 
electrochemical reaction, which causes a mass flux of 
oxygen, due to the Faradaic current (1), is assumed to 
take place in the center of the catalyst layer. The vector 
ẑ is the normal vector in z-direction, pointing from the 
channel to the membrane. The oxygen concentration in 
the gas channels is assumed to be constant (cch = 5.17 
mol/m3) and uniform, due to the very high air flow rate. 

 
( ) ( )

( ) ( ) zI

I

ˆ
4

,,

,,,,

F
F

effD

F

tyj
ty

tzycDtzy

=

∇⋅−=
   (1) 

 
The electrochemical reaction is described by the Tafel 
equation (Tafel slope b = 69 mV/dec, j0 = 1 mA/cm2, 
catm = 35.52 mol/m3). Here, a reaction order of 0.79 is 
used [4], which already considers the effect of the 
oxygen concentration on the Nernst potential. The 
current is calculated by equation system (2). The 
underlying local electrode model is a Randles cell 
equivalent circuit, which accounts for an ohmic series 
resistance R = 0.1 Ωcm2 and for the capacitance of the 
electrochemical double layer Cdl = 150 mF/cm2 [5]. In 
equation (2), ηel is the local voltage drop across the 
double layer and cel is the local oxygen concentration in 
the catalyst layer. 
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The set of equations is discretized on a rectangular grid 
and solved using a low order finite volume method.  

Conservation of species is the only conservation law 
considered, as given by equation (3). 
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For the steady state calculations the time derivatives in 
equations (2, 3) are set to zero. The resulting algebraic 
equations are solved in Mathematica. The steady state 
solution of (2) can be expressed in terms of the 
Lambert W function W{x} (equation (4)). 
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For the calculation of the locally resolved impedance 
spectra, the local current response to a 1 mV step in 
the overpotential η is calculated at two different steady 
state cell currents j1 = 0.6 A/cm2 and j2 = 1.3 A/cm2 
within four characteristic sections of channel and land: 
channel center (CC), channel edge (CE), land center 
(LC), and land edge (LE). The results are transformed 
from time domain into frequency domain via discrete 
Fourier transform [6]. 

Results and discussion 

The results of two-dimensional steady state and 
transient calculations for a PEFC air cathode are 
presented in Figure 1. The calculated two-dimensional, 
steady state, oxygen concentration profile in a single 
repetitive unit of the air cathode is shown for two loads 
j1 = 0.6 A/cm2 and j2 = 1.3 A/cm2 in Figure 1a. The 
shape of the oxygen concentration profile at the air 
electrode governs the characteristics of the respective 
lateral current distribution at steady state, as expressed 
by equation (4). The calculated oxygen concentration 
profile (Figure 1a) is consistent with the experimental 
observation of a local current maximum in the channel 
region at higher cell current, as seen in the previous 
article. In the channel area, the oxygen concentration 
css is kept at a high level in through plane direction 
across the whole GDL thickness. The oxygen 
concentration css decreases, however, severely 
underneath the ribs in in plane direction. In particular, at 
higher current density, the local oxygen concentration 
css approaches values near zero in the rib center 
(Figure 1a). At a low steady state oxygen concentration 
css, the local cell current in the rib center is highly 
sensitive to changes in the oxygen concentration Δc, 
since the associated change of the oxygen 
concentration polarization depends on the ratio Δc/css 
[7, 8]. This effect becomes important in the discussion 
of the local transient response of the cell. 

Calculated local current transients to a 1 mV step 
perturbation are shown in Figure 1b, 1c for two steady 
state cell currents j1 = 0.6 A/cm2 and j2 = 1.3 A/cm2. 
After the voltage step, the observed change in current 
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density is limited initially by the ohmic series resistance 
(R = 0.1 Ωcm2) to a maximum value of 10 mA/cm2 
throughout the entire electrode area. The local current 
transients exhibit a capacitive behavior (Figure 1b, 1c). 

The characteristic decay is governed by double layer 
charging and a changing oxygen concentration in 
through plane and in plane direction. The time to reach 
steady state is, therefore, virtually equal, and at a 
minimum in the channel area (CC, CE). Underneath the 
ribs (LC, LE), however, this time increases gradually in 
lateral direction with increasing diffusion path length for 
molecular oxygen as a consequence of increasing 
distance from the channel (Figure 1b, 1c). 
 
 

 

Figure 1. a) Calculated two-dimensional steady state oxygen 
concentration profile at a total cell current of j1 = 0.6 A/cm2 and 
j2 = 1.3 A/cm2 for the repetitive unit of a 1.2 mm channel 
cathode flow field (channel:land ratio 1:1), b, c) calculated 
local current transients (1 mV step perturbation) at a cell 
current of j1 = 0.6 A/cm2 (b) and j2 = 1.3 A/cm2 (c) in four 
characteristic areas of the flow field: channel center (CC), 
channel edge (CE), land edge (LE) and land center (LC), and 
d, e) locally resolved impedance spectra as obtained via 
discrete Fourier transform of the time domain data at j1 (d) and 
j2 (e). 

The opposite trend is observed for the total increase of 
the local steady state current density (Figure 1b, 1c) 
after the step. Here, a decreasing value is observed 
toward the rib center (LC) as a result of increasing 
oxygen concentration polarization losses in lateral 
direction, as oxygen is consumed while it diffuses in 
plane underneath the ribs. At lower cell current (j1 = 0.6 
A/cm2) the obtained local change in current density is 
still positive in all four characteristic areas of the flow 
field (Figure 1b). At higher cell current (j2 = 1.3 A/cm2) 
and low oxygen concentration css underneath the ribs 
(Figure 1a), the increase in oxygen concentration 
polarization in the rib center (LC) overcompensates the 
total perturbation voltage amplitude upon reaching 
steady state after the step [4]. As a result, the local 
steady state current density actually decreases, despite 

an overall increasing cell polarization (Figure 1c (LC)). 
Consequently, after Fourier transform of the time 
domain data, a negative low frequency intercept is 
obtained in the local spectrum [6] of the rib center 
(Figure 1e) at high load current (j2 = 1.3 A/cm2), while 
the local spectra still exhibit positive low frequency 
resistance values at a lower load current (j1 = 0.6 
A/cm2) in all characteristic areas of the cathode flow 
field (Figure 1d). 

With the set of parameters used here, the three 
captured processes of i) double layer charging, ii) 
through plane diffusion, and iii) in plane diffusion and 
consumption of oxygen cannot be separated and only 
one loop is distinguishable. The purely diffusive model 
is notwithstanding able to capture the key experimental 
finding, namely the negative low frequency intercept in 
the local spectrum underneath the ribs at high load. 

Conclusion 

The effect of reactant depletion along the channel, as 
observed in our previous work [6] has its analogue in 
the reactant depletion as gases diffuse underneath the 
ribs. While the down the channel inhomogeneities are a 
consequence of finite gas flow rates and can be safely 
ignored in differential cells, the inhomogeneities on 
channel/rib scale are a direct consequence of the 
chosen cell design and always have to be taken into 
account. 

Other than in the along the channel direction, where 
typical length scales are in the order of several 
centimeters, the inhomogeneities in the perpendicular 
to the channel direction are on the submillimeter scale. 
Hence, a true two-dimensional model has to be used 
here, rather than the 1+1-dimensional formulation, 
which can be used for the along the channel model [6, 
8]. 
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In our recent work, we have studied intensively the low 
frequency inductive loop in subsaturated PEFC [1]. We 
have shown that the major part of this loop has its origin 
in a changing membrane resistance with ac current, 
due to the slow hydration and dehydration of the 
polymer electrolyte with ac current. In Figure 1 the 
integral impedance response of the cell is plotted down 
to a modulation frequency of 0.5 mHz. We used pure 
gases (hydrogen with 40% rh on the anode, dry oxygen 
on the cathode) at 330 mln/min. The inductive loop at 
low frequencies is typical for PEFCs at low humidity [1]. 
Of special interest is the quasi linear branch, which 
becomes apparent at frequencies below 10 mHz. 
 

 

Figure 1. Integral spectrum recorded at 10 A cell current down 
to 0.5 mHz. At low frequencies (f < 10 mHz) the spectrum 
shows an apparent linear behavior. 

The reason for this unexpected behavior has not been 
discussed yet. Our previous work has shown, however, 
that it is not connected to the membrane resistance, as 
the impedance of the membrane shows a semicircle 
like behavior at low frequencies [1]. Also, the pure local 
spectrum does show a linear low frequency branch, as 
becomes apparent in our data [2]. 

A possible explanation can be given, if we take into 
account the porous structure of the electrode. If the 
Damjanovic mechanism is considered, low frequency 
inductive loops could be measured and explained by 
Antoine et al [3]. Such an inductive step in the 
elementary kinetics can, under some circumstance, 
lead to a low frequency behavior like it is observed in 
our cell. Porous electrodes can be described in a first 
approach by the transmission line model [4]. For this 
consideration, we exchange the model for the faradaic 
impedance in the standard model [4] by an element that 
accounts for adsorption relaxation [5]. The resulting 
electrical circuit is shown in Figure 2a. For the sake of 
simplicity no mass transport limitation is included here. 
The resulting low frequency response for a given set of 
parameters is shown in Figure 2b, for four different 
values of R0. At very low values for R0, a linear low 
frequency branch becomes visible. This is the 
equivalent to the linear behavior at high frequencies, 
which originates from the electrochemical double layer 
[4]. However, only if the serial resistance to the coil R0 
is very small compared to the catalyst layer protonic  

resistance, the low frequency linear branch becomes 
prominent (Figure 2b). Such low values are probably 
not realistic for the ORR. In addition, the inductive 
behavior, originating from effects other than membrane 
hydration, has to be small, as we have already shown 
that the major part of the low frequency inductive loop 
stems from the membrane [1]. However, still it is worth 
considering this effect when impedance spectroscopy is 
used to investigate the elementary kinetics, as a 
change in the elementary reactions, might change the 
impedance in a more complicated way, due to the 
porous electrode structure. 

 

Figure 1. (a) Schematic of the transmission line [4], in which a 
Faradaic impedance element is used, which can account for 
surface adsorption relaxation [5]. (b) Calculated impedance 
spectra obtained (b) for four different values of R0 noted in the 
graph (in Ω). The other values are constant (Rp = 0.7 Ω, R∞ = 
0.3 Ω, Ls = 2.4 H, Cdl = 0.002 F). 
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In this work, we used our setup for the dynamic 
measurement of the water partial pressure along the 
gas channels during electrochemical impedance 
spectroscopy (EIS) [1], together with our 1+1 
dimensional model [1] in order to determine important 
membrane parameters in situ. Therefore, we performed 
a series of experiments, which allowed the sequential 
determination of different parameters [2]. First, we 
determined the effective water diffusion coefficient 
across the membrane, then the electroosmotic drag 
EOD coefficient, third the ionic conductivity, and last the 
water sorption isotherm. All experiments were 
performed with the same MEA in our 63 cm2 linear cell 
[3]. 

Results 

The effective water diffusion coefficient in the 
membrane can be determined from the net water flux 
over the MEA at zero external cell current. Without an 
applied cell current, no water is produced or transported 
by EOD. Hence, the only two processes involved in the 
water management are transport based on activation 
gradients across the MEA and advection in the flow 
channels. Humidity profiles along the channel for 
different anode inlet humidity and dry oxygen at the 
cathode inlet are shown in Figure 1. The flow rate was 
set to 660 mln/min on both sides of the cell. Assuming a 
fast water sorption at the interfaces, the diffusion of 
water across the membrane is the limiting process. This 
allows a functional fitting of the effective water diffusion 
coefficient in the membrane, using the mean square 
error as the merit function.  

 

 

Figure 1. Humidity profiles along the channel at zero load. In 
this and the other graphs, symbols represent measured 
results, while lines represent the calculated results with the 
best set of parameters, as shown in Figure 4. 

After the activity driven water transport has been 
quantified, the EOD coefficient nd can be determined by 
measuring the water profiles along the flow field for 
different cell currents. To get a stronger dependence of 
the water concentration on the current, the flow rates  

were reduced to 330 mln/min with 40% rh at the anode 
and a dry cathode. The results are shown in Figure 2. 
For this step, the measured current density distribution  

(Figure 2c) was used in the model. The humidity along 
the cathode channel is gradually increasing (Figure 2b), 
due to water production and EOD, while the humidity at 
the anode first decreases, before it gets rehydrated by 
back-diffusion of water from the cathode (Figure 2a). 
The EOD coefficient determines the shape of the 
profile, as the diffusion coefficient is known from an 
independent measurement. A water independent drag 
coefficient was assumed. With that assumption, the 
best fit was obtained using nd = 1.073, consistent to 
literature data [4]. 

With the known humidity profiles and the determined 
diffusion and drag coefficient, the water profiles across 
the membrane can be calculated for all positions along 
the channel. The HFR at 5 kHz was taken as a 
measure for the membrane resistance and serial 
resistances. The resistance decreases along the 
channel (Figure 2d), as the membrane gets better 
hydrated. In the model the membrane resistance is 
calculated from the water profiles across the 
membrane, which are available through the previous 
experiments. 

Figure 2. Humidity profiles along the channel (a,b) at different 
loads, corresponding current density (c) and resistance 
distribution (d). 

To close the parameter determination process, the 
current density distribution has to result from the 
resistance and reactant distribution. If the catalyst layer 
sheet resistance of the cathode is not taken into 
account, the current distribution cannot be described by 
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the model (dashed line in Figure 2c). If we assume that 
one third of the catalyst layer sheet resistance 
contributes to the ohmic losses [5], the fit is significantly 
better (Figure 2c). 

For the determination of the water sorption isotherm, 
transient techniques are needed. The water sorption 
isotherm states how many water molecules are needed 
to change the hydration state of the membrane and, 
hence, it sets the timescale for processes, involving 
changes in membrane hydration. We have shown that 
during ac impedance spectroscopy in PEFCs operated 
on subsaturated gases, a resistance oscillation builds 
up, due to the slow hydration and dehydration of the 
polymer electrolyte with ac current [6]. The hydration of 
the membrane is the slowest process in subsaturated 
PEFCs. Consequently, it defines the characteristic 
frequency of the water concentration oscillation, which 
builds up along the gas channels [1,7]. Amplitude and 
phase of the frequency response of the relative 
humidity on the ac cell current Zc(f) [1] is plotted in 
Figure 3 for three positions along the anode and 
cathode flow field, respectively. Important for this work 
are characteristic kinks in the phase of the signal at the 
cathode and the monotonically changing phase at the 
anode. These characteristics allow a fitting of the 
derivative of the water sorption isotherm with respect to 
water activity.  

 

Figure 3. Phase and amplitude of Zc(f) for three positions along 
the anode and cathode gas channels. 

The results obtained from our approach are compared 
to correlations from three different literature references 
(Figure 4) [8-10]. In our experiments, we got all data in 
situ from one membrane, while the literature data 
originate from different batches of Nafion 117 
membranes. Our data are comparable to the literature 
curves, but do not resemble exactly one of the 
correlations, except the determined derivative of the 
water sorption, which is identical to one literature curve 
[8]. Consequently, we use this correlation for our cell. 
The in situ determination of the membrane parameters 
is necessary to get a self consistent interpretation of the 
impedance response in subsaturated PEFCs. The 
dynamic measurement of the water partial pressure in 
the channel is, thereby, a valuable tool to understand 
and quantify the limiting processes. 

 

Figure 4. Effective Diffusivity, ionic conductivity and water 
sorption isotherm as a function of relative humidity from fits to 
our data (bold lines). For comparison literature correlations are 
included as dashed curves ((a) [8], (b) [9], (c) [10]).  
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Transient techniques like electrochemical impedance 
spectroscopy (EIS) or cyclic voltammetry (CV) are 
important tools in PEFC diagnostics [1]. Employment of 
these techniques focuses primarily on a 
characterization of the most elemental part of a PEFC, 
namely the membrane electrode assembly (MEA), and 
therefore the effect of the flow fields and associated in 
plane inhomogeneities on transient response [1-3] are 
often excluded from the discussion.  
However, transient techniques are generally used in 
situ in technical cells and consequently, the contribution 
of in plane processes like reactant depletion along the 
flow channels or underneath the ribs of PEFC flow field 
structures must seriously be taken into account.  
This has been demonstrated, in particular, for PEFC air 
cathodes. Our earlier work focused on the effect of 
down the channel inhomogeneities on PEFC 
impedance response [1, 4, 5]. In our experiments, a low 
frequency capacitive loop appeared in both integral and 
local spectra only at lower air stoichiometry. Our results 
have proven that the appearance of this loop is 
primarily indicative of a limitation of cell performance, 
due to depletion of oxygen in the down the channel 
direction at finite air flow rates [1, 4, 5]. The use of a 
one-dimensional through the MEA PEFC impedance 
model for the interpretation of the results would 
therefore undoubtedly take into account the wrong 
phenomena. A key feature of the local spectra, namely 
the appearance of negative low frequency resistance 
values in the spectra of the outlet region at low air 
stoichiometry, is a direct consequence of high oxygen 
depletion in flow direction [4, 5]. As an important 
consequence, this feature is only captured by models 
which take into account the down the channel 
dimension, e.g., 1D + 1D impedance models [4]. 
Following up our results, we continue our discussion 
with an assessment of the importance of lateral 
inhomogeneities on the millimeter scale of channel and 
lands in the direction perpendicular to the flow channels 
for PEFC impedance response. The assessment is 
crucial, since it is often assumed in EIS measurements 
that small cells, which are operated at high gas flow 
rates (differential cells) [2, 3] provide quasi 
homogeneous reaction conditions all over the active 
area. Therefore, locally resolved EIS [1, 5] was 
employed for the first time in channel and land areas of 
a differential cell with sub-millimeter resolution [6]. 

Results and Discussion 

The results of steady state and ac impedance 
measurements are presented in Figure 1. Integral data 
and results of locally resolved measurements in 
channel and land areas of the cathode flow field are 
shown. The integral i/U curve of the cell is displayed in 
Figure 1a (black curve). This curve appears to 
approach limiting current density at higher cell 
polarization.  
The higher slope of the i/U curve at high current 
densities above 1 A/cm2 (Figure 1a, black curve) is 
consistent with the observed strong increase of the 
integral impedance spectrum toward lower cell voltage 
(Figure 1b, black curve). An approach based on one-

dimensional PEFC models would probably take into 
account here an increasing mass transport limitation in 
the through the MEA direction (e.g. across the GDL) to 
account for these phenomena at lower cell voltage.  
However, this conclusion is clearly put into question by 
the results of spatially resolved current density and 
impedance measurements in channel and land areas 
(Figure 1). The i/U characteristics of channel and land 
regions are shown in Figure 1a (grey curves). The 
current production increases, virtually unhindered, with 
increasing cell polarization in the channel area; yet, in 
the land area, the current production stops to increase 
already at cell voltages below U = 0.4 V. This result 
demonstrates that the apparent onset of limiting current 
conditions in the integral i/U curve (Figure 1a, black 
curve) at higher cell polarization is actually more a 
change of the slope of this curve, as the current 
production stops to increase underneath the ribs and 
continues to rise only in half of the electrode area within 
the channel region. 
An interesting phenomenon becomes apparent in the 
i/U characteristics of the rib center (Figure 1c). At 
higher total cell polarization (U ≤ 0.3 V), the local 
current production actually decreases despite the 
increasing total cell polarization. Note that this 
phenomenon occured already at cell voltages of U ≤ 0.6 
V for higher performance CCMs. A similar effect was 
observed and analyzed earlier in the down the channel 
direction of H2/air PEFCs [1, 4, 5]. The negative slope 
of the local polarization (i/η) curve in the rib center is a 
result of oxygen concentration polarization losses due 
to oxygen depletion in lateral direction. Oxygen is 
consumed in the oxygen reduction reaction, while it 
diffuses under the rib. As a result of the ‘ever’ 
increasing oxygen consumption with increasing total 
cell polarization in the rib edge and channel area, the 
total increase in cell polarization is finally 
overcompensated in the rib center by increasing 
oxygen concentration polarization losses [1, 3, 4, 6], 
and thereby the local current decreases despite an 
increasing total cell polarization. This phenomenon was 
also observed at a lower GDL compression and with 
GDL materials, which employ a microporous layer 
(MPL). It has an important impact on the locally 
resolved impedance spectra in channel and land areas. 
Locally resolved impedance spectra as obtained at a 
cell voltage of U = 0.5 V and U = 0.2 V are presented in 
Figure 1d and Figure 1e. Already at a cell voltage of U 
= 0.5 V, a second low frequency loop develops in the 
local spectra underneath the ribs. This loop becomes 
more strongly pronounced, with increasing distance 
from the channel and an increasing in plane diffusion 
path length for molecular oxygen (Figure 1d). This 
indicates that the appearance of the low frequency loop 
must be associated with the depletion of oxygen in the 
land area. The conclusion is supported by the 
appearance of a negative low frequency intercept [1, 3-
6] in the local spectrum of the rib center at higher total 
cell polarization (U = 0.2 V) (Figure 1e), where the 
slope of the respective local polarization (i/η) curve 
exhibits a negative value (Figure 1c).  

26



 

These unique features, which appear in the rib center at 
low cell voltage and high oxygen consumption, are key 
indicators for a limitation of cell performance, due to 
depletion of oxygen underneath the ribs.  
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Figure 1. Integral and locally resolved measurements in a 
differential H2/air PEFC: a) integral i/U characteristic (black 
curve) and i/U characteristics of channel and land regions 
(grey curves) b) integral impedance spectra (black curve) 
and local spectra in the channel center (grey curves) at a 
cell voltage of U = 0.5 V and U = 0.2 V c) locally resolved i/U 
curves in channel and land areas of a repetitive unit of the 3 
x 1.2 mm channel flow field, and c, e) locally resolved 
impedance spectra at U = 0.5 V (d) and U = 0.2 V (e). 

 
Thereby, the spatially resolved steady state and ac 
impedance measurements demonstrate that the 
strongly increasing loop diameter of the integral 
impedance spectrum toward lower cell voltage and 

higher current density (Figure 1b, black spectra) is not 
primarily indicative of a mass transport limitation in the 
through the MEA direction. It is instead a direct 
consequence of depletion of oxygen underneath the 
ribs in the direction perpendicular to the flow channels. 
This conclusion is emphasized by the weak impact of 
the increasing current density on the local spectrum in 
the channel center, when the cell voltage is decreased 
(Figure 1b, grey curve). Strictly speaking, only this part 
of the MEA can be regarded as a quasi one-
dimensional cell. Consequently, use of differential cells 
does not generally justify a one-dimensional treatment 
of data by using through the MEA impedance models, 
in particular at higher cell currents where mass 
transport limitations underneath the ribs become 
important. 

Conclusions 

Operation of small active area PEFCs at high gas 
stoichiometry (differential operation), is an efficient way 
to exclude inhomogeneities in the down the channel 
direction. However, care must be taken, if one-
dimensional through the MEA PEFC impedance models 
are used to analyze the impedance response of these 
quasi two-dimensional cells. The results of 
submillimeter resolved EIS measurements in a 
differential cell with straight parallel flow channels, as 
presented here, clearly demonstrate that key effects, 
which occur as a consequence of inhomogeneous 
operation of PEFCs in the down the channel direction 
typically on a length scale of tens of centimeters are 
also significant on the millimeter scale of channels and 
ribs in the direction perpendicular to the flow channels.  
Inhomogeneities, which occur during operation of a 
PEFC in the down the channel direction, depend 
primarily on the gas stoichiometry. Phenomena, like the 
appearance of negative low frequency resistance 
values in the local spectra of the outlet region due to 
oxygen depletion in the down the channel direction [1, 
4, 5] will therefore appear at low air stoichiometry, 
regardless of the total cell current. However, they can 
simply be excluded by using high gas stoichiometries. 
In contrast, lateral inhomogeneities in the perpendicular 
to the flow channel direction become important, 
primarily at higher total cell current. These 
inhomogeneities are a direct consequence of a mass 
transport limitation underneath the ribs [3, 6). They are, 
therefore, system immanent and they can only be 
mitigated by changing the cell design or by operation of 
the cell on pure fully humidified gases at moderate 
current densities. 
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Our most recent work has proven that the reverse-
current-phenomenon occurs in polymer electrolyte fuel 
cells (PEFCs) even in small regions of channels and 
lands on a length scale of fractions of a millimeter [1]. 
The results demonstrate that a high gas flow rate and a 
short fuel gas introduction time cannot avoid mass 
transport limitations underneath the ribs, which cause 
temporarily an inhomogeneous gas distribution over the 
fuel electrode and in plane current transients in the 
perpendicular to the fuel channel direction. A major part 
of these in plane currents is ascribed to capacitive 
charging currents [2, 3, 4-6]. However, the appearance 
of the reverse-current phenomenon is undoubtedly a 
prerequisite for the appearance of high electrode 
potentials and associated degradation phenomena. A 
detailled assessment of the reverse current 
phenomenon on the small scale of channel and land 
areas is therefore crucial.  
In general, gas transport in the GDL underneath the 
ribs is primarily diffusion controlled. In this context, the 
effect of the flow field design, and the type of purge gas 
used at the fuel electrode were investigated. During the 
start-stop experiments, the oxidant electrode was 
operated on humidified air, while the fuel electrode gas 
feed was switched from humidified air to humidified 
hydrogen and vice versa by a magnetic valve. Two 
different types of fuel flow fields were employed in the 
measurements, i) 3 x 1.2 mm channel fuel flow field, 
and ii) 2 x 2 mm channel fuel flow field (channel:land 
ratio 1:1) [7]. In an investigation on the effect of the 
diluting inert gas X on mass transport, mixtures of O2 
and X = He (4 g/mol) or X = SF6 (146 g/mol) were 
employed as the fuel gas (X (79 %), O2 (21 %)) instead 
of air (X = N2 (28 g/mol)). A high gas flow rate ensures 
a short residence time of the gas in the fuel flow 
channels. This time is well below 25 ms and the gas 
supply is not limiting.  

Results and Discussion 

Local current transients, as observed in channel and 
land areas during a start-up and a shutdown process, 
are shown in Figure 1 for two different types of flow 
fields. During start-up (Figure 1a, 1c), air is replaced 
quasi-instantaneously by hydrogen in the fuel flow 
channels. Thereby, the hydrogen rich channel areas 
already operate as a fuel cell and drive a reverse-
current through the hydrogen starved land areas. 
Inverse characteristics are observed during a shutdown 
process, where hydrogen is replaced by air in the fuel 
flow channels (Figure 1b, 1d). 
The results shown in Figure 1 demonstrate that the 
local current transients for the 2 mm channel flow field 
last longer and exhibit higher peak values compared to 
the respective transients as obtained for the 1.2 mm 
channel flow field. This effect can, at least partially, be 
attributed to the increasing diffusion path length for the 
gases to penetrate underneath the ribs of the flow field. 
Since higher and longer lasting local peak currents 
could result in higher and longer lasting local oxidant 
electrode, the choice of a fuel flow field with narrow  

land widths should mitigate high cathode potentials and 
associated corrosion phenomena. 
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Figure 1. In plane current transients during (a, c) start-up 
and (b, d) shutdown of a H2/air PEFC (fully humidified 
gases). The local current transients are shown for a (a, b) 
1.2 mm channel and a (c, d) 2 mm channel fuel flow field 
(channel:land ratio 1:1). 
 
Different observations have been made, whether the 
start-up or the shutdown process has a higher impact 
on carbon corrosion, but up to now this could not 
completely be solved [2]. In the experiments, we 
generally observed a faster change of the cell voltage 
in the start-up process of a H2/air PEFC (Figure 2a) 
compared to the shutdown procedure (Figure 2b). 
Moreover, experimentally obtained peak currents are 
by a factor of two higher for the start-up process 
(Figure 2a, 2b).  
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Figure 2. Local current transients in channel and land areas 
for different fuel electrode purge gases: (a, b) air, (c, d) Helox, 
and (e) SF6 (fully humidified gases). The transients are shown 
during start-up (a, c) and shutdown (b, d, e) of the PEFC in 
four characteristic areas of the 1.2 mm channel fuel flow field
CC: channel center, CE: channel edge, LC: land center, LE: 
land edge. 

The different characteristics of start-up and shutdown 
transients are much less pronounced, if Helox (21 % O2 
in Helium) is used instead of air (Figure 2d, 2e). If we 
take into account that the characteristics of the start-up 

transient is comparable for a H2/air and a H2/Helox cell 
(Figure 2a, 2c), we might conclude that gas phase 
mass transport limitations are less important for the 
transport of hydrogen (through diluted oxygen) toward 
the fuel electrode during start-up.  
In contrast, the different characteristics of the 
respective shutdown transients for a H2/air and a 
H2/Helox cell (Figure 2b, 2d) indicates that the transport 
of molecular oxygen to the fuel electrode during 
shutdown is strongly dependent on the diluting inert 
gas. This conclusion is further corroborated if an O2/SF6 
mixture is used to purge the fuel electrode (Figure 2e).  
The shutdown transients become both shorter and 
higher with decreasing diffusion resistance for oxygen 
in the order H2/(O2/SF6) > H2/air > H2/Helox (Figure 2e, 
2b, 2d). This effect, which occurs in the perpendicular 
to the flow channel direction, can be regarded as 
counterpart to the observation of higher and shorter 
transients in the along the channel direction toward 
shorter fuel gas introduction time [6]. 

Conclusions 

The results (Figure 2) therefore indicate that the slower 
voltage change and the smaller in plane current 
transients during shutdown of a H2/air cell (Figure 2a, 
2b) are the result of a slower change of the fuel 
electrode potential from hydrogen to air potential, due 
to a notable gas phase mass transport limitation for 
oxygen. This limitation is much less pronounced for 
hydrogen during the start-up process when the fuel 
electrode potential changes from the air to the 
hydrogen potential (Figure 2a). Note that the hydrogen 
concentration in the channel region is kept high during 
start-up by the abundant supply of hydrogen to the gas 
channel. In contrast, during shutdown (channel region 
is in ‘air/air mode’) only the amount of hydrogen, which 
is stored underneath the ribs is available as fuel for the 
driving voltage source (land region).  
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Cost reduction and durability enhancement are major 
technical obstacles to the commercialization of polymer 
electrolyte fuel cells (PEFCs). A susceptible part of 
PEFCs to degradation is the catalyst layer. Dissolution 
and migration of the platinum particles as well as the 
oxidation of the carbon catalyst support are critical 
issues. One source for carbon corrosion is the 
inhomogeneous anode gas composition during the 
start-up and shutdown process of a PEFC [1, 2], which 
is known as the reverse-current decay mechanism [1]. 
This phenomenon is illustrated in Figure 1. 

 

 
 

Figure 1. a) Schematic to illustrate the fuel and oxidant 
electrode potential E as well as the cell voltage U during off-
state and after the start-up process, b) simplified sketch of the 
reverse-current phenomenon [1-4]. 
 
During a start-up process (Figure 1a), air present at the 
fuel electrode of a PEFC in the off-state is replaced by 
hydrogen. Thereby, the cell voltage U approaches open 
circuit voltage UOCV as the potential E of the respective 
fuel electrode changes from the air electrode potential 
Eair to the hydrogen electrode potential EH2 (Figure 1a). 
Similar considerations hold for the shutdown process. 
However, due to the finite mass transport rate in both 
the along the channel direction and the perpendicular to 
the channel direction of PEFC flow field structures, the 
gas is temporarily inhomogeneously distributed over the 
fuel electrode area (Figure 1b) during start-up and 
shutdown of a PEFC. As a result, significant in plane 
potential gradients exist temporarily over the electrode 
area (high ionic in plane resistivity), while the cell 
voltage is virtually equal in all parts of the cell (high 
electronic in plane conductivity of the bipolar plates), as 
illustrated in Figure 1b [2, 4]. Consequently, the 
inhomogeneous gas distribution over the fuel electrode 
leads to electronic in plane current transients, where 
hydrogen rich parts of the cell act as a voltage source  

and drive a reverse-current through hydrogen starved 
parts, which act as a current sink (Figure 1b). Thereby, 
the oxidant electrode is temporarily exposed to high 
potentials [4] and, as a consequence, prone to carbon 
corrosion and Pt dissolution. 

Experimental 

The experiments were conducted in the segmented 
microstructured flow field approach [5]. Here, the 
conventional flow field of the oxidant electrode is 
replaced by a 19-fold segmented microstructured flow 
field. This allows the direct measurement of the local 
cell current in channel and land areas with 
submillimeter resolution (400 µm). During the start-stop 
experiments (Tcell = 70 °C), the oxidant electrode was 
operated at humidified air, while the fuel electrode gas 
feed was switched from humidified air to humidified 
hydrogen and vice versa by a magnetic valve. Gases 
on both electrodes were operated on high gas flow 
rates of Vair = VH2 = 0.2 L/min, so that effects in the 
along the channel direction can be neglected. The local 
current transients are shown in four characteristic areas 
of the 1.2 mm channel fuel flow field CC: channel 
center, CE: channel edge, LC: land center, LE: land 
edge (Figure 2a, inset). 

Results and Discussion 

To circumvent the detrimental cell-reversal conditions 
emerging during the above described start-up and 
shutdown processes, different mitigation strategies 
have been developed. One mitigation strategy 
addresses the hydrogen introduction time [6, 7]. Here, a 
lower residence time of the gas front in the cell is 
supposed to yield a reduced carbon corrosion rate. 
However, this approach primarily affects phenomena in 
the along the channel direction. In the perpendicular to 
the channel direction, gas transport is primarily diffusion 
controlled. Here, both the flow field design and GDL 
properties play an important role. These properties can, 
however, only be improved by a change of the cell 
design. 

It has been proposed that operation under fully 
humidified conditions during the start-up and shutdown 
processes of a PEFC has a more detrimental effect on 
the catalyst layer [8] than start-up under dry conditions. 
The local current transients during a start-up process 
are compared for fully humidified and subsaturated 
gases (40 % relative humidity, RH) in Figure 2a and b. 
Interestingly, the voltage transients show virtually the 
same characteristics in both cases, yet the local peak 
currents are remarkably reduced under dry conditions 
(Figure 2b). This significant effect might be ascribed to 
the higher ionic membrane resistance. The lower 
degradation levels, which have been reported for dry 
operation conditions [8] are attributed to the mitigating 
effect of the reduced water partial pressure on the 
carbon corrosion reaction [8, 9]. 

Another proposed strategy for mitigation of the 
detrimental reverse currents is a purge of the fuel gas 
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compartment with inert nitrogen gas during the start-up 
and the shutdown process [10]. With this approach, the 
maximum oxidation rate at the oxidant electrode is 
limited by the rate of oxygen crossover from the oxidant 
electrode to the nitrogen purged fraction of the fuel 
electrode [10]. Figure 2c shows the experimentally 
obtained local current transients and the voltage 
transient. Very small peak currents and a much slower 
voltage increase are observed. Unfortunately, this 
approach requires the installation of an external 
nitrogen supply to a fuel cell system. 

 

 
 

Figure 2. Effect of operation conditions and mitigation 
strategies on local current transients in channel and land areas 
of a hydrogen/air PEMFC during start-up: a) fully humidified 
gases, b) 40 % RH gases, c) effect of a nitrogen purge of the 
fuel gas compartment (fully humidified gases), and d) effect of 
an external load resistor (Rload = 1.8 Ωcm2, fully humidified 
gases). The transients are shown in four characteristic areas of 
the 1.2 mm channel fuel flow field: channel center (CC), 
channel edge (CE), land center (LC), land edge (LE) [3]. 
 
Another possible mitigation strategy is a potential-
controlled start-up [10]. Here, an external auxiliary load 
is connected to the cell during start-up and shutdown to 

prevent the electrode from being exposed to high 
potentials [10-12]. A start-up process with an external 
auxiliary load of 1.8 Ωcm2 is shown in Figure 2d. Here, 
the observed negative peak currents are smaller 
compared to operation without external load. This is 
consistent with the observed lower degradation rates 
[10-12]. However, this approach primarily addresses 
the cell voltage, which reaches a significantly lower 
value of approximately 0.55 V. The application of an 
external auxiliary load resistance substantially reduces 
the cathode potential during start-up and shutdown 
processes. High local potentials and their detrimental 
effect can be mitigated. 

Conclusions 

Start-stop phenomena with the ascribed detrimental 
carbon corrosion reactions can even occur on the 
submillimeter scale of channels and lands. A short fuel 
gas introduction time during start-up and shutdown of a 
PEFC cannot eliminate the reverse-current 
phenomenon. In general, gas transport in the GDL 
underneath the lands is primarily diffusion controlled. In 
this context, mitigation strategies must focus on the flow 
field design, GDL properties, and the type of purge gas 
used at the fuel electrode in the off-state. The flow field 
design and the chosen GDL properties have to be 
balanced with the requirements of cell operation, while 
mitigation strategies, which are based on the type of 
purge gas, the gas humidity, or the use of an external 
load, will affect the cell characteristics primarily during 
the start-up and shutdown period. 
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Water management is an important issue in PEFC 
research. In low-temperature PEFCs, there exists a 
tradeoff between a sufficiently humid environment for 
proton conduction in the ionomer and formation of liquid 
water, which might impede the transport of the reactant 
gases to the electrodes. To investigate the effect of 
GDL, flooding on the local cell performance, the local 
water content in the GDL and the local current density 
in channel and land areas of a PEFC were measured 
simultaneously. 

Experimental 

The experiment was conducted in the segmented 
microstructured flow field approach [1]. Here, the 
conventional flow field of the anode is replaced by a 19-
fold segmented microstructured pin-type flow field. This 
allows the direct measurement of the local currents 
within four characteristic areas of the flow field (Figure 
1, inset). At the cathode, a conventional graphite flow 
field (1.2 mm channel/ land width) was used along with 
an untreated 280 µm thick Toray TGP-H-090 carbon 
paper GDL and a 200 µm PTFE gasket. A Nafion N112 
membrane was employed and the cell (Tcell = 40 °C) 
was operated on fully humidified hydrogen and air (Vair 
= VH2 = 0.2 L/min). The local water content was 
determined by in plane neutron radiography with a 
temporal resolution of 10 s [2, 3]. 

Results and Discussion 

The transient response of local water content and 
current density to a step from U = 0.96 V to U = 0.1 V 
as perturbation signal on a time scale of ten minutes is 
presented in Figure 1. The current density in the 
channel areas (CC and CE) first passes a minimum 
around 100 s after cell perturbation and then reaches a 
steady state condition of about i = 0.6 A/cm2 after 500 s 
(Figure 1b). In contrast, in the land areas (LE and LC), 
the current density drops to i = 0.5 A/cm2 during the first 
100 s after the step and does not recover (Figure 1c). 

A general impression of the liquid water distribution can 
be received by the neutron radiograms of the four 
distinct points in time shown in Figure 1a. Local water 
content is analyzed in the four characteristic areas CC, 
CE, LE and LC and in the two regions of the GDL, the 
electrode (E) and the flow field (F) side (Figure 1d, e).  

Liquid water accumulates in the channel areas (Figure 
1d) up to maximum values of around 15 % in the 
electrode side of the GDL, before reaching steady state 
conditions of around 10 %. This behavior might be 
described with water rearrangement in the GDL [4, 5] 
and coincides with the current density in the channel 
areas. However, in both electrode and flow field side of 
the land areas liquid water accumulation has weak 
influence on cell performance under limiting current 
conditions. This can be observed by the virtually 
constant current density (Figure 1c) during a significant 
water accumulation of up to 15 % in the land center 
(Figure 1e). 

 

Conclusions 

While in the channel areas, the current density is 
supposed to be directly dependent on the water 
content, in the land areas the current density is 
unaffected by the significant accumulation of water in 
the GDL. 

 

 
 

Figure 1. a) Voltage step experiment from U = 0.96 V to U = 
0.1 V in a PEFC operated on H2/air: a) Neutron radiograms for 
four distinct points in time (α, β, γ and δ are marked in Figure 
1d), b, c) local current densities in the four characteristic areas 
channel center (CC), channel edge (CE), land edge (LE) and 
land center (LC), d, e) local water content in the four 
characteristic areas in the electrode (E) and the flow field (F) 
side of the GDL. 
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During PEFC operation the Pt surface area of the 
cathode may shrink. Pt particle growth, platinum 
dissolution and re-deposition are responsible for the 
decrease. To compensate for these losses, catalyst 
layers are prepared using an excess of platinum, which 
is the main cost driver in PEFCs. For a systematic 
improvement of catalyst layers it would be helpful to 
quantify the different loss mechanisms. The Pt particle 
growth can be followed using transmission electron 
microscopy. Harder to access are Pt losses, due to 
metal dissolution and deposition in the membrane. 
Platinum oxidizes to Pt2+ or Pt4+, diffuses into the 
membrane, and is reduced by crossover hydrogen from 
the anode compartment. A semiquantitative estimation 
of the deposited Pt is possible using energy dispersive 
X-ray spectroscopy (EDX) [1]. We developed a TEM 
section method to quantify Pt losses in the membrane. 

 
 
Figure 1. Stitched TEM images of a degraded catalyst coated 
membrane (a) and segmented image (b). 

Experimental 

A commercial catalyst coated membrane (Gore 
PRIMEA, cathode loading 0.4 mgPt/cm2) was used. 
Degradation was carried out by square wave potential 
cycling of the cathode between open circuit potential  

and 0.6 V. The potential was cycled a total of 24 000 
times, at a time step of 10 s for each potential. Fully 
humidified H2 and O2 at a stoichiometry of 1.5/1.5 were  

used at 80°C. The degraded CCM was embedded in an 
epoxy resin and cut with a Reichert-Jung Ultracut E 
microtome. TEM sections with a defined thickness (200 
nm) were analyzed with a Phillips CM12 microscope 
operating at an acceleration voltage of 120 kV. TEM 
images of the CCMs were stitched to obtain complete 
cross sections (Figure 1a). Stitched images were 
segmented using Avizo Standard 5.1 Software (VSG, 
USA) (Figure 1b).  

Results 

The oxidized and deposited Pt forms a band like 
structure in the membrane [1]. TEM images show the 
black Pt nanoparticles in the membrane (Figure 1a). 
After segmentation the Pt particles appear black and 
the membrane white. A cuboid in the segmented image 
is defined (Figure 1b) and the number and diameter of 
the Pt particles are counted using Avizo software. 
Assuming a spherical particle size of the deposited Pt 
particles the Pt mass in the cuboid can be calculated 
and related to the geometrical electrode area (63±12 
µgPt/cm2). The geometric electrode area is given by the 
product a·b, where a is obtained from the stitched TEM 
image and b is the thickness of the microtome section 
(Figure 1b). 
 
After measuring the TEM Pt particle size before               
(2.3 ± 0.9 nm) and after degradation (4.8 ± 2.5 nm) the 
surface area loss mechanisms can be quantified       
(Figure 2). Due to dissolution and deposition of Pt in the 
membrane, 16% of the initial Pt surface area is lost. 
Particle growth is the main degradation process, which 
causes 44% surface area loss. At end of life 60% of the 
initial Pt surface area is lost.  
To sum up, TEM sectioning allows the quantification of 
the Pt mass and surface area loss in the membrane 
which is a key for discrimination of different loss 
mechanism.  

 

Figure 2. Pt surface area losses of a PEFC cathode caused 
by potential cycling (see experimental). TEM based surface 
areas given in cm2

Pt/cm2
geo and in percent. 
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Carbon-supported Pt nanoparticles are the catalyst of 
choice in polymer electrolyte fuel cells (PEFCs). 
Especially under dynamic operating conditions, PEFC 
performance can deteriorate rapidly, which is one of the 
reasons why PEFC technology has not been introduced 
into the mass market, e.g., for automotive applications. 
Generally, two main degradation processes can be 
distinguished with respect to catalyst deterioration. 
First, sintering, dissolution, and deposition of platinum 
can reduce the electrochemically active Pt surface area 
(ECA). Second, corrosion of the carbon support (cf. 
Equation 1) may lead to particle detachment and 
porosity changes of the catalyst layer.  
 
C + 2H2O → CO2 + 4H+ + 4e−                  (1) 
 
The pore structure of the cathode catalyst layer is 
critical to transport oxygen to active sites and removal 
of product water. Therefore, carbon corrosion can 
contribute to fuel cell performance loss. Both 
processes, loss of active Pt surface area and carbon 
support corrosion, are strongly promoted by elevated 
potentials (> 1 V) and fast potential transients.  
Quantification and visualization of the different 
degradation effects is crucial for a systematic 
improvement of catalyst layers. In this work, focused 
ion beam/scanning electron microscopy (FIB/SEM) was 
employed to study morphological changes in the 
catalyst layer. For PEFC degradation experiments, 
catalyst-coated membranes (CCMs) were subjected to 
two different degradation protocols. 

 

 
 
Figure 1. a) PEFC catalyst degradation protocols for start/stop 
cycling, anode alternately purged with H2 and air (60s/60s), 
cathode purged with air, external load 3 mΩcm2, 80 °C, 70 % 
relative humidity (RH), 1000 cycles. b) degradation protocol for 
potential cycling between 0.6 V and open circuit voltage, time 
step 10 s, H2/O2 at ambient pressure and 1.5/1.5 
stoichiometry, 100% RH, 80 °C, 24 000 cycles; c) CO2 
concentration measured in the cathode exhaust during 
start/stop cycling and d) potential cycling. e) fuel cell 
performance at 80 °C, 100 % RH, H2/O2 = 1.5/1.5 at 2.5 barabs; 
d) cyclic voltammograms measured in H2/N2 mode, 80 °C, 100 
mV/s, 2.5 barabs.  

Results 

Start/stop cycling of the PEFC was performed by 
alternating purge of the anode compartment with 
hydrogen and air. In a second experiment, a cell was 
cycled between 0.6 V and open circuit voltage (OCV) 
(Figure 1a, b). 

 
Prist
ine  

Potential 
cyclinga 

Start/stop 
cyclinga 

Cell voltage at 1A/cm2  

[mV] 
794 796 643 

Hupd surface area  [m2/g Pt] 57 14 9 

Mean Pt particle sizeb [nm] 2.3 4.8 5.3 

CO2 evolution [ppm/cycle] - 0.04 1.85 

Overall porosityc  [%] 40 38 5 

Closed porosityc [%] 0 0 3 

Table 1. Degradation of the PEFC cathode catalyst layer 
adegradation protocol cf. Figure 1, bdetermined by TEM, 
cdetermined by FIB/SEM.  

 
Cell performance measured in H2/O2 mode before and 
after the degradation experiments is displayed in Figure 
1e. After 24 000 potential cycles, PEFC performance is 
almost unchanged. On the other hand, a distinct 
performance loss was observed after 1 000 start/stop 
cycles, especially at higher current densities.  
Despite of the strongly differing performance loss rates, 
both degradation experiments lead to comparable Pt 
particle growth and loss of electrochemically active Pt 
area (Figure 1f and Table 1). The ECA loss alone is 
therefore unlikely to be responsible for performance 
deterioration in the case of start/stop cycling. The 
pronounced performance loss at high current densities 
indicates increased mass transport losses, caused by 
carbon corrosion-induced porosity changes. 
Corrosion of the carbon support material can be 
assessed by measuring the CO2 concentration in the 
cathode exhaust gas (cf. Equation 1). In case of 
potential cycling, the potential at the positive electrode 
never exceeds the open circuit voltage of about 960 mV 
and CO2 evolution is very low (Figure 1d). During 
start/stop cycling of the cell, however, the positive 
electrode is exposed to potentials significantly higher 
than 1 V. These elevated potentials lead to a strong 
intensification of carbon corrosion during start-up and 
shut-down, which results in two CO2 peaks per cycle 
(Figure 1c). 

 

 

Figure 2. a) PEFC cathode catalyst layer before degradation; 
dissected columnar volume of interest b) SEM image taken 
during FIB/SEM serial sectioning of the pristine cathode 
catalyst layer, c) SEM image after start/stop degradation.  
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To determine porosity changes caused by corrosion of 
the carbon support, the pristine and degraded cathodes 
were investigated by FIB/SEM serial sectioning [1,2]. 
Repeated FIB sectioning and SEM imaging leads to a 
set of several hundred images. First, SEM parameters, 
including detector type and acceleration voltage, were 
optimized to obtain the highest possible resolution with 
a minimum depth of focus. Second, we assigned 
appropriate ranges of bright gray to “material” and 
darker gray to “pores” by visual inspection. This 
assignment, however, is not unambiguous in all cases. 
Regions possessing similar gray scale values may be 
located at different positions in the z-direction, where z 
represents the depth of the volume of interest.  

 
Figure 3. Three-dimensional pore structure of the pristine 
cathode catalyst layer a) and after start/stop cycling b).  
 
To correct for this effect, successive images were 
analyzed to determine if the shape of the material 
region changes or not. If changes were detected, the 
respective region was assumed to be located at the 
machined surface and is therefore assigned as 
“material”. If the shape of the inspected material does 
not change in successive images, the material is 
obviously not in, but below the machined surface. 
Therefore, those regions were assigned as "pores". The 
whole set of images is segmented in this way.  
The three-dimensional pore structure of the cathode 
catalyst layer before and after start/stop cycling is 
shown in Figure 3. A typical voxel size in these images 
is 2.5x2.5x10 nm3 in the x, y, and z-directions. This 
voxel size allows for imaging of the majority of the pore 
volume, although micropores (< 2 nm) such as in 
carbon black primary particles, cannot be resolved.  

The pore structures of the pristine and the potential 
cycled catalyst layers do not exhibit significant 
differences. In both cases, the pores form an 
interconnected network with a calculated porosity of 
around 40 % (Table 1). In contrast to potential cycling, 
the morphology strongly changes after start/stop 
induced degradation. As a result of severe carbon 
corrosion, the calculated porosity drops to 5 %. The 
average pore size strongly decreases and the 
previously interconnected pore network changes to a 
structure of predominantly isolated pores. In the pristine 
catalysts and after potential cycling, no isolated pores 
can be detected, whereas 60 % of the pore volume is 
not interconnected after start/stop cycling. 

  

 
 
Figure 4. TEM micrographs of TEM lamellae, a) a pristine 
catalyst layer, b) after start/stop degradation  
 
TEM lamella images of the pristine catalyst layer 
(Figure 4a) show the expected highly porous carbon 
support structure, which is also observed after potential 
cycling. After start/stop cycling (Figure 4b), the carbon 
support looks like a dense film. Platinum particles seem 
to be embedded in a carbon matrix. Bright round 
shapes with a typical diameter of < 50 nm may be 
assigned to pores, which were detected in the 
corresponding 3D image (Figure 3b). Although 
start/stop induced porosity changes are drastic, carbon 
loss, which was calculated from the total amount of CO2 
generated over the course of the experiment, is 
relatively low (~8%). This finding suggests a collapse of 
the porous structure, caused by corrosion-induced 
weakening of the connections between single carbon 
primary particles [2].  
To summarize, potential cycling and start/stop cycling 
leads to a comparable loss of the active Pt surface area 
in the cathode catalyst layers. Despite this surface area 
loss, the potential cycled cathode still provides enough 
accessible active sites for oxygen reduction. Almost no 
fuel cell performance loss is observed. In contrast to 
potential cycling, start/stop cycling causes significant 
corrosion of the carbon support. The resulting decrease 
in porosity of the corroded carbon support hinders mass 
transport in the cathode, leading to severe fuel cell 
performance loss. FIB/SEM serial sectioning and TEM 
lamellae prepared by FIB/SEM allow for quantifying and 
visualizing these porosity changes. The calculated 3D 
images and porosity values are a prerequisite to 
understand and model mass transport in catalyst 
layers. 
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The dynamic behavior of polymer electrolyte fuel cells 
(PEFC) is of importance for the automotive application, 
where rapid variation of loads must be satisfied. Models 
at the cell level are required to investigate the dynamic 
interactions of the fundamental processes, and the 
resultant loss mechanisms in dependence of the 
distribution of species and temperature.  

Previously the transient behavior on the level of a 
differential cell has been investigated with a 1D model 
in the through-the-MEA direction and the most sensitive 
parameters have been determined with an optimization 
procedure based on an Evolutionary Algorithm. The 1D 
model predicts the transient cell potential behavior 
following a stepwise increase in load, at different 
humidity conditions, in a time range spanning from 
about 2s after the load change to the new steady-state. 
However a discrepancy between experiments and 
calculations is observed in the first hundreds of ms. 
Transport of species is considerably different in the 
channel and rib domains of the cell. Thus a model is 
developed conserving the formal 1D character, but 
taking into account the different properties of the two 
domains.  

Model 

The model takes into account the channel and the rib 
as separate parallel domains in the through-the-MEA 
direction, z- in Figure 1, and will thereafter be referred 
to as 1D2. The gas path under the rib is longer than 
under the channel, and liquid phase may accumulate 
under the rib, with a path-length equal to that of the 
channel. The model incorporates multispecies, 
multiphase diffusion of species, transport of water 
through the membrane by diffusion and electro-osmotic 
drag, heat generation and transport in the cross section 
of the cell, and the electrochemical reaction in the 
catalyst layer. The current density distribution is 
calculated under the assumption of isopotential flow 
field plates, adjusting at each iteration the local current 
density to meet an equal potential in both domains. 
Further, the current profile is levelled to meet the total 
current. The new current density distribution is used at 
the next iteration to calculate the new sink/source terms 
and the new properties distribution in the different 
domains.  
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Figure 1. 1+1D PEFC model domains and discretization: 
subscript 1 refers to the domain under the channel, 2 under 
the rib, - · - is the symmetry axis, - - the gas path. Size in μm. 

 

Results 

The experiments (from differential cell) are compared to 
the 1D and 1D2 model calculations (see Figure 2a-b) for 
the operating condition summarized in Table 1. It is 
clear in logarithmic scale, Figure 2b, that the 
discrepancy in the first ms after the load change is 
reduced when using the 1D2 model. In fact the gas 
transport is initially mainly responsible for the cell 
dynamic, and the longer path under the rib increases 
the concentration overpotential (see Figure 2c). At 
longer times, the rehydration of the membrane due to 
the higher water production and to the water back 
diffusion from anode to cathode induces a partial 
recovering of the potential, until the new steady state is 
reached after approximately 50s. Figure 2d shows the 
current density distribution between the two domains. 
Due to the water accumulating under the rib, at this 
operating condition the membrane is better humidified 
under the rib, thus the ohmic overpotential is lower and 
therefore the current density is higher. After the 
stepwise increase in load, the concentration 
overpotential under the rib increases. According to this, 
the current behavior shows an overshoot under the rib, 
and the new steady state is then smoothly reached in 
around 50s. 
 

Temperature gas inlets 70°C 

Pressure gas inlets 1.5 bar 

Inlets relative humidity, an / cat             0.3 / 0.3 

Current jump at t = 0 0.3 → 0.8 Acm-2 

Table 1. Operating conditions related to experiments and 
calculations shown in Figure 2. 
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Figure 2. Comparison between experiments and simulations: a) 
cell potential response in time, linear scale; b) logarithmic scale; 
c) concentration overpotential calculated by the 1D2 model; d) 
current density distribution calculated by the 1D2 model. 
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In situ X-ray tomographic microscopy (XTM) allows 
visualizing the liquid water in the gas diffusion layer 
(GDL) of operating polymer electrolyte fuel cells 
(PEFC). On the one hand experiments at the TOMCAT 
micro-tomography beam line of the Swiss Light Source 
(SLS) have been further developed by introducing 
single channel flow field designs, and on the other hand 
a process work flow allowing the separation of liquid, 
solid, and gas phase has been established, enabling 
3D quantification of liquid water in the GDL materials.  

Experimental  

Two new PEFC sample holder designs for in-situ XTM 
investigations were introduced in 2010. The cells can 
be heated by small electrical heating pads. Gas 
humidification at room temperature was realized by 
small bubblers adapted to the gas flows of 0.5 to 100 
ml/min. Both XTM cells were designed such that the 
regions of interest completely fits into the field of view of 
the 4x objective (3.8 x 3.8 mm2) of the XTM microscope 
or reduce the material outside the field of view to a 
minimum. While the horizontal cell (Figure 1, left) with 
horizontally aligned MEA has only a short linear flow 
field channel of only 2.3 mm, the vertical cell (Figure 1, 
right) with vertically aligned MEA allowed to realize a 
much longer channel of 13.4 mm to achieve fluid 
dynamic conditions closer to technical cells. Both cells 
were using a single channel flow field made of graphite 
with 0.8 mm channel width and 0.3 mm channel depth.  

All presented tomographic and post-processing results 
are based on XTM scans (see Figure 2) of the same 
vertical cell using Umicore H200 catalyst coated 
membrane (CCM) and Toray T060 GDLs with 20% 
PTFE. The wet data scan was the first in-situ XTM scan 
of this cell, so biasing of the measurement by the XTM 
itself can be excluded. Fuel cell operation conditions 
were: i=0.5 A/cm , T=40 C, λO2 = λH2 = 10.5, gases 
humidified at room temperature. Beam energy was 13.5 
keV, 1001 projections, 200 ms exposure time, 3 
minutes total scan time. Since the anode was almost 

completely dry, later only the cathode side is shown 
(e.g. Figure 3).  

Results  

The quantification of structures and liquid water in the 
fine structure of the GDL in the 3D XTM data sets is a 
challenging task because of low contrast and 
overlapping in the gray scale values of the different 
phases. For a satisfying quantification of liquid water, a 
segmentation method is needed, which precisely labels 
the voxels representing liquid water as the liquid phase 
in the XTM data. Mismatched voxels would alter any 
further analysis and prevent accurate visual 
representation of the 3D data sets, which is itself a 
powerful tool. 
A workflow based on comparison of dry and wet GDL 
structures was developed addressing this problem.  

Figure 2.  Tomographic reconstructions of in-situ XTM of the 
vertical cell. The GDL carbon fibers can be distinguished from 
the void pore space, flow field material, catalyst layer, 
membrane and liquid water. Top) Through-plane cut. Bottom) 
In-plane cut through cathode GDL.  

Figure 1.  Left) XTM PEFC cell son TOMCAT sample stage 
with horizontally aligned MEA (left) and with vertically aligned 
MEA (right). The position of the MEAs is highlighted in yellow. 
Both images are taken from [1].  

 
Figure 3. Surface rendering of the segmented XTM data of a 
1.2 mm long cathode section of the vertical cell design (top). 
The segmentation of the different material phases allows to 
virtually remove the different fuel cell components: GDL and 
liquid water (bottom left), liquid water only (bottom right). 
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After a precise alignment, subtraction of a XTM data set 
of a dry cell from the corresponding wet cell XTM data 
provides satisfying contrast to identify the liquid phase. 
Thereafter, the solid and the void phase can be 
segmented by thresholding. The result of this workflow 
allows the quantification and visualization of liquid water 
in the GDL and flow field channel, as shown in Figure 3. 
Nevertheless, XTM fails to provide contrast between 
the carbon fibers and the PTFE wet proofing layer.  
Summing up the labeled water voxels along the flow 
field channel GDL saturations in different orientations 
and domains can be calculated (see Figure 4). The 
mean vertical saturation profiles show that, under the 
ribs the saturation is higher at the GDL-rib interface 
(0.6) than at the GDL-catalyst layer (0.4). Under the 
channel saturation higher than 0.2 is only reached close 
to the GDL-catalyst layer interface (0.4). Due to the 
short channel section of the data set, the mean 
horizontal saturation profile is noisier, but the minimum 
saturation can be also found under the flow field 
channel. 
Furthermore, the size of the water clusters can be 
analyzed as shown in Figure 5, where different 
categories of water clusters are rendered in different 
colors or as histogram plots of water accumulated in 
different water cluster size categories (see Figure 6). 
The data in the histogram shows that droplet sizes well 

below 1 pl can be clearly identified. The very small 
volumes with less than 20 voxels (red bars) are 
considered segmentation artifacts. The size of the 
maximum number of droplets (3 – 6 pl) corresponds 
approximately to the average pore size of the GDL. 

Radiation damage 

The influence of high intensity synchrotron radiation 
(SR) during in situ PEFC synchrotron imaging 
experiments was so far not investigated or reported. 
During the in-situ XTM experiments loss in cell voltage 
at constant current operation was observed for both cell 
designs. After a beam exposure of about 80 minutes at 
13.5keV or 11 keV beam energy, even holes and 
cracks in the membrane of the vertical design were 
found. During cell disassembly after such long 
exposure times, the membrane was found obviously 
damaged in the domains of SR exposure and showed 
brittle behavior. This change in material properties was 
also found for other samples with similar radiation 
exposure. 
Besides our observations, General Motors [2] had 
reported about much more dramatic performance 
degradation during in-situ XTM scans of a similar 
horizontal PEFC design.  
The major conclusion of all these observations is the 
necessity to expose the entire electrochemical active 
domain during the imaging experiments; otherwise cell 
performance degradation is compensated by non-
irradiated domains and can not be detected by 
monitoring cell voltage and current.  
The influence of the synchrotron X-ray radiation on fuel 
cell performance and components is subject of ongoing 
investigations, but still a precise maximum radiation 
dose, uncritical for the PEFC, is unknown.  
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Figure 4. Water saturation in the GDL domain without boundary 
effects. Top: Mean vertical water saturation profile. Bottom: 
Mean horizontal water saturation profile. 
 

 
 
Figure 5.  Water clusters of subsample of data set of Figure 3 
colorized according to different cluster size categories.
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 Figure 6.  Histogram of water cluster sizes of sample shown
 in Figure 5. 
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In this new hybrid concept, the fuel cell is directly 
electrically coupled to the battery without the use of any 
power converter. Nevertheless it is possible to control 
the fuel cell power by adjusting its operating pressure, 
and thus the power sharing between the fuel cell and 
the battery stays actively controlled. This concept, 
referred to as passive hybrid topology, shows promising 
simulations results. Without the power converter, the 
hybrid system becomes simpler, lighter and cheaper. 

Introduction 

In a fuel cell hybrid vehicle [1], the average power 
demand is fulfilled by a polymer electrolyte fuel cell 
(PEFC) system which converts hydrogen and oxygen 
into electrical power with only water and heat as 
byproducts. The transient power demand is fulfilled by a 
battery which is usually used in charge sustaining 
mode, i.e. the state of charge evolutes around a 
prescribed value and no external charger is used. The 
PEFC system is traditionally coupled to the power bus 
with a DC/DC boost converter to match the battery 
voltage (Figure 1). 

 

Figure 1. Active fuel cell/battery hybrid topology. 

In a passive hybrid architecture (Figure 2), the fuel cell 
and the battery are directly connected to the bus 
without power converter(s). Therefore the two devices 
operate at the same voltage, which brings several 
constraints. The bus voltage and the currents regulate 
themselves according to the impedance of the fuel cell 
system and the battery, which means that the system 
variables (currents, voltage, powers, state of charge) 
are uncontrolled (no power management strategy is 
possible) and can therefore reach or exceed their limits, 
leading eventually to a system breakdown.  

 

Figure 2. Passive fuel cell/battery hybrid topology. 

The active hybrid architecture (Figure 1) has been 
established as the standard topology. However a 
passive hybrid topology can become a suitable solution 
for powertrain applications when the power sharing can 
be actively controlled [2]. This is achieved by controlling 
the gas pressure of the fuel cell, which varies its 
internal impedance. Since there are no DC/DC 

converters, the passive hybrid is the cheaper and 
simpler solution, and the power losses in the electronic 
hardware are eliminated.  

Fuel cell system power control 

The polarization curve describes the electrical 
characteristic of a fuel cell (Figure 3). This curve is 
pressure and temperature dependent. At constant 
temperature and voltage, the fuel cell current decreases 
when decreasing the gas pressures. This means that 
the current of a fuel cell system operating at constant 
voltage can be adjusted by the pressure: the minimum 
pressure gives the minimum current and the maximum 
pressure the maximum current. 

 

Figure 3. Example of polarization curves of a fuel cell stack 
at different operating pressures. 

Figure 5 shows experimental results obtained with a 
10kW H2/O2 fuel cell stack [3-4] operated in a laboratory 
testbench. The load connected to the FC stack 
operated at a constant voltage of 50V. Until t=5s, the 
FC pressure (cathode and anode pressures) is nominal 
and the corresponding current is 85A. Then between 
t=5s and t=20s, the FC pressure is reduced from 100% 
to 30% of the nominal value, which concomitantly 
decreases the FC current from 85A to near 13A.  
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Figure 4. Current and pressure variation with a PEFC system 
operating at constant voltage. 

This proves that the fuel cell current can be actively 
controlled in a passive hybrid topology where the 
battery operates at a nearly constant voltage. 
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Figure 5. Simulation of the passive hybrid powertrain for the NEDCdrd driving cycle. 

Powertrain simulation 

Based on the passive hybrid principle described in the 
previous section, a fuel cell hybrid model was built 
using the Matlab/Simulink software. The fuel cell sub-
model is steady state fitted with real experimental data. 
The battery sub-model is a classical equivalent model 
with a voltage source in series with a resistor. The 
battery parameters are based on the SAFT VL 34P Li-
ion cell. The power demand imposed to the hybrid 
source (FC+battery) is calculated with an energetic 
model of a car driving a defined speed cycle. The 
vehicle considered is a light passenger car of 1100 kg 
propelled by a 60kW electric motor. 

A simulation result is given Figure 5 for the NEDC 
driving cycle. The power of the e-motor is fulfilled by the 
fuel cell passive hybrid power source. When the power 
demand becomes too important for the battery alone, or 
when the battery discharges fast, the FC power 
increases by increasing its pressure. This guarantees 
the sustainability of the state of charge and the 
fulfillment of the power demand. 

Conclusion 

A fuel cell passive hybrid power source can be a 
practicable solution for powertrain application when the 
power sharing is actively controlled. Here the fuel cell 
power is adjusted by controlling the fuel cell pressure. 
Eliminating the DC/DC converters makes the system 
easier, lighter, smaller, and the power losses in the 
hardware are reduced. Because the power converter is 
removed, it is important to define carefully the battery 

and fuel cell parameters in order that both devices 
operate in a matched voltage range. 

Current works are devoted to experimental validations. 
A fuel cell and a battery of practical size for automotive 
application are currently under development. 
Laboratory experiments should provide additional 
evidences about the feasibility of the concept. 
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In a PEFC the polymer electrolyte membrane fulfills 
three main functions: gas separation, electric insulation 
and proton conductivity. Different chemical and 
mechanical degradation mechanisms can cause a 
failure in these functions, which limit the lifetime of a 
fuel cell [1]. The degradation of the gas separation 
reduces the efficiency due to fuel leakage and is a 
critical safety issue, since hydrogen, permeating 
through the membrane, will accumulate in the air or 
oxygen atmosphere of the cathode. The limited lifetime 
arising from the degradation of the gas separation is 
one of the important end of life criteria in technical 
applications.  
For studying the degradation of the gas separation the 
local gas transport characteristic of the membrane 
Nafion 211 is investigated by in situ gas phase analysis 
and morphological changes of the membrane are 
detected by X-ray Tomographic Microscopy. Adequate 
accelerated stress tests induce chemical and 
mechanical degradation of the gas separation and 
simulate fuel cell aging under dynamic operation.  

Experimental 

Experiments are carried out with the gas analyzing 
setup, previously developed by G.A. Schuler [2]. The 
fuel cell has a linear flow field, an active area of 
200 cm2 and channel dimensions of 
0.8 x 0.5 x 400 mm. Flow field plates are machined 
from Sigracet BMA5 (SGL Carbon) carbon plates. 
Electrochemical components used are Nafion NR211 
membranes and Etek Elat (A6 STDSI V2.1) carbon 
cloth gas diffusion electrodes with a catalyst loading of 
0.5 mg/cm2. For local gas analysis along the channel, 
13 gas extracting ports are installed along the center 
channel of the linear cell. The gas is analyzed online by 
mass spectrometry. In order to analyze gas permeation 
through the membrane, helium (10 Vol. %) is added as 
tracer to the anode stream during operation and its 
permeate is analyzed in the cathode stream. By varying 
the pressure difference between anode and cathode it 
is also possible to distinguish between diffusive and 
convective gas transport through the membrane. 
Diffusive transport is characteristic for intact 
membranes or very small pores (<500 nm), while 
convective transport is found in membranes having 
pores >500 nm (pinholes). Hence, the convective gas 
transport is a measure for the presence of pinholes in 
the membrane. Membrane degradation is induced by 
500 h accelerated stress tests, which are adopted from 
DoE protocols: OCV focuses on chemical membrane 
decomposition, rH cycling induces mechanical 
membrane degradation, OCV-load cycling and load 
cycling simulate fuel cell aging under dynamic 
operation.  

Results  

Gas permeation is analyzed in terms of diffusive and 
convective gas transport. The gas diffusion through the 
membrane is the main gas transport initially. The 
diffusive gas crossover increases in Nafion 211 mainly 
due to mechanical degradation processes. Local 
humidity fluctuations cause membrane creeping and 

crack formation, which results in an inhomogeneous 
increase in the diffusive gas transport, as shown in 
Figure 1A. In contrast, chemical degradation does not 
seem to change the diffusive gas permeation rate 
significantly. During the accelerated stress tests the 
convective gas transport increases more and more due 
to the formation of pinholes. It is the main gas transport 
after a few hundred hours. The convective gas 
transport, respectively, the formation of pinholes is 
strongly inhomogeneous in time and location, as shown 
in Figure 1B.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1A. The diffusive helium crossover along the center 
channel of the cathode at OCV-load cycling. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1B. The convective helium crossover along the center 
channel of the cathode at OCV-load cycling. 

In combination with humidity fluctuations local triggers, 
such as sharp edges of the MPL and carbon fibers 
cause pinhole formation. They induce small cracks in 
the membrane which further evolve to pinholes with a 
diameter in the range of 1-10 µm. Figure 2A shows an 
X-ray tomogram of a pinhole found in the degraded 
membrane. The segmentation of this pinhole in Figure 
2B visualizes the interaction between membrane and 
carbon fiber which may initiate pinhole formation.
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Figure 2A. X-ray tomogram of a pinhole in the membrane 
found in the degraded MEA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2B. 3D visualization of the pinhole. For clarity the 
catalyst layers of the MEA are removed. 

So, mechanical degradation induced by local humidity 
fluctuations and the rough GDE material are the major 
sources for inhomogeneous pinhole formation in Nafion 
211. Once pinholes have been generated, the hydrogen 
crossover increases which intensifies chemical 
membrane decomposition. Finally, both chemical and 
mechanical degradation processes are the reason for 
an exponential increase of the convective gas 
permeation. Therefore, for Nafion 211 the most critical 
degradation mechanism, causing a loss in gas 
separation, is pinhole formation.  
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Graphite is one of the most used anode materials of 
today’s lithium-ion batteries. It has several advantages 
including safety, a low potential versus lithium metal, 
high coulombic efficiency, and a theoretical specific 
charge of 372 mAh/g. 

For LiFePO4 cathodes, high rate capability of 400C has 
already been published [1]. Such fast cathodes require 
also fast anodes. Therefore, we investigated graphite 
with regard to its high rate capability. Previous results 
suggested that the diffusion coefficient of lithium in 
graphite should not limit the rates being approximately 
10-7 to 10-6 cm2/s [2] but loading, electrode thickness, 
and porosity influence the possible rates significantly 
[3]. Therefore, we evaluated the maximum rates of 
these graphite electrodes for different thicknesses.  

Experimental 

Thin electrodes have been prepared by a spray 
technique. A spray nozzle produced 1-5 μm thick 
electrodes with a load of 0.07-0.09 mg/cm2 of active 
material. For the rate tests a composition of 80:10:10 of 
graphite SFG6 (TIMCAL) : PVDF binder (Solvay) : 
Super P conductive filler (TIMCAL) was cycled in 
EC:DMC 1:1 with 1M LiPF6.  

For the GITT test, an electrode with 11-12 μm thickness 
and 0.52 mg/cm2 of active material was used. Standard 
electrodes have been prepared by doctor blade 
technique described in [3]. Figure 1 shows a SEM 
picture of a thin layer electrode of graphite where the 
copper current collector can be seen partially.  

 

 

Figure 1. SEM picture of a typical graphite thin electrode, light 
gray: copper current collector, dark gray: graphite particles, 
SuperP has not been added for clarity 

Results  

The main goal of this work was to investigate if graphite 
is limiting the charge discharge process in lithium-ion 
batteries. Therefore, very thin electrodes of 1-5 μm 
thickness have been prepared to suppress diffusion 
limitations within the pores of the porous electrodes. As 
depicted in Figure 1, the electrode consists of only one 
to two particle layers. 

The charge and discharge curves of these thin 
electrodes at different rates are depicted in Figure 2. 
The charge rates are limited to a maximum of 5 C rate 
due to the increasing overpotential at higher rates 
which would lead to the risk of lithium plating which 
occurs at potentials negative to 0 V vs Li/Li+. On the 

other hand, the discharge rates with more than 80% 
galvanostatic capacity are possible up to 400 C rates. 
This would correspond to a full discharge in 9 seconds.  
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Figure 2. Graphite SFG6 cycled at different rates 

In contrast to the thin electrodes in Figure 2, standard 
electrodes with thicknesses of 50 μm can be 
discharged up to 20 C rates [3] and the charge process 
is limited to 2 C rates, respectively. This proves that 
graphite itself is a fast intercalation material and can be 
seen as the upper limit for rates in porous electrodes. 

References 

[1]  B. Kang, G. Ceder, Nature Letters 458, 190 (2009) . 

[2]  K. Persson, V. A. Sethuraman, L.J. Hardwick, Y. Hinuma, 
Y.S. Meng, A. van der Ven, V. Srinivasan, R. Kostecki,  
G. Ceder, J. Phys. Chem. Lett. 1 (8), 1176 (2010). 

[3]  H. Buqa, D. Goers, M. Holzapfel, M.E. Spahr, P. Novak,  
J. Electrochem. Soc. 152, A474 (2005). 

45



 
Oxygen evolution from Li2MnO3-stabilized Li(NixMnyCoz)O2 electrode 
materials 

H. Sommer, P. Lanz, M. Schulz-Dobrick, P. Novák 

phone: +41 56 310 2457, e-mail: petr.novak@psi.ch 

 
 
Electrodes for lithium-ion cells need to have stable 
structures over a wide potential range to maximize 
specific charge, energy and cycle life. Layered LiMO2 
(M = Mn, Ni, Co) structures tend to become unstable at 
high levels of delithiation because of the highly 
oxidizing nature of Ni4+ and Co4+. Thackeray introduced 
high specific charge materials (> 200 Ah kg-1) by 
stabilizing layered LiMO2 with Li2MnO3, thus forming a 
solid solution [1]. The small, insulating Li2MnO3 regions 
stabilize the LiMO2 structure. Between 2.0 V and 4.4 V 
the LiMO2 component is electrochemically active; by 
contrast, the Li2MnO3 component is electrochemically 
inactive. Electrochemical activation of Li2MnO3 can be 
induced positive to 4.4 V vs. Li/Li+ and will afford an 
overall specific charge of about 330 Ah kg-1 during 
initial charging. In this potential range, a simultaneous 
extraction of lithium and oxygen (Li2O removal) from the 
Li2MnO3 component is suggested [2]. To determine the 
influence of the oxygen release, e.g., with regard to 
possible damage to the electrode surface, we applied in 
situ pressure and temperature measurements, DEMS, 
and combined them with electrochemical analyses. 

Experimental 

Electrodes for electrochemical tests were prepared by 
casting a mixture of 84% Li2MnO3·Li(MnxNiyCoz)O2 
(BASF), 3% KS6, 6% Super P (both TIMCAL) and 7% 
binder (SOLEF PVDF 1015), all suspended in N-
methyl-2-pyrrolidinone (Fluka), onto a Al foil. After 
drying, the electrodes (d=13 mm2) were punched out 
and assembled in standard test cells, as described 
elsewhere [3]. The pressure measurement was 
performed in a cell with a diameter of 80 mm and a 
Honeywell sensor was used to follow the pressure in 
the cell during cycling. The electrodes for this 
experiment were prepared as described above. For the 
DEMS experiment the electrodes were prepared by 
blade-coating the oxide (mixture of 70% 
Li2MnO3·Li(MnxNiyCoz)O2 (BASF), 10% Super P and 
20% KynarFlex) and graphite (90% SFG44 (TIMCAL), 
10% KynarFlex) directly onto the titanium body of the 
DEMS cell. The slurries were prepared in N-methyl-2-
pyrrolidinone and, after casting, vacuum-dried overnight 
at 120 °C. During the measurement, a constant stream 
of argon was run through the DEMS cell. The gas was 
transferred to the mass spectrometer via a capillary 
tube. The temperature measurement was carried out in 
a pouch cell, with a PT100 resistance thermometer 
assembled directly between the graphite electrode 
(SFG44) and the Li2MnO3·Li(Mnx,Niy,Coz)O2 electrode. 
For this experiment, the electrochemical cycling was 
conducted galvanostatically between 2.0 V and 4.7 V at 
a rate of C/2 and a temperature of 36 °C. 

Results 

First of all, the cycling stability of the Li2MnO3· 
Li(MnxNiyCoz)O2 electrode was tested in a standard 
cell. Figure 1 shows the potential curve during the first, 
second and 50th galvanostatic cycle. Our high-
performance material exhibits a reversible specific 
charge of about 270 Ah kg–1, even after 50 cycles. 

 
Figure 1 Charge and discharge curves of Li2MnO3-stabilized 
Li(MnxNiyCoz)O2 (1

st, 2nd and 50th cycle). 

The potential curve of the first cycle indicates a different 
behaviour from the subsequent ones. Therefore, the 
first cycles of the galvanostatic experiment were 
analyzed using differential plots of dQ/dE vs. E 
(Figure 2). At potentials around 4.5 V vs. Li/Li+, a very 
intense, irreversible peak was observed, which was 
assigned to the suggested oxygen release [2]. In order 
to confirm our findings and to understand the nature of 
this irreversible oxidation peak, the following 
experimental studies were carried out. 

 
Figure 2 Differential plot from the galvanostatic cycling 
experiments for Li2MnO3·Li(MnxNiyCoz)O2 during the 1st and 2nd 
cycle. 

A possible O2 evolution during the first charging 
process would increase the pressure in the cell. To 
verify this, the pressure development in a complete 
lithium-ion cell (Li2MnO3·Li(Mnx,Niy,Coz)O2 vs. graphite) 
was measured. The result of this experiment is shown 
in Figure 3. The pressure, which is proportional to the 
current output, increases during initial charging. As can 
be seen in Figure 3, further charging leads to an 
increase in pressure at 4.4 V (a), which is attributed to 
the oxygen release. In addition to this, labels b and c 
illustrate further pressure increases at higher voltage 
(above 4.5 V). This might be due to the release of 
gases caused by oxidative decomposition of electrolyte 
on the oxide electrode. To identify the resulting gases, 
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a differential electrochemical mass spectrometry 
(DEMS) experiment was performed. 

 
Figure 3 Gas evolution of Li2MnO3·Li(MnxNiyCoz)O2 vs. 
graphite (SFG44) monitored in a pressure cell in 1M LiPF6 
EC:DMC (1:1) electrolyte. The current of the sensor (right 
scale) is proportional to the pressure. 

The DEMS experiment with the 
Li2MnO3·Li(MnxNiyCoz)O2 sample was conducted under 
galvanostatic conditions in order to investigate the 
release of gases in the potential range of 2 – 4.7 V. 
Figure 4 shows the cooperative plots of the mass signal 
intensities as measured. At the beginning of charging, 
SEI (Solid Electrolyte Interphase) formation occurs at 
the graphite anode. The SEI formation reaction is 
accompanied by the release of gases from the 
electrolyte decomposition reaction. The involved gases 
are, e.g., ethylene, CO2, and H2 (as shown in Figure 4, 
m/z=2). Further charging of our sample leads to oxygen 
evolution, which is detected in the first cycle, while H2 
and CO2 (not shown) are evolved in the high voltage 
region during the first and subsequent cycles. This 
result supports the hypothesis of an irreversible oxygen 
release at high potentials during the first charging 
process [4] and is in perfect agreement with the result 
of the pressure measurement (Figure 3). 

 
Figure 4 Gas evolution rate expressed as a detector current in 
a DEMS experiment with Li2MnO3·Li(MnxNiyCoz)O2 vs. SFG44 
in 1M LiPF6 EC:DMC (1:1) under galvanostatic conditions.  

To explore the heat signature of the oxygen release, we 
developed an experimental setup which enabled us to 
monitor the thermal behaviour during charging and 
discharging. Figure 5 shows the initial charge and 
discharge profile and the concomitant temperature 
changes. During initial charging, the temperature is 
assumed to increase due to the overvoltage and SEI 
formation on graphite. Subsequently, the temperature 
decreases when the voltage is between 3.6 V and 
4.1 V. As can be seen in Figure 5, further charging 

leads to a release of heat. A substantial part of this heat 
is expected to be associated with the overvoltage, 
which can be determined by Galvanostatic Intermitted 
Titration Technique (GITT) experiments (Figure 6). 
Further contributions to the heat signature could be due 
to the enthalpy of reaction of structural changes [3], 
e.g., those occurring during the release of oxygen, 
which has been observed at higher potentials (4.5 V). In 
the Constant Current Constant Voltage (CCCV) 
process the temperature decreases to a certain value 
and increases again during discharge at a potential of 
3.4 V vs. Li/Li+. This process can, again, be attributed to 
the overpotential in this potential region. 

 
Figure 5 Charge and discharge voltage profile of 
Li2MnO3·Li(MnxNiyCoz)O2 electrodes vs. SFG44 graphite in 
pouch cells. The temperature measurement is denoted by 
open circles. 

 
Figure 6 GITT experiment of Li2MnO3·Li(MnxNiyCoz)O2 during 
the first cycle in 1M LiPF6 EC:DMC (1:1) electrolyte. 

The agreement of all of the different, independent 
experimental approaches with our expectations lends 
sound support to the hypothesis of an irreversible 
oxygen release at high potentials during the first 
charging process. 
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Olivine materials as, e. g., LiFePO4 are attractive for 
high volume lithium-ion battery applications for hybrid or 
solely electric vehicles [1] because, LiFePO4 is made 
from nontoxic and low cost raw materials [2], has a high 
electrochemical cycle stability, and can be charged and 
discharged at high rates [3]. Limitations of LiFePO4 are 
its low electronic conductivity (ca. 10-10 S cm-1 [4]) and 
slow Li-ion diffusion along the one-dimensional 
channels of its olivine structure [5]. The diffusion 
limitation can be addressed with smaller particles 
(shorter diffusion paths) allowing higher charge- and 
discharge rates. However, for smaller particles the 
electrode resistance increases, due to the increased 
number of boundaries between nano-particles 
necessitating a conductive matrix, e.g., carbon black. 

Carbon black containing materials typically exhibit a 
10–100 times higher overall electrical conductivity 
compared to doped LiFePO4 compounds [6]. A core-
shell structure with active material as core and 
conductive carbon black coating as shell is assumed to 
be ideal for nanostructured LiFePO4. Here, a fast and 
single step process is presented to make such core-
shell coated nano-particles. 

Experimental 

LiFePO4 compound as active electrode material was 
made by a single step, continuous flame aerosol 
process, capable to produce, at least, up to 700 g h-1 of 
carbon - coated ceramic nanoparticles [7]. The LiFePO4 
nanoparticles were thereby, for the first time to our 
knowledge, in situ acetylene carbon black (ACB)-
coated  resulting in a core-shell morphology [8]. The 
influence of the oxygen concentration on that 
morphology and crystallinity of the LiFePO4 particles 
was investigated during their in situ coating. A post 
annealing process ensured full crystallization of core 
LiFePO4 while particle growth through sintering was 
retarded by their ACB-coating. 

Electrodes prepared of the LiFePO4 powders contained 
Super P carbon as an additional electrically conductive 
additive. Polyvinylidene fluoride (PVDF) dissolved in N-
methylpyrrolidinone was used as binder. The mass-
ratio (after drying) of LiFePO4/Super P/PVDF in the 
electrodes was 83/8.5/8.5. Electrochemical cycling was 
performed in 1 M LiPF6 in ethylene carbonate/dimethyl 
carbonate (1:1 by mass) between 2.0 V and 4.5 V vs. 
Li/Li+ at various discharge rates (0.5–16C, with 1C = 
170 A kg-1). 

Results  

Figure 1 shows two TEM images of LiFePO4/ACB 
nano-particles after post annealing at a) 700 and b) 800 
°C for 240 min. The ACB-coating is slightly visible at the 
edge of the particles in both images. At higher 
annealing temperature, "empty" shells of the ACB-
coating were detected leading to highly dispersed 
carbon enhancing the conductivity of post-annealed 
LiFePO4 composites [8]. 

Figure 2 shows the X-Ray diffractograms of ACB-
coated LiFePO4 as-prepared and after annealing in 
Ar/H2 at 700 and 800 °C for 30 and 240 min. The as-
prepared particles were amorphous by XRD. After 
30 min annealing at 700 °C, crystalline LiFePO4 was 
formed. An extension of the annealing time to 60 and 
240 min improved the crystallinity, as seen by the 
reduction of the amorphous hump at 20° < 2θ < 40°. 
After an annealing time of 240 min at 800 °C the 
amorphous part disappeared, but a new Fe2P phase 
was observed. This Fe2P is ascribed to the reduction of 
FePO4 to Fe2P by carbothermal reduction with ACB. 
The evolution of Fe2P, however, can substantially 
increase the electronic conductivity of the electrode by 
forming a grain-boundary nano-network with carbon [9]. 

 

Figure 1. TEM images of post-annealed, in situ ACB-coated 
nano-particles of LiFePO4 annealed at a) 700 and b) 800 °C.  

48



 

A comparison of different annealing temperatures for 
the same annealing time (240 min) on the 
electrochemical properties is shown in figure 3. After 
annealing at 800 °C the battery material exhibited a 
higher specific charge compared to compounds 
annealed at 700 °C. It was assumed that the formation 
of Fe2P in the compound annealed at 800 °C has 
enhanced the electrical conductivity of the active 
material increasing the useable specific charge of the 
LiFePO4-ACB composite. Both the core-shell LiFePO4-
ACB powders annealed at 700 °C and 800 °C exhibited 
a good electrochemical cycling stability with an 
observed capacity fading of about 0.05 % per cycle and 
0.01 % per cycle, respectively.  

 

Figure 2. X-ray diffractograms showing as-prepared and 
annealed (Ar/H2 atmosphere) core-shell LiFePO4-ACB. Pure 
LiFePO4 phase was obtained at 700 °C, whereas at 800 °C 
15 wt% Fe2P was formed. 

At much higher discharge rates (> 4C, with 
1C = 170 A kg-1) the in situ ACB-coated LiFePO4 
nanoparticles showed a very good electrochemical 
cycling stability (only 5–8 % loss of specific charge after 
300 cycles). 

The specific discharge capacity of electrodes containing 
post-annealed core-shell LiFePO4-ACB at various 
discharge rates (0.5–16C, with 1C = 170 A kg-1) is 
shown in figure 4. A specific charge of 163 Ah kg-1 was 
observed for low C-rates (0.5C) corresponding to 96 % 
of the theoretical specific charge of LiFePO4. Higher 
discharge rates (> 4C) reduced the specific charge 
progressively. Nevertheless, the core-shell 
LiFePO4/ACB powders annealed at 800 °C showed 
significantly improved electrochemical properties 
compared to the powders annealed at 700 °C. This 
effect is ascribed to the increased conductivity in the 
electrode due to formation of Fe2P in interaction with 
highly dispersed carbon originating from empty ACB 
shells. 

 

Figure 3. Discharge capacity per unit mass (specific charge) 
at a discharge rate of 2C of in situ ACB-coated, nano-sized 
LiFePO4 after post-annealing at 700 and 800 °C. 

 

Figure 4. Galvanostatic discharge capacity of in situ ACB-
coated nano-sized LiFePO4 particles annealed at different 
temperatures. The constant current part of the total capacity at 
each C-Rate is shown as the average of 10 cycles after 
50 cycles at a discharge rate of 2C.  
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Today's battery systems of choice are lithium based. 
They can store the electricity needed for the electric 
engines of hybrid electric vehicles (HEVs) and full 
electric vehicles (EVs). Due to the need of batteries 
providing a very high specific energy some alternatives 
to lithium-ion batteries were investigated in the very 
close past. Compared to standard materials, sulphur 
offers a much higher theoretical specific charge of 1675 
Ah kg-1, i. e., almost a magnitude more compared with 
the theoretical specific charge of olivine materials as 
LiFePO4 (ca. 170 Ah kg-1).[1] But there are a number of 
key issues wherefore the lithium-sulphur system was 
not yet implemented in HEVs: Both the tendency of 
lithium-sulphur to form (partly soluble) polysulphide 
molecules and the low electrical conductivity of 
elemental sulphur (5  × 10-30 S cm-1) led to the low 
number of applications.[1] Especially the polysulphides 
can diffuse to the lithium anode where they are reduced 
while poisoning the anode. Therefore a precise control 
of the behavior of the sulphide within the carbon matrix 
could enhance the electrochemical properties 
significantly. 

In the present work we describe a novel microwave and 
sonochemical synthesis path for the preparation of 
sulphur-carbon compounds for lithium batteries. Model 
electrodes built from these as-synthesized sulphur-
carbon materials showed an excellent and highly stable 
electrochemical performance over several hundreds of 
cycles with a remarkable initial specific charge of about 
1630 Ah kg-1 and a fading of the specific charge after 
about 300 cycles of about 18 %. 

 

 

Figure 1. SEM image (2 kV) of the as-synthesized sulphur-
carbon compound. 

 

Experimental 

Sulphur-carbon compounds were prepared by a 
microwave-assisted pyrolysis which primarily based on 
a mixture of saccarose and potassium hydro carbonate 
with a second sonochemical step for the insertion of 
sulphur into the carbon matrix. (Details to be 
published.) 

To prepare the suspensions for the preparation of 
electrodes, the as-obtained sulphur-carbon compounds 
were mixed with polyvinylidene fluoride (binder) 
dissolved in N-methylpyrrolidinone. The proportion of 
the materials in the dried electrodes equalled to 90 / 10 
(sulphur-carbon / binder, by mass). All electrode 
constituents were mixed with an ultra-sonic stirrer. 
LiTFST (1 M, lithium bistrifluoromethanesulfonimidate; 
99.95 %, Sigma Aldrich) in polyethyleneglycol-
dimethylether was used as electrolyte.  

Results 

A typical SEM image of the as-obtained sulphur-carbon 
compound is shown in figure 1. Small particles form 
larger agglomerations with a quite inhomogeneous 
particle size. 
 

Figure 2. Raman spectrum of the surface of a model electrode 
built from the as-synthesized sulphur-carbon compounds and 
of its constituents. 

Typical Raman spectra of pristine carbon, pristine 
sulphur, and a composite of these materials are shown 
in figure 2. While both the pristine materials carbon and 
sulphur, respectively, show typical bands within 
different regions (150–500 cm-1 for the sulphur and 
1000–2000 cm-1 for the carbon) the differentiation 
between the two different materials was possible in the 
composite. It becomes clear that structural changes of 
neither the sulphur nor the graphite were caused by the 
mixing of the materials. Please note that due to the 
mostly carbon-coated sulphur particles Raman spectra 
of sulphur within the mixture could only be recorded at 
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a few points where the carbon coating exhibited 
damages. All shown peaks could be compared with 
literature data for comparable compounds and 
materials.[2,3] Raman mappings showed a highly 
dispersed sulphur within the carbon composite material. 

An exemplary cyclic voltammogramm of the as-
prepared electrodes of sulphur-carbon compounds is 
shown in figure 3. After the first reduction, both 
reductive peaks of sulphur are clearly visible during the 
further cycling of the sulphur-carbon composite. 
Compared with literature data [4–6] the first step (higher 
potential) can be ascribed to the transformation of 
sulphur to lithium polysulphides (Li2Sn, with 2 < n < 8) 
while the second step (lower potential) can be 
explained by the change of the lithium polysulphides 
into lithium sulphide (Li2S). 

Figure 3. Typical cyclic voltammogramms of a composite 
electrode containing the as-synthesized sulphur-carbon 
compound after different cycle numbers. Electrochemical 
cycling was performed in 1 M LiTFST in PEGDME between 
1.0 V and 3.0 V vs. Li/Li+ at 25 °C at a scan rate of 0.1 mV s-1. 

Figure 4. Cycling behavior at different charge/discharge rates 
(1C ≈ 1675 A kg-1) with different separators (Celgard 2400 vs. 
pressed glass fiber, GF). Electrochemical cycling was 
performed in 1 M LiTFST in PEGDME between 1.0 V and 
3.0 V vs. Li/Li+ at 25 °C. 

Figure 4 shows the excellent discharge capacity of the 
material and a very good cycling behavior. A significant 
loss of initial specific charge during the first cycles could 

be observed. This might be due to the formation of 
polysulphide compounds until a steady-state-like 
behavior. Obviously, the formed polysulphides did not 
show a high mobility within the electrode and these are 
assumed to be adsorbed at the surface of the carbon 
compound. This fact underlines the high quality of the 
as-prepared electrodes especially in comparison to 
published data with different approaches to immobilize 
the polysulphide compounds. The high cycling stability 
can be explained by the very fine dispersion of the 
sulphur powder within the very porous carbon 
compound, an optimal separator, and an improved 
preparation process.  

Moreover, the discharge rate has only a moderate 
influence on the specific charge after 50 cycles if 
discharged with a discharge rate up to about 3C (cf. 
figure 5). At higher discharge rates (> 3C) the practical 
specific charge during the discharge process decreases 
continuously. 
 

Figure 5. Dependence of the practical specific charge during 
discharge on the discharge rate (0.1–16C, with 
1C ≈ 1675 A kg-1) after 50 cycles. Every data point represents 
the average of ten cycles at the indicated discharge rate. 
Electrochemical cycling was performed in 1 M LiTFST in 
PEGDME between 1.0 V and 3.0 V vs. Li/Li+ at 25 °C. 
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Irreversible charge loss (ICL) during the first charge is 
an important issue in Li-ion battery research. ICL is the 
charge consumed for the reduction of the electrolyte on 
the negative electrode during first lithiation of graphite 
(which is the most common active material for negative 
electrode). The reduction products form an 
inhomogeneous passive layer called the Solid1 
Electrolyte Interphase (SEI) [1]. An ideal SEI should be 
electron insulating and Li-ion conducting. An efficient 
SEI is required for good cycling, rate capability and safe 
operation of the battery. In this work we attempt to 
prepare an artificial SEI by two main methods. The first 
method is grafting followed by functionality 
transformation. In this route we covalently immobilize 
an organic moiety on the carbon surface and impart it 
required functionality in successive steps. Various 
methods of grafting employed for this purpose include 
electrochemical grafting, in situ grafting (non-aqueous 
and aqueous), and spontaneous grafting. Another 
method employs alteration of the existing surface 
groups on the carbon into more reactive ones. 
Chemical reducing agents have been employed for this 
work. 

Experimental 

I.1: Electrochemical grafting followed by functionality 
transformation: The scheme of modification of carbon 
surface (glassy carbon (GC) as well of graphite) is 
shown in Figure 1. 

 

First, p-carboxylicbenzenediazonium tetrafluoroborate 
was synthesized from p-amino benzoic acid [2]. Then, a 
CV was scanned from -2.0 V to 0.5 V vs. Ag wire at a 
rate of 5 mV/s. The electrolyte for grafting was 0.1 M 
tetraethylammonium tetrafluoroborate in CH3CN, 
H2O<50 ppm, containing 5 mM diazonium salt. For the 
electrochemical reduction step, same electrolyte 
without diazonium salt was employed. The CV was 
scanned from -3.0 V to 0.0 V vs. Ag wire. 
Electrochemical grafting as well as reduction were 
carried out in novel 3-electrode cell, using Pt wire as 
counter electrode, Ag wire as reference electrode, and 
SFG6 graphite (TIMCAL®, Switzerland) casted on Ti 
plate as working electrode. After this, the sample was 
treated with 1.6 M n-butyl lithium (BuLi) in hexane, 

followed by washing with anhydrous hexane. The 
resulting powder was then exposed to CO2 from air. 
I.2: In situ grafting (aqueous): SFG6 graphite powder 
was immobilized by p-amino benzoic acid following the 
synthesis described by Martin et al. [3]. 
I.3: In situ grafting (non-aqueous): 2.9 millimoles 
p-amino benzoic acid was stirred in 50 mL acetonitrile. 
To this 400 mg SFG6 graphite powder was added. 
Then, 6.2 millimoles tert-butyl nitrite was added drop 
wise under constant and vigorous stirring. The mixture 
was stirred for 2 hours. The powder was filtered and 
washed well with acetonitrile. The whole procedure was 
performed in the absence of O2 and moisture. 
I.4: Spontaneous grafting: p-carboxylic benzene 
diazonium tetrafluoroborate was stirred in acetonitrile. 
To this SFG6 graphite was added. The mixture was 
allowed to stir for 2 hours. The powder was filtered and 
washed well with acetonitrile. The whole procedure was 
performed in the absence of O2 and moisture. 

II. Activation of the existing surface groups by chemical 
reduction: SFG6 graphite powder was treated with 1 M 
BH3 in tetrahyrdofuran (THF), 1 M BH3 in THF followed 
by 1.6 M BuLi in hexane, 1.6 M BuLi in hexane and 2 M 
LiAlH4 in THF, individually under inert conditions. Post 
treatment these powders were washed with THF, 
hexane, hexane, and THF respectively. 

For battery testing, standard cells using Li metal as 
counter as well as reference electrode were built. Since 
the surface groups on graphite after treatment were 
sensitive to oxidizing agents and conditions, the 
working electrodes were made using styrene-butadiene 
rubber (SBR) as binder (10/90 SBR/graphite w/w) and 
hexane as solvent. The slurry was applied onto Ti 
current collector stubs and dried. The galvanostatic 
cycling was done at C/10 rate in 1 M LiPF6 in 1:1 
ethylene carbonate: dimethyl carbonate. Same 
conditions were used for CV which was run at 
0.01 mV/s. Ultra55 scanning electron microscope 
(SEM) was used to visualize the surface morphology of 
the treated samples. Pictures were taken using In Lens 
detector at 3 KeV accelerating voltage. 

Results 

I. Grafting followed by functionality transformation: 
Figure 2 shows the SEM images of the samples 
prepared by different grafting methods. Figure 2a 
shows the sharp edges and smooth basal planes of 
pristine SFG6. SFG6 treated as per scheme in Figure 1 
is shown in Figure 2b. This clearly shows a heavy and 
dense coating on both the prismatic as well as the 
basal planes. Aqueous and non-aqueous in situ grafted 
samples both show thinner and less dense coatings. 
Non-aqueous grafted sample shown in Figure 2c shows 
strands of layers across the basal and edge planes, 
whereas aqueous grafted sample in Figure 2d shows 
more homogeneous coating. Finally, the spontaneously 
grafted sample shown in Figure 2e shows the least 
thick and dense coating. Thus depending on the 
method of grafting, the thickness and morphology of the 
surface layer can be tuned. 

COOH

CH2OHCH2OCO2Li

NN
+

COOH

-3.0 V 
vs. Ag wire

1 M Et4NBF4 
in CH3CN

1. C4H9Li 

2. CO2 (air)

+
+ e-, - N2

-2.0 V vs. Ag wire

 

Figure 1. Scheme of electrochemical grafting and functionality 
transformation of carbon. 
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Figure 2. a) Pristine SFG6; b) electrochemically grafted and
carbonated SFG6; c) non-aqueous in situ grafted SFG6; d) 
aqueous in situ grafted SFG6; e) spontaneously grafted SFG6. 

Figure 3 shows the first electrochemical lithiation curves 
of the various grafted samples. It is evident that the 
course of the electrochemical lithiation is different in 
each case. However no significant improvement in 
terms of ICL was made. This is expected to be due to 
heavy and dense coating which insulates the particles 
and blocks them from undergoing charge transfer. 
Further study in this direction is under progress. 
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Figure 3. Beginning of the electrochemical lithiation profile of 
SFG6 samples grafted by various methods. 

II. Activation of existing surface groups of graphite: 
Figure 4 shows a part of the CV of SFG6 samples 
reduced with various chemical reducing agents. This 
potential window is where most of the electrolyte 
degradation occurs, and SEI is formed. It is evident that 
the SEI formation step is highly diminished in the 
sample treated with BuLi. This is in accordance with the 
ICL calculated from the cycling of this sample vs. Li 
metal. SFG6 treated with BuLi exhibits 22% less 
irreversible charge consumption. However, there were 
concomitant issues related with this material that it 
exhibits lower specific charge (80% of theoretical) and 

poor cyclability. The cyclability was attempted to be 
improved by treating the electrodes of SFG6 BuLi with 
various film forming additives. The best results were 
obtained with EC as additive; however any other 
significant improvements were not achieved. The SEM 
image of SFG6 treated with BuLi is shown in Figure 5. It 
clearly shows that the material is edge decorated by a 
ruffle of an amorphous material. The chemical nature of 
this ruffle is not yet fully understood but is under 
investigation. Since this material is exclusively edge 
covered, it would be interesting in terms of limiting 
solvent co-intercalation, which is a major issue related 
with propylene carbonate based electrolytes. Propylene 
based electrolytes are attractive for low temperature 
applications of Li-ion batteries. 
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Figure 4. CV of SFG6 chemically reduced with different 
reagents. 

 

 

Figure 5. SEM image of SFG6 treated with BuLi. 
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The actual trend of establishing full electric or hybrid 
vehicles triggered a boom in the research on new high-
performance electrode materials for lithium-ion 
batteries, which are regarded as the most promising 
energy storage system for this purpose. The major 
focus of the research community lies in the exploration 
of the material and cell chemistry and in addition on the 
material engineering in terms of, e.g., particle size and 
shape, surface properties, etc. [1]. In order to compare 
new materials with known ones, standardized 
procedures with respect to electrode formulation and 
manufacturing are frequently used. A minor role plays 
the aspect of the electrode formulation and preparation 
as well as the choice of an appropriate electrolyte, most 
probably because the exploration of all the parameters 
which contribute to the electrode and even cell would 
let the number of experiments grow exponentially. 
Nevertheless, only an adjusted, optimized electrode 
structure can bring out the best of a respective “new” 
material as there is no general recipe valid for all 
cathode and anode materials. On the other hand, a 
potentially good material may be overlooked by using 
an unsuitable electrode formulation.  

This study was performed in order to meet some of 
these described points and focused on the conductive 
carbon network formation in positive electrodes, which 
is especially important at increased current rates due to 
the commonly low electronic conductivity of the active 
materials [2]. It was intended to get insights about the 
correlation of the electrode structure and the 
electrochemical performance. Special care was taken 
about the preparation conditions in terms of comparable 
dispersion, homogenisation and coating procedures. 

Experimental 

LiCoO2 was used as reference material for the positive 
electrodes. Two different carbon blacks (CB) were 
applied, A: C-NERGY™ Super C65, B: C-NERGY™ 
Super C45 (both from TIMCAL Belgium). As graphite 
additive, KS6L (TIMCAL) was used and as binder 
served SOLEF PVDF 1015 (Solvay). A slurry was 
prepared by dispersing a respective mixture of the 
abovementioned components in N-methylpyrrolidone 
(NMP, Fluka). After homogenisation with a turbo stirrer, 
the slurry was casted onto an aluminum foil and dried at 
80 °C in vacuum. Electrode disks (1.3 cm2) were 
punched out, rolled, and dried for 12 h at 120 °C in 
vacuum. Standard laboratory cells described elsewhere 
[3] were used for the experiments. As both counter and 
reference electrode lithium foil (Alfa Aesar) was applied. 
An electrolyte (500 μl ethylene carbonate/dimethyl 
carbonate 1:1 by weight, 1 M LiPF6, Ferro) soaked 
glass fiber separator was used; the electrodes and the 
separator were pressed against each other with a 
spring (pressure ∼2 kg/cm2). Galvanostatic cycling was 
performed in the range of 3.0 – 4.2 V vs. Li/Li+. After 
reaching these respective limits, a potentiostatic phase 
was applied until the current dropped to C/5.  

Results 

In Figure 1, the galvanostatic discharge capacities 
(excluding the potentiostatic phase) at different C-rates 
are shown for LiCoO2 electrodes with different carbon 
black additives and various binder quantities. The 
change of the binder amount from 7% to 3% leads to 
either an improvement or an impairment of the 
electrochemical performance, depending on the CB 
type. Interestingly the influence of the binder amount on 
the galvanostatic capacity at lower current rates (50 
mA/g and 1 C) is higher for CB B. It is therefore 
expected that the two carbon blacks form different 
conductive networks, which are additionally depending 
on the electrode preparation conditions.  
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Figure 1: Galvanostatic discharge performance of LiCoO2 
electrodes with different carbon black additives (1.5 wt%) and 
varying amount of PVDF binder. In addition, the electrode 
contained 1.5 wt% KS6L graphite. 
 
The freshly prepared, uncycled electrodes were 
examined with scanning electron microscopy (SEM). 
The pictures show clear differences in the electrode 
structure depending on the electrode formulation 
(Figure 2). The LiCoO2 particles appear in bright while 
the carbon (CB and graphite) are dark grey. While the 
7% binder containing electrodes show a homogeneous 
oxide/CB distribution (Figure 2a,b), the ones with 
reduced binder amount exhibit inhomogeneities (Figure 
2c,d). With CB A, the oxide particles are more 
agglomerated and the surface of the CB B electrode is 
in this case dominated by the carbon. Despite the 
preparation procedure was exactly the same (amount of 
NMP, stirring speed and time), there is a partial 
demixing of the slurry with CB B and 3% binder after 
coating onto the current collector. Sedimentation of the 
LiCoO2 particles and/or floating of the carbon particles, 
most probably occurring during the step from coating to 
drying lead to a non-optimal conducting network. 
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Figure 2: SEM pictures of freshly prepared LiCoO2 electrodes 
containing a) CB A, 7% binder; b) CB B, 7% binder; c) CB A, 
3% binder; d) CB B, 3% binder. 

In all cases the same amount of NMP was used for the 
slurry preparation. Qualitatively the dispersions with 7% 
binder were more viscous than the ones with 3%, 
leading to a decelerated demixing of active material and 
carbon additives. The stabilization of the slurry during 
processing, in this case by an increased viscosity 
through a higher binder amount, is therefore an 
important factor. Interestingly, in contrary to the 
electrode with B, the 3% binder containing CB A 
electrode showed better electrochemical behaviour 
than the 7% binder electrode. Obviously, in this case 
the carbon network quality is similar for both CB A 
electrodes and the higher amount of the electronically 
insulating binder is detrimental for the conductivity. It is 
therefore obvious that no general judging between 
different carbon blacks in terms of their performance as 
additive can be made due to the strong dependence on 
the preparation conditions. This has to be taken in mind 
for a proper choice of the suitable carbon black type.  

Besides the carbon black, graphite is often used in 
small quantities as supplementary additive in positive 
electrodes. It contributes to compressibility and 
influences the cycling stability [2,4]. It is reasonable that 
the amount of the graphite has also to be balanced in 
order to optimize the electrode performance. In Figure 
3, the electrochemical behaviour of carbon additives 
(CB and graphite) in different ratio is shown. The best 
result concerning the specific charge as well as the high 
rate capability was obtained for a CB A/graphite mixture 
of 3% each. Only graphite as additive is detrimental for 
the cycling as a strong fading can be observed. For 3% 
CB A only, the results are at higher C rates comparable 
with its 1.5%/1.5% and 3%/1% mixtures with graphite. 
Despite the 3%/3% mixture showed the best 
electrochemical performance among these electrodes, 
it has to be stated that the amount of the additives 
(which are passive materials) should be of course as 
low as possible as they decrease the energy density of 
the cell. 
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Figure 3: Discharge performance of LiCoO2 electrodes with 
different amounts of graphite and CB additives (binder amount 
7 wt.%). a) Total discharge capacity, b) galvanostatic discharge 
capacity.  

These results show that the composition and 
preparation of the electrodes have to be carefully 
balanced and the binder/CB/graphite ratio might have 
to be adjusted according to the active and passive 
materials. 

All in all, the experiments indicate that many factors in 
the step from material to electrode have to be 
considered, in order to give an optimal electrochemical 
performance especially under high rate conditions. 
Further experiments with different positive electrode 
materials are in progress.    
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Electrochemical double-layer capacitors (EDLCs) utilize 
the electric field of the electrochemical double-layer of 
their electrodes to store energy. Therefore the total 
capacitance scales with the available specific surface 
area of the electrodes. A recently discussed electrode 
material is graphene with a theoretical specific surface 
area of 2630 m2g-1 [1]. This value takes into account 
that both sides of a graphene sheet are accessible and 
are able to form an electrochemical double-layer. But 
assembling a graphene based electrode in a perfectly 
ordered structure, that both layer sides are accessible 
for ions, is a very challenging task. An easier approach 
is to start with the ordered graphene structure of 
graphite and modify the interlayer distance d002.  

One possible rout to increase the interlayer distance of 
graphite is to oxidize the bulk graphite to graphite oxide 
(GO) resulting in an interlayer distance of d002 = 6.1 Å. 
Unfortunately graphite oxide seems not to be a suitable 
electrode material for EDLCs due to its poor 
conductance. In order to improve the conductivity one 
can partially reduce the graphite oxide to form graphitic 
islands in the former completely oxidized graphene 
layers. This partially reduction can be done by a 
thermal treatment of the graphite oxide and one 
achieves partially reduced graphite oxide (GOpr). This 
material has interlayer distances up to 4.6 Å, depending 
on the grade of reduction [2]. 

Recently we have shown that GOpr could be 
electrochemical activated to achieve a huge 
capacitance of up to 220 Fg-1 over a potential range 
above 3 V and is therefore a very suitable candidate for 
EDLC electrodes [3]. Since GOpr needs to be 
electrochemical activated to show capacitor like 
behaviour it is worth to take a closer look onto this 
process. In particular we investigated the origin of the 
dimensional changes occuring during activation. Such 
changes could be an issue for cell design and stabilty. 

Experimental  

Partially reduced graphite oxide with an interlayer 
distance of 4.4 Å (GOpr44), derived from oxidized 
synthetic graphite (TIMREX SFG6, TIMCAL), was 
assembled to a 200 μm PTFE-bound electrode. The 
used electrode composition was 80 wt.% active 
material (GOpr44 as received), 10 wt.% conductive 
agent (Super P, TIMCAL) and 10 wt.% PTFE (60 wt.% 
PTFE dispersion, Alfa AESER). 

In situ expansion measurements were done with an in-
house constructed dilatometer, optimized for bound 
electrodes, using a three electrode design for the 
electrochemical measurements [4]. The setup consists 
of an oversized counter electrode, PTFE-bound 
activated carbon (YP17, Kuraray Chemical Co., Japan), 
as well as a carbon quasi-reference from the same 
material. The Electrolyte for all measurements was 1M 
Et4NBF4 in acetonitrile.  

Cyclic voltammetry experiments were performed 
separately for anode and cathode with a scan rate of 
1mVs-1 using an IM6e potentiostat (Zahner-Elektrik 
GmbH & Co. KG, Germany). For the activation process 
the anode was cycled between 0.0 and 1.5 V vs. 
carbon whereas the cathode was cycled between 0.0 
and -2.0 V vs. carbon. 

X-ray diffraction measurements of the electrodes were 
done on a Bruker D8 system using a Brag-Brentano 
diffraction mode. 

Results 

In our previous study [3] we observed a significant 
expansion during electrochemical activation of GOpr44. 
In order to find out whether such a huge expansion 
could be avoided by pre-activation of the electrodes we 
performed the following set of experiments.  

In the first step electrodes were either anodically or 
cathodically activated. Then the electrodes were 
disassembled from the electrochemical cell and washed 
with pure electrolyte solvent (acetonitrile) for 6 h and 
afterwards dried for 12h at 120° C under vacuum of 103 
Pa. In the final step the electrodes were reassembled to 
the electrochemical cell and the activation experiment 
was rerun. 
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Figure 1. Cyclic voltammograms of GOpr44 for the first 
activation (bottom) as well as for a re-activation (top) by using 
washed pre-activated electrodes. The dashed line shows the 
first cycle and the continuous line the second cycle. The CVs 
were recorded separately for anode and cathode using 1 M 
Et4NBF4 in acetonitrile with a scan rate of 1 mVs-1. 

The CVs of the first activation are shown in Figure 1 
bottom as well as the corresponding expansion of the 
electrode in Figure 2 bottom. In the first sweep both 
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anode and cathode show negligible capacitance until a 
critical potential is reached. At this potential one can 
observe a large current peak, which is related to the 
activation of the GOpr material. The potential of the half 
maximum of this current peak is defined as the 
activation potential. During the activation one can also 
observe a massive swelling of the electrode, reaching a 
maximum expansion of approximately 55 % at the 
vertex potential of either anode or cathode. On the back 
sweep both electrodes show a capacitor like behavior 
with an average specific capacitance of 150 Fg-1. 
During the back sweep the electrode shrinks by 
approximately 35 %. For the following cycles the 
achieved specific capacitance stays constant and is 
accompanied by a reversible swelling of 35 
%.Therefore one can conclude that after the 
electrochemical activation the properties of the material 
have been modified in such way that it has a capacitor 
like behaviour over the whole investigated potential 
range. This activation is accompanied by a current peak 
and an irreversible expansion of the electrode in the 
order of 20 %. 
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Figure 2. Dimensional changes of GOpr44 during the first 
three cycles for the first activation (bottom) and re-activation 
(top). 

The pre activated electrodes were washed, dried and 
reassembled in an electrochemical cell. The resolving 
CVs are shown in Figure 1 top (shifted by 1300 Fg-1) 
and the according expansion in Figure 2 top (shifted by 
100 %). One can see from the first sweep that anode 
and cathode have a slightly different behaviour 
compared to the first activation experiment. The 
cathode shows negligible capacitance at the beginning, 
followed by an activation process at a 180 mV positive 
shifted potential. After this re-activation the cathode 
shows the same behaviour as described above.   
The anode however shows a more or less steady 
increase of capacitance with increasing potential but no 
significant current peak which could be related to a re-
activation. After reaching the vertex potential in the first 
cycle the anode has again a capacitor like behaviour. 
Beside this difference in the first sweep of the CV the 
anode as well as the cathode shows a significantly 
reduced irreversible expansion of the electrode followed 
by a reversible swelling of approximately 30 %, which is 
comparable to that during the first activation. 

In addition to the electrochemical experiments X-ray 
diffraction was done on a washed unused electrode as 
well as on the washed anodically and cathodically 
activated electrodes. The resolving diffractograms are 
shown in Figure 3, each with a subtracted background 
and normalized to the height of the PTFE diffraction 
peak at 18.2° 2θ. Comparing the activated electrodes 
with the unused baseline electrode it is obvious that the 
former d002 peak at 20.3° 2θ has disappeared. In 
addition one could identify a new peak in the range of 
15.5 to 15.9° 2θ, which is more pronounced after the 
anodically activation. This signal might be a new d002 
diffraction peak. By calculating the interlayer distance 
from these peak positions it seems that its value has 
been increased from 4.4 Å to around 5.6 Å during 
activation. This increase of approximately 27% fits 
nicely to the observed irreversible electrode expansion 
of approximately 20% during the first electrochemical 
activation. 
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Figure 3. XRD difractograms for GOpr44 electrodes showing 
the PTFE binder and the shifting d002 diffraction peak of 
GOpr44. 

From these results one can conclude that the 
electrochemical activation seems to consist of an 
irreversible process, responsible for the peak shift of 
the d002 diffraction, as well as a reversible process, 
which might be due to ion and / or solvent intercalation 
during activation. The irreversible expansion of about 
20% can be avoided by a pre-activation step, the 
reversible changes during charge and discharge, 
however, remain. 

Acknowledgement 

The authors would like to thank Swiss National Science 
Foundation (SNSF) for financial support (project # 
200021_126855/1). 

References 

[1]  A.K. Geim, K.S. Novoselov, Nature Materials 6 (3),  
183–191 (2007). 

[2]  T. Kaspar, Ph.D. thesis No. 18931, ETH Zürich (2010). 

[3]  M.M. Hantel, T. Kaspar, R. Nesper, A. Wokaun, R. Kötz, 
Electrochem. Commun. 13 (1), 90-92 (2011). 

[4]  M. Hahn, O. Barbieri, R. Gallay, R. Kötz, Carbon 44 (12), 
2523–2533 (2006).  

57



 

 Characterization of full cell electrochemical hybrid energy storage systems 

D. Cericola, P. Novák, R. Kötz, A. Wokaun 

phone: +41 56 310 5172, e-mail: dario.cericola@psi.ch 

 

The increasing importance of efficient energy storage 
has triggered the research of new electrochemical 
energy storage devices. In this context rechargeable 
batteries are the systems which can store the largest 
amount of energy per unit of mass or volume; however 
they are limited in power capability. In particular the 
rechargeable lithium-ion battery has a practical specific 
energy up to 250 Whkg-1, and a specific power typically 
lower than 1 kWkg-1. On the contrary the 
electrochemical capacitors (EC) are characterized by a 
very high specific power (typically higher than 10  
kWkg-1)  but its specific energy is typically low, around 5 
Whkg-1. Ideal electrochemical capacitors are charged 
by a purely electrostatic process which does not involve 
any charge transfer reaction and therefore an EC is 
inherently a high power device both during charge and 
discharge. A lithium-ion battery is charged with an 
electrochemical reaction which involves the diffusion of 
lithium ions in the bulk of the active materials. The 
diffusion processes in the bulk are slower than the 
formation of the double layer. The engineering of the 
lithium-ion battery allows to achieve moderately high 
discharge power; however, a battery is intrinsically a 
low power device [1,2]. 

The goal of having high power capability and high 
specific energy has been pursued by several authors 
with the hybridization of electrochemical capacitors and 
rechargeable battery in order to “combine” the high 
energy of the battery and the high power of the 
capacitor. The hybridization has been mainly carried 
out by combining one battery electrode with one 
capacitor electrode. This approach however 
corresponds to a serial connection of a capacitor with a 
battery and, thus, the specific charge will be limited by 
the capacitor and the specific power by the battery [3]. 
Another approach is to combine a capacitor with a 
battery in parallel. Simulations performed in our 
laboratory have shown that the parallel combination of 
commercially available devices allows for the transition 
from the capacitor behaviour to the battery behaviour 
and furthermore a significant advantage is achieved for 
pulsed applications [4]. 

There are no examples of parallel hybrids developed at 
the internal level (within one system) by combining 
battery and capacitor materials at the electrode level. 
Parallel hybrid systems based on bi-material electrodes 
have been assembled, characterized and compared 
with the respective serial hybrid, battery, and capacitor 
based on the same materials.  

Experimental 

Full cell systems have been prepared using different 
electrode materials. The battery materials considered 
are a lithium titanate Li4Ti5O12 (LTO) for the negative 
electrode and a lithium manganese oxide LiMn2O4 
(LMO) for the positive electrode. The activated carbon 
(YP17) was used as capacitor material. The electrodes 
and bi-material electrodes were composed by 80% 
(w/w) of active materials, 10 % (w/w) of conductive 
agents, and 10 % of binder (PTFE). The active material 
loading was 10±3 mgcm-2. The composition of the  

different systems characterized is summarized in Table 
1. 

System 
 

Positive 
electrode 

active material 

Negative 
electrode 

active material 

Positive 
Negative 

mass ratio

Electrochemical capacitor 

YP17/YP17 YP17 (100) YP17 (100) 1.0 

Parallel hybrid systems using bi-material electrodes 

LTO/LMOr75 
LMO/YP17 

(28/72) 
LTO/YP17 

(19/81) 
1.2 

LTO/LMOr50 
LMO/YP17 

(50/50) 
LTO/YP17 

(50/50) 
1.3 

Battery 

LTO/LMO LMO (100) LMO (100) 1.6 

Serial hybrid systems 

LTO/YP17 YP17 (100) LTO (100) 3.2 

YP17/LMO LMO (100) YP17(100) 0.5 

Table 1. Summary of the different systems characterized. 
Positive and negative electrode active materials and their 
corresponding composition (in mass ratio), positive to negative 
electrode mass ratio.  

The electrochemical cells have been assembled in air, 
dried at 120 ºC at a pressure of 30 mbar, and then 
transferred, filled with the electrolyte (1 M LiClO4 in 
acetonitrile) and hermetically sealed in an Ar filled glove 
box (H2O and O2 < 1 ppm). The experimental 
characterization consisted in measuring constant power 
discharge at different power in order to draw Ragone 
plots for all the systems, and high current pulsed 
discharge cycles. A minimum cell voltage of 0.7 V and a 
maximum cell voltage of 3 V were applied. All the 
experiments have been performed with a potentiostat-
galvanostat Biologic VMP3, France. The specific values 
reported are normalized with respect to the active 
material mass. 

Results  

Ragone plot for the different systems reported in Table 
1 are shown in Figure 1. The electrochemical capacitor 
(YP17/YP17 – black line) is on the material level the 
system with the smaller specific energy of 30 Whkg-1 
and the higher specific power of 50 kWkg-1, which is in 
agreement with the expectation. Similarly the battery 
(LTO/LMO – red line) is the device which shows the 
highest specific energy of 150 Whkg-1. The specific 
power of the battery is limited to about 3 kWkg-1. These 
values are in agreement with the expectation for a 3 V 
battery.  

The parallel hybrid LTO/LMOr75 which has a 
composition close to a capacitor has an increased 
specific energy with respect to the capacitor 
(approximately doubled) while the specific power is 
slightly reduced (LTO/LMOr75 – blue line). When the 
amount of battery material is increased to 50 % (w/w) in 
the case of the parallel hybrid LTO/LMOr50 the specific 
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energy increases to approximately 90 Whkg-1 
(LTO/LMOr50 – green line), corresponding to three 
times the specific energy of the capacitor YP17/YP17. 
The specific power of the hybrid is again reduced with 
respect to the specific power of the capacitor to 
approximately 20 kWkg-1. 

Serial hybrid systems based on the same electrodes 
have been also characterized and reported in terms of 
Ragone plots in Figure 1. Both serial hybrids 
(LTO/YP17 – magenta line, and YP17/LMO – light blue 
line) present poor performance with respect to the other 
systems. The specific energy of the serial hybrids is 30 
to 50 Whkg-1. The specific power of the two serial 
hybrids is smaller than the specific power of the battery.  

 

Figure 1. Ragone plots for the different systems summarized 
in Table 1. 

The parallel hybrids as well as the capacitor and the 
battery have been discharged using a pulsed power 
profile. The pulse pattern is designed in order to 
completely discharge the system with a maximum of 
250 pulses and a duty cycle of 10%. The pulse 
amplitude is varied between 25 and 400 C. The results 
are reported as specific energy available from the 
system during the pulse discharge against the pulse 
amplitude indicated as specific current in Figure 2. 

It can be clearly seen that the battery (red line) is able 
to provide only 55 Whkg-1 when the pulse amplitude is 
1.5 Ag-1 (25 C) and the energy drops to 10 Whkg-1 
when the pulse amplitude is increased to 3 Ag-1 (50 C). 

The capacitor (black line) is significantly less affected 
by the pulse amplitude and the available energy varies 
from 30 to 10 Whkg-1 by varying the pulse amplitude 
form 0.5 to 8 Ag-1 (25 to 400 C). 

Both the parallel hybrid systems (blue and green line) 
outperform the battery and the capacitor as soon as the 
pulse amplitude exceeds 2 Ag-1. The significant gain 
achieved with the parallel hybrids during pulsed 
application was ascribed to the recharging of the 
capacitor by the battery in the rest period for an 
external parallel hybrid [4]. The same effect was 
observed at the single electrode level in a model bi-
material electrode [5]. It is straightforward that the 
recharging of the capacitor material by the battery 
material is also active for the bi-material electrode 
based on mixed active materials, on which the parallel 
hybrid devices are based.   

 

Figure 2. Specific energy available for a pulsed discharge 
against the current pulse amplitude for the parallel hybrid 
systems and the battery and capacitor references. 

Conclusions 

The Ragone plots clearly show the benefit of the 
parallel hybridization with respect to the serial 
hybridization. The parallel hybridization is more flexible 
and allows to tune the specific energy and power 
between the capacitor and the battery according to the 
electrode composition. The serial hybridization is clearly 
not convenient since the specific energy of the hybrid is 
comparable to the specific energy of the capacitor while 
the specific power is comparable to or smaller than the 
specific power of the battery.  

For pulsed applications the parallel hybrids clearly 
outperform both the battery and the capacitor. The 
parallel hybrids are clearly capable of delivering a 
remarkable high specific energy at highly demanding 
pulsed application exceeding the performance of both 
the battery and the capacitor. 
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The standard cathode material for present commercial 
lithium-ion batteries is layered LiCoO2. Substitution of 
Co in LiCoO2 with Ni, Mn etc., compensates the high 
cost and high toxicity of Co. Li(Mn0.33Co0.33Ni0.33)O2 
materials, called NMC, have attracted much interest 
because of their comparatively low cost, low toxicity, 
and high specific charge [1,2]. Thackeray introduced 
high specific charge materials (> 200 Ah kg-1) by 
stabilizing layered LiMO2 with Li2MnO3 thus forming a 
solid solution [1]. The electrochemical activation of 
Li2MnO3 can be induced positive to 4.4 V vs. Li/Li+ and 
afford an overall specific charge of about 330 Ah kg-1 
during initial charging. In this potential region a 
simultaneous extraction of lithium and oxygen from the 
Li2MnO3 component is suggested [2]. To understand 
this fact, different analyses methods were applied. For 
example the irreversible oxidation at 4.5 V vs. Li/Li+ was 
further investigated with the differential electrochemical 
mass spectrometry (DEMS). This technique allows the 
qualitative analysis of the electrochemically developed 
gases in an electrochemical system, by using a mass 
spectrometer. Oxygen evolution is observed in the high 
voltage region but only during the first cycle while H2 
and CO2 is evolved during the first and further cycles in 
the high voltage region. The formation of H2 and CO2 
comes from the decomposition of electrolyte on both 
electrodes. The gaseous developments during cycling 
would increase the pressure in the cell. To verify this, 
the pressure development in a complete lithium-ion cell 
(Li2MnO3·Li(MnxNiyCoz)O2 vs. graphite) was measured. 
The result of this measurement is shown in Figure 1. 

Figure 1. Pressure evolution in Li2MnO3·Li(MnxNiyCoz)O2 vs. 
graphite cell with 1M LiPF6 EC:DMC (1:1) electrolyte. The
current of the sensor (right scale) is proportional to the
pressure. 

The pressure, which is indicated by the electrical output 
of the sensor, increases during the initial charge. At the 
beginning the pressure in the cell increases due to the 
SEI (solid electrolyte interphase) formation. The SEI 
formation reaction is a decomposition reaction of the 
electrolyte on the graphite electrode. As can be seen, 
further charging leads to pressure increase at ca. 4.4 V 
(c), which might be the oxygen release. In addition, in 
the high voltage region labelled d (above 4.6 V) the 
pressure increases further due to the decomposition of 

the electrolyte. To visualize these releases of gas, 
neutron imaging at the SINQ source of PSI was 
applied. Neutron imaging offers the ability of viewing 
the changes of the distribution of the liquid electrolyte 
inside a complete lithium-ion cell. Thus, this method 
allows us to observe the evolution of gas indirectly by a 
displacement of the electrolyte due to the gas 
formation. 

Experimental 

The in situ neutron imaging experiments were 
performed in pouch cells. Self-standing films were used 
as electrodes for the electrochemical tests. For the 
preparation of the positive electrode a mixture of 70% 
Li2MnO3·Li(MnxNiyCoz)O2 (BASF), 10% Super P and 
20% KynarFlex all suspended in acetone was blade-
coated onto a Teflon foil. The negative electrode 
consists of 90% SFG44 graphite (TIMCAL) and 10% 
binder (KynarFlex). After drying the self-standing films 
were pressed from both sides onto the current collector 
(aluminium mesh for the oxide electrode and copper 
mesh for the anode electrode) to produce the 
electrodes. The electrochemical cycling was carried out 
galvanostatically between 2.0 V and 4.8 V at a C/3 rate. 
The latest developments in neutron imaging realized at 
the ICON beamline [4] of the SINQ source made it 
possible to analyse the process during charging of a 
lithium-ion cell. All neutron radiograms were referenced 
to the radiogram of the open circuit voltage (OCV) in 
order to follow in situ the displacement of the electrolyte 
due to the evolution of gases. 

Results 

With the applied experimental setup (through-plane 
imaging and pouch cells) an expected formation of 
oxygen for the studied electrode material is observable. 
In addition an evolution of gaseous products regarding 
to electrolyte degradation at high potentials is 
noticeable. The cell voltage of the pouch cell during the 
first cycle is shown in Figure 2.  

 
Figure 2. Cell voltage during the first galvanostatic cycle of a 
Li2MnO3·Li(MnxNiyCoz)O2 electrode vs. graphite in a pouch cell 
with 1M LiPF6 EC:DEC:DMC (30:40:30 by wt.) electrolyte. 

The labelled points correspond to the neutron images 
displayed in Figure 3. Image a corresponds to the initial 
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OCV image; however image b indicates the first gas 
evolution during the SEI formation. Subsequent 
charging to 4.5 V shows a slight increase of grey spots 
in the neutron image (image c) which might be the 
oxygen release from the electrochemical activation of 
Li2MnO3. At 4.8 V further spots appears on the images 
which shows a gas formation due to the electrolyte 
decomposition at high voltages on the oxide electrode 
and thus the extrusion of electrolyte in the peripheral 
area of the pouch cell. On the other hand, the discharge 
process shows only slight changes of the neutron 
images (images e and f). 

Figure 3. Neutron images of the initial cycle of a 
Li2MnO3·Li(MnxNiyCoz)O2 electrode vs. graphite (SFG44, 
TIMCAL) in a pouch cell with 1M LiPF6 EC:DEC:DMC 
(30:40:30) electrolyte. 

For the second cycle, only at high voltages there is an 
observable difference in neutron images, as illustrated 
in Figure 4. This is due to the electrolyte decomposition 
reaction at high potentials on the 
Li2MnO3·Li(MnxNiyCoz)O2 electrode. Moreover, it can be 
seen that charging to high potentials has a noticeable 
negative influence on the lithium-ion battery. 

 

Figure 4. Neutron images of the 2nd charge at the potentials 
4.4 V and 4.8 V vs. Li/Li+. 

The result of this experiment is in good agreement with 
the outcome of the DEMS investigations and the 
pressure measurement. The neutron imaging provides 
additional access to the processes in lithium-ion 
batteries with an imaging method. In this case, the 
course of gas releases during cycling is observable in 
situ and gives a sense about the aging processes in 
lithium-ion batteries. 

Conclusion 

Neutron imaging was applied to investigate the 
processes in an electrochemical cell during charging. It 
was possible to observe the gas evolution process 
during the first charge and discharge. As a first test a 
simplified system was studied. Future experiments will 
be to verify the gas evolution in plane with neutron 
imaging. 
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The standard cathode material for present commercial 
lithium-ion batteries is layered LiCoO2. So researchers 
worldwide are searching for high-capacity, safe, and 
inexpensive replacement for LiCoO2. Nowadays, a 
layered transition-metal oxide LiNi1/3Mn1/3Co1/3O2 
(NMC) with hexagonal structure, first introduced by 
Ohzuku’s group in 2001 as a candidate of cathode 
materials [1,2], has attracted significant interest, 
because the combination of nickel, manganese, and 
cobalt can provide many advantages compared with 
LiCoO2, such as lower cost, less toxicity, milder thermal 
stability at charged state, better stability during cycling 
even at elevated temperature, and higher reversible 
capacity. This layered Li(MnxNiyCoz)O2 oxide is 
composed of alternating slabs of TMO6 octahedra (TM 
= transition metal) and LiO6 octahedra. This layered 
oxide, NMC, is believed to be the next generation of 
cathode material for lithium-ion batteries. Another 
example of this compound class is the Li2MnO3-
stabilized NMC material [3]. The Li2MnO3 component 
fulfils an important role in the electrochemical 
performance of Li2MnO3-stabilized NMC materials: 1) 
the ability to activate the Li2MnO3 component by 
extracting Li2O in a controlled manner; 2) any 
inactivated Li2MnO3 in the composite structure will act 
as a reservoir for excess lithium; 3) the Li2MnO3 units 
not only serve to stabilize the capacity generating NMC 
regions of the electrode, but also act as solid electrolyte 
constituents to facilitate Li+-ion transport through the 
structure [4-6]. 

Experimental 

The in situ XRD measurement were performed in a 
“coffee bag” cell using an automatic system, as 
described elsewhere [7]. The study was carried out at 
the Swiss Light Source (SLS) at the MS-powder 
beamline (X04SA) at a wavelength of 0.7085 Å with the 
aim to understand the structural changes of the material 
during cycling. The neutron diffraction was performed at 
the SINQ source at PSI (HRPD). The in situ Raman 
spectroscopy was performed in the cell, which allows 
for recording the Raman spectra from the backside of 
the electrode. 

Structural characterization of the starting material 

In order to optimize the performance of Li2MnO3-
stabilized Li(MnxNiyCoz)O2 materials it is important to 
have the information about the structure of the material 
and the ratio between the Li(MnxNiyCoz)O2 and Li2MnO3 
components. Therefore we investigated the structure of 
the starting material using both synchrotron X-ray 
diffraction and neutron diffraction, respectively 
(Figure 7). The synchrotron XRD pattern of 
Li2MnO3·Li(MnxNiyCoz)O2 is depicted in Figure 7b and 
reveals sharp Bragg peaks, indicative of the high 
crystallinity of the sample. The peaks could all be 
indexed on the basis of a rhombohedral phase for the 
Li(MnxNiyCoz)O2 cell with the following refined lattice 
parameters: a = b = 2.852(1) Å, c = 14.235(2) Å, R-3m 
space group (V = 100.34(2) Å3), and a monoclinic 

phase for the Li2MnO3 cell with the following refined 
lattice parameters a = 4.940(2) Å, b = 8.556(2) Å, 
c = 5.025(2) Å, β = 109.28°, C2/m space group and a 
cell volume of 200.5 Å3. 

 

Figure 7. Refinement of the Li2MnO3·Li(MnxNiyCoz)O2 

electrode material obtained by a) neutron diffraction and b) 
synchrotron X-ray diffraction. 

We have already tried to analyze the pattern of 
Li2MnO3·Li(MnxNiyCoz)O2 starting material using 
synchrotron X-ray diffraction at the SLS, but we were 
not able to refine the amount of oxygen and lithium. It is 
a well-known challenge of X-ray diffraction that the 
scattering depends on the number of electrons in 
particular atom and decreases for lighter atoms like 
lithium, carbon, and also oxygen. To overcome this 
challenge we applied neutron diffraction at the SINQ 
source at PSI (Figure 7a). The refinement of the 
neutron pattern is in very good agreement with the data 
given in the literature as can be seen in table 1. 
 
Phase a b c β % 
NMC 2.855(1) 2.855(1) 14.229(2) 120 52(1) 
Li2MnO3 4.939(2) 8.554(1) 5.028(2) 109.33(2) 48(1) 

Refinement parameters chi²=2.48 Rwp =8.67, Rbragg= 2.15 

Table 1. Refined parameters for Li2MnO3·Li(MnxNiyCoz)O2. 
 
In situ structural characterization 

The charging curve of the in situ XRD experiment is 
detailed in Figure 8. The collected patterns are plotted 
in Figure 9. 
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Figure 8. Charging curve for the Li2MnO3·Li(MnxNiyCoz)O2 
electrode in PC/DMC 1M LiPF6 against Li counter electrode. 

The changes in the sequence of patterns show some 
slight shift of certain peaks, especially the peaks 
indexed in (00l) plane. The 003 peak (2Theta angle of 
8.3 to 8.7) of the Li2MnO3·Li(MnxNiyCoz)O2 material is 
plotted in Figure 9a. It can be seen that the 003 peak 
shifts toward lower 2Theta angle during the first 
plateau. This indicates the expansion of the c axis 
during charging. The results for the XRD 
measurements for the second plateau (4.5 V) are not 
easy to understand. In this region a simultaneous 
release of lithium and oxygen is suggested. The oxygen 
release was proven with the differential electrochemical 
mass spectrometry (DEMS) and should have a 
consequence for the structure of the sample. So far, it 
is not possible to detect this issue in the in situ XRD 
experiment. It should, however, be noted that the Full 
Width Half Maximum (FWHM) is two times higher than 
the values at the beginning of the XRD experiment. 
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Figure 9. In situ synchrotron X-ray diffraction patterns 
collected during the first charge of the lithium-ion cell, a) 
focused on the 003 peak on the Li2MnO3·Li(MnxNiyCoz)O2 
material, b) for the whole range of theta (wavelength 0.7085 
Å). 

Refinement of the patterns reveals a decrease of the a 
parameter and an increase of the c parameter during 
the first plateau. This is due to the oxidation of the 
transition metals which leads to a diminution of the 
metal-metal distance and as a consequence to a 
decrease of the a parameters. For the second plateau, 
we just observed a decrease of the intensity and an 
increase of the FWHM. The expected oxygen release 
during the second plateau is not observable in this XRD 
experiment. We propose two hypotheses to explain this 
fact: 
• Oxygen vacancies are created leading to a 

reordering inside the electrode (oxygen diffusion 
from the core to the surface) 

• Oxygen vacancies are just an intermediate step 
during cycling leading to a reordering of an oxygen 
structure (cations diffusion from surface to the core) 

In situ Raman spectroscopy has proven to be a useful 
method to follow structural changes occurring during 
cycling. To prove the concept, we characterize a typical 
sample of the NMC family with Raman spectroscopy. 
The Raman spectra of the in situ measurement and of 
the reference Li2MnO3 is illustrated in Figure 10. It can 
be seen that the OCV spectrum is a combination of the 
spectrum of Li2MnO3 and the layered LiMO2. In the 
initial charging the Li2MnO3 peaks disappear (4.4 V) 
and only the MO2 are detectable. By contrast during 
discharging only the peaks for layered LiMO2 are 
observable. 
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Figure 10. Evolution of the in situ Raman spectra of 
Li2MnO3·Li(MnxNiyCoz)O2 electrode. 

Conclusion 

The characterization of the starting phase was 
successful with neutron diffraction. The presented XRD 
study confirms the evolution of the cell parameters but 
does not provide clearly the ratio of Li and oxygen 
during cycling. Therefore neutron diffraction is on-going 
to estimate this matter. However, the Raman 
spectroscopy documents the structural changes on the 
surface but does not provide data of the bulk of the 
material. 
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In situ Raman microscopy has been used with great 
success to elucidate the processes occurring both at 
battery cathodes and anodes while cycling (1). In 
contrast to other analytical methods such as XRD 
measurements it is a surface sensitive method, with a 
typical penetration depth in the order of micrometers 
and does not provide data of the bulk of the materials. 
Raman spectroscopy proved to be very useful when the 
local structure was of specific interest. The structure of 
an electrode can be probed in situ with high spatial 
resolution in the order of (5 µm)3. This has been shown, 
e.g., in a multipoint measurement of a disordered 
graphitic material, showing intercalation heterogeneities 
between several points examined (2). 

In situ FTIR spectroscopy has proven to be a useful tool 
to follow changes occurring at the electrode materials 
while cycling as well. Like Raman microscopy, it is a 
surface sensitive method. The information which can be 
drawn from the FTIR spectra is complementary to the 
insights from Raman experiments. However, in contrast 
to Raman microscopy, to the best of our knowledge all 
in situ FTIR electrochemical experiments performed so 
far have not made use of a microscope. Therefore, they 
sample the changes occurring on the whole surface of 
the working electrode or a selected part of it but they do 
not deliver any spatial information. 

Experimental 

We designed a new cell for combined in situ Raman 
and FTIR microscopy, which allows for both in situ FTIR 
and in situ Raman microscopic characterization of the 
same spot of the electrode. A schematic drawing of the 
newly designed cell is shown in Figure 1. 

 

 

Figure 1. Schematic drawing of the newly designed cell for 
the combined in situ acquisition of FTIR and Raman spectra 
of battery electrodes. 

For the FTIR experiments, we use an IR all-reflecting 
objective (ARO, 15×). The electrode material is pressed 
on a metal (copper or aluminum) mesh, which allows 
for recording the infrared spectra from the backside of 
the electrode. The lithium counter electrode is 
contacted and held in place from the bottom by a 
plunger which is insulated by a rubber gasket from the 
cell body. The CaF2 window employed is transparent 
for both infrared and visible light. Therefore, the new 
experimental setup enables us to perform both in situ 
FTIR and Raman measurements of the same sample 
with spatial resolution. (The resolution in the infrared 

range is not as good as for the Raman microscopy, 
typical sample sizes are in the order of 10 µm–100 µm). 

Results  

For instance, the growth of the SEI layer on a single 
graphite particle can be monitored, potentially even 
distinguishing between basal and edge planes, while 
the lithium intercalation can be followed by Raman 
spectroscopy on the same grain. First promising tests in 
these directions have been performed in our laboratory, 
as can be seen from Figure 2, displaying infrared 
spectra from the surface of a graphite electrode while 
cycling (but without high spatial resolution in this case). 
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Figure 2. Top: Charging curve of a graphite electrode in 1M 
LiPF6, EC:DMC 1:1 at 25 ºC; bottom: In situ FTIR spectrum 
monitored on the surface of the same graphite electrode while 
charging.  
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Previous study on NMC [Li1+x(Ni1/3Mn1/3Co1/3)1-xO2, 
x ≥ 0] reported that the overlithiated NMC (x=0.1) has 
better cycling stability as compared to the stoichiometric 
(x=0) one when cycled between 2.5-5.0 V vs. Li/Li+ [1]. 
Differential Electrochemical Mass Spectrometry 
(DEMS) measurements on these compounds during 
cycling revealed that there is an O2 release for the 
overlithiated (x=0.1) NMC during its first charge till 
5.0 V vs. Li/Li+. This study concentrates on structural 
changes occurring in NMC materials (0 ≤ x ≤ 0.13) 
when cycled till 5.0 V vs. Li/Li+; overcharged above the 
usual upper potential limit of 4.5 V vs. Li/Li+. 

Experimental  

11 different compositions of Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 
(0 ≤ x ≤ 0.10, varied by 0.01) were synthesized, along 
with the overlithiated sample with x=0.13, where almost 
all the Ni in the structure is oxidized from +2 to +3 
oxidation state, using synthesis route described 
elsewhere [2]. These NMC compounds were labeled as 
SLS-XX, where XX denotes the percentage of 
overlithiation, e.g. stoichiometric NMC (x=0) is SLS-00 
and overlithiated NMC (x=0.10) being SLS-10, and so 
on, and will be referred to by these abbreviations in rest 
of the report. The in situ synchrotron diffraction studies 
were conducted on a range of NMC compounds in a 
“coffee bag” cell design using an automatic sample 
changer [3], as described earlier [2]. For the ex situ 
measurements SLS-00 and SLS-10 samples were 
charged at C/100 rate with respect to their theoretical 
specific charges till 5.0 V vs. Li/Li+ in standard 
electrochemical cells. The cells were then 
disassembled, washed with DMC, dried and then used 
for ex situ synchrotron diffraction measurements. The 
synchrotron diffraction measurements were performed 
at the MS-powder beamline (X04SA) at SLS, PSI 
Villigen at a wavelength of 0.7085Å and a spot size of 
0.5mm*0.5mm. The data acquisition time for the in situ 
and ex situ measurements was 40s and 240s 
respectively. 

Results  

NMC crystallizes in R 3 m space group (O3 phase). 
Figure 1 shows the cell parameters for sample with 
different initial lithium content (1+x) in 
Li1+x(Ni1/3Mn1/3Co1/3)1-xO2. As the value of x increases 
more and more Ni2+ (rNi2+= 0.69Å) is oxidized into Ni3+ 
(rNi3+= 0.56Å), which leads to decrease in the cell 
parameters. Figure 2 illustrates the in situ diffraction 
patterns recorded for SLS -13 during its 1st cycle 
between 2.5-5.0 V vs. Li/Li+. New peaks are seen to 
appear after charging the sample positive to 4.5 V. After 
careful analysis these new peaks could be assigned to 

the O1 phase (P3 m1). During the discharge slight shift 
in the cell parameter for the O1 phase was observed, 
however these peaks did not disappear completely, 
indicating that the phase transformation of the O3 
phase to the O1 phase is not a completely reversible 
reaction.  
Figure 3 shows the evolution of cell parameters for the 
O3 and O1 phase of SLS-00 and SLS-13 during the 

first charge till 5.0 V vs. Li/Li+. As 2-3 phases coexisted 
in the material, because of use of aluminium current 
collector with a hole [2], the cell parameter for the most 
advanced/delithiated O3 phase has been reported. It 
can be seen that SLS-00 shows similar evolution in cell 
parameters as reported earlier for chemically delithiated 
samples, wherein the c parameter increases while the a 
parameter drops until a certain potential, after which the 
cell parameter evolution is reversed [4,5]. The cell 
parameters for SLS-13 on the other hand reach a 
stable value towards the end of the first charge. The 
overall unit cell volume change (%) for all the samples 
is in agreement to those reported earlier for similar 
compositions [5]. However unlike the previous report 
[5], O1 phase was detected in our samples charged till 
5.0 V vs. Li/Li+ owing to the use of synchrotron 
diffraction. 

Figure 1. Cell parameters for samples with different initial 
lithium content (1+x) in Li1+x(Ni1/3Mn1/3Co1/3)1-xO2. 

Figure 2. XRD patterns recorded in situ during the first cycle of 
SLS-13 [Li1.13(Ni1/3Mn1/3Co1/3)0.87O2] (* marks the new O1 phase 
and + indicates the peaks for most delithiated O3 phase). 
C= 1st charge (delithiation), D= 1st discharge (lithiation). 
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Figure 3. Evolution of cell parameters for (A) SLS-00 and 
(B) SLS-13. c parameter for O1 phase has been multiplied by 3 
for comparison. (C) Percentage unit cell volume change is also 
shown for the O3 phase in SLS-00 and SLS-13. 

The O1 phase was detected in all the NMC samples 
including SLS-00. However as seen from Figure 4 more 
is the initial lithium content in the sample, more 
negative is the potential for detection of the O1 phase. 
This suggests that overlithiation somehow destabilizes 
the O3 structure so that O1 phase is formed at more 
negative potential. 

Figure 5 reports the ex situ patterns recorded for 
SLS-00 and SLS-10 powders and electrodes after 1st 
charge till 5.0 V vs. Li/Li+. Peaks corresponding to the 
Li2MnO3 ordering in the transition metal slabs of the O3 
phase are clearly visible in the SLS-10 sample, while 
none are seen for SLS-00. The Li2MnO3 ordering is 
usually not seen using lab diffractometer for such high 
Co content and low overlithiation, owing to the 
structural complexity in these layered compounds [6]. 
The ex situ pattern recorded at the end of 1st charge, 
reveals loss of Li2MnO3 ordering for the SLS-10 
sample. The extraction of Li from the Li2MnO3 ordering 
is suggested to proceed via simultaneous removal of 
oxygen from the structure to compensate for the charge 
balance [7,8], which helps us explain the previously 
reported oxygen loss in overlithiated NMC (x=0.1) [1].  

 

Figure 4. Potential for detection of O1 phase for different initial 
lithium content (1+x) in Li1+x(Ni1/3Mn1/3Co1/3)1-xO2. 

 

Figure 5. Part of the ex situ synchrotron patterns for 
(A) SLS-00 (DARK) and SLS-10 (LIGHT) powders and 
(B) SLS-00 and SLS-10 samples after 1st charge. # are peaks 
from the Li2MnO3 ordering in the O3 phase. 

Conclusion 

Two irreversible reactions viz. transformation of part of 
O3 phase to the O1 phase and loss of Li2MnO3 
ordering in the overlithiated sample were identified by 
overcharge study of the NMC samples till 5.0 V. 
Despite these structural changes the overlithiated NMC 
still delivers better charge retention as compared to the 
stoichiometric one, and hence is the more suitable 
candidate of the two for use in high voltage battery. 
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Electrochemical double layer capacitors (EDLCs) are 
electrochemical energy storage devices characterized 
by high specific power but low specific energy when 
compared to batteries. In addition EDLCs provide an 
unsurpassed cycle stability of up to a million full charge 
discharge cycles with a capacitance los of less than 
20%. Such high cycle stability requires avoiding any 
possible side reaction originating for example from 
electrolyte impurities. Because the effect of electrolyte 
impurities on the EDLC lifetime has not been studied 
yet in detail, manufacturers use electrolytes as pure as 
possible. 

The presence of water is one of the possible impurities, 
which will result in side reactions, most probably by the 
water splitting reaction or by hydrolysis of other 
electrolyte components such as the BF4- ion. At 
present electrolytes containing 20-30 ppm of water are 
considered to be clean within a reasonable cost frame. 

However, water can also be introduced into the EDLC 
cell from other components such as the activated 
carbon electrode, the separator or the housing. 
Therefore, the drying process of the cell components 
before filling with electrolyte is rather critical. The effect 
of the drying procedure on capacitor stability was 
studied by Zuckerbrod [1] and it was found that 
temperatures of 120ºC and above are necessary for 
good EDLC performance.  
For EDLC using graphite water contaminations in 
propylene carbonate (PC) based electrolyte were found 
by Wang and Yoshio [2] to resulted in significant initial 
capacitance loss, which was mainly attributed to the 
exfoliation of the graphite.   
In a divided capacitor cell where the anode and cathode 
compartments were separated Ishimoto et al. [3] 
discovered that after constant voltage hold experiments 
the water content in the anode compartments increased 
to 300 ppm and decreased to 2 ppm for the negative 
electrode compartment. From this result it was 
concluded that water is consumed at the negative 
electrode to form H2 and that water is released from the 
porous AC structure of the positive electrode. 

In this communication we report about EDLC aging 
experiments in PC based electrolyte at 2.75 V cell 
voltage.   

Experimental 

Electrochemical aging experiments were performed on 
activated carbon based electrochemical double layer 
capacitors. The active material used was the activated 
carbon YP17 from Kuraray chemicals – Japan. 
Electrodes with a diameter of 12 mm were punched out 
from a ~ 500 μm thick sheet of bound electrode 
material based on 90 wt.% of YP17 and 10 wt.% of poly 
tetrafluoroethylene (PTFE, Sigma-Aldrich) as binder.  

The electrochemical cells were prepared by 
sandwiching two electrodes separated by a 30 μm thick 
cellulose based separator (Maxwell Technologies, 
Switzerland) between two spring loaded titanium 

current collectors. Carbon coated aluminium foil (Gaia 
Akkumulatorenwerke, Germany) was placed between 
the titanium current collector and the carbon electrode 
in order to improve the contact. Experiments were 
performed in a three-electrode arrangement. Activated 
carbon was used as quasi-reference [4]. The mean 
active material loading was 45 ± 5 mgcm-2. 
Electrochemical cells were assembled in air and then 
dried at 120ºC at a pressure of 30 mbar for 12 h. After 
transferring the cells into an Ar filled glove box (H2O 
and O2 < 1 ppm), they were filled with the proper 
electrolyte and hermetically sealed. 

The experiments were performed with dry as well as 
water contaminated electrolytes. The water 
contamination was obtained by adding high purity water 
(resistance > 18 MΩcm) in the proper amount to the dry 
electrolytes. The “dry” electrolytes had a water content 
of less than 30 ppm. The electrolyte used in the 
experiments was Et4NBF4 in PC (<30 ppm H2O), and 
Et4NBF4 in PC contaminated with 850 ppm H2O. 

The aging experiments were performed as described 
before [5].  

Nitrogen physisorption experiments were performed 
post mortem on the washed electrode using an 
Autosorb-1 (Quantachrome Instruments, USA). The 
recorded isotherms were evaluated according to the 
non-local density function theory (NLDFT) algorithm 
implemented in the AS1WIN software package 
(Quantachrome Instruments, USA) assuming the pore 
structure being a combination of slit and cylindrical 
shaped pores.  

Chemical analysis of the aged and washed electrodes 
was performed using X-ray photoelectron spectroscopy 
(XPS)  (ESCALAB 220iXL from Thermo Scientific, USA, 
formerly V.G. Scientific) by means of monochromatized 
Al Kα (1486.6 eV) radiation.  

Results  

In order to study the effect of water contaminations on 
EDLC capacitance fading we investigated the aging of 
activated carbon (AC) based cells in PC electrolyte at a 
cell voltage of 2.75 V. The effect of water is evident in 
figures 1 and 2 and results in a significant reduction of 
cell and electrode capacitance during the initial 100 h of 
testing. Figure 1 shows that the effect of water results in 
a capacitance reduction by 20 % during the first 100 h 
of testing. A 20% capacitance loss is usually defined as 
the end of life criterion. 

The results are in good agreement with the results 
published by Wang and Yoshio [2] for a similar PC 
based electrolyte (1.5 M TEMAPF6 / PC) but during 
cycling tests between 0 V and 2.5 V. These authors 
also investigated the initial capacitance loss as a 
function of H2O concentration in the electrolyte. For a 
concentration of 850 ppm they found an initial loss of 
about 10% during cycling, which compares qualitatively 
well to the 20 % observed in our experiment for a 
higher constant cell voltage. In both investigations it is 
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clear that the effect of water is limited to the first hours 
of the constant voltage or cycling test, while the slope of 
the capacitance loss for the rest of the tests is 
unaffected by the water content. 

 

Figure 1. Loss of specific cell capacitance during aging at 
2.75V for PC based electrolyte. Full symbols represent the dry 
electrolyte, open symbols the electrolyte with 850 ppm.  

For the capacitance loss of the single electrodes it was 
found that the effect of H2O occurs on the negative 
electrode (see figure 2) while the positive electrode is 
not affected. 

The observed difference between the effect of water at 
the positive and negative electrode is in agreement with 
the results obtained by Ishimito et al. [3] who found that 
the water content of the electrolyte (1 M TEMABF4/PC) 
in a divided cell increased at the positive electrode and 
decreased at the negative electrode. Water is most 
probably consumed at the negative AC electrode, 
leading to the respective initial capacitance loss while 
water has no effect at the positive electrode.  
 

Figure 2. Capacitance loss of the individual electrodes during 
aging at 2.75 V in PC based electrolyte. Full symbols 
represent the “dry” electrolyte, open symbols the electrolyte 
with 850 ppm H2O. Circles represent positive electrodes and 
triangles the negative electrodes. 

In order to gain more insight into the H2O induced 
processes occurring on the negative electrode we 
measured XPS spectra of the negative electrode after 
100 h with and without water in the electrolyte. 
However, no differences could be detected in the C1s 
spectra of the electrodes aged in water containing 
electrolyte and in dry electrolyte. The spectra recorded 
on the negative electrodes after 100 h are almost 
identical to those obtained in water-free solution (see 
figure 3). From these results it is concluded that 
additional film growth in the water containing 
electrolytes is not the reason for the capacitance loss of 
the negative electrode. 

Post mortem surface area measurements by N2 
physisorption of the electrodes indicated no significant 

differences. The NLDFT surface area of the electrode 
aged in non aqueous PC based electrolyte was 1158 
m2/g after 100h compared to 1117 m2/g in H2O 
containing electrolyte. 

 

Figure 3. XP spectra of the C1s level of the electrodes 
recorded after 100 h of aging in PC based electrolyte with 
(dashed line) and without (full line) water contamination. 

The absolute difference in surface area is not sufficient 
to explain the capacitance loss of 20%. A capacitance 
decrease by 20 % should require a surface area 
reduction by at least 200 m2 g-1 to 960 m2 g-1. One 
possible explanation of these results could be the 
formation of H2 gas, which partly blocks the pores and 
thus accessible surface area. Such H2 would not show 
up in the XPS analysis and would also not be detected 
in the gas adsorption measurements. Production of H2 
during capacitor operation was found by Hahn et al. [6] 
and Ishimoto et al. [3]. 

Conclusions 

The effect of water contamination in electrochemical 
double layer capacitors on the aging behaviour was 
investigated for cell voltages of 2.75 V. A clear initial 
loss of capacitance was detected in water-
contaminated electrolyte for PC based electrolyte. The 
capacitance fading occurs exclusively on the negative 
electrode. Surface analytical and surface area analysis 
did not indicate additional film formation or an 
equivalent surface area loss on the negative EDLC 
electrodes. 
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Electrochemical double-layer capacitors (EDLCs) are 
attractive energy storage devices because of high-
power density, long cycle life, quick charge/discharge 
capability.  
Activated carbon is one of the most commonly used 
materials for electrodes of EDLCs and generally, the 
specific capacitance increases with the specific surface 
area [1]; however, there is no general agreement on 
this topic. Deviations from linearity are supposed to be 
caused by the kinetics of ion and electron transport 
within the porous electrodes due to the surface 
chemistry or irregular porous structures [2].  
To improve the performance of super-capacitors, it is 
important to accurately evaluate the influence of the 
surface interactions or regularity of the porous 
structures. However, activated carbons are not 
appropriate for this purpose due to a broad pore size 
distribution and irregular porous structures caused by 
activation processes.  
Recently, monodispersed mesoporous silica spheres 
(hereafter abbreviated as “MMSS”) was synthesized 
from tetramethoxysilane (TMOS) and n-alkyltrimethyl 
ammonium halide (CnTMAX, X = Cl, Br) [3, 4]. Using 
MMSS as a template, monodispersed nanoporous 
carbon spheres (hereafter abbreviated as “MNCS”) with 
a novel starburst structure was successfully fabricated 
via nanocasting strategy [5, 6]. Such an MNCS 
fabrication method enables to control the pore size and 
the particle diameter (i.e. pore length) accurately and 
independently. 
At the same time, the novel low-tortuosity starburst 
channel of MNCS is expected to be advantageous for 
the effective transport of ion during 
charging/discharging cycles. Therefore, MNCS is an 
ideal material to evaluate precisely the accessibility of 
ion within the pore, using MNCS with the same pore 
size and different particle diameter as an electrode.  
In this respect, the present work is aimed at 
investigating the effects of pore length of MNCS on ion 
accessibility within the pores during double-layer 
charging/discharging processes. It is believed that this 
work will be a milestone to evaluate the kinetics of ion 
and electron penetration within the pores of electrodes, 
leading to improvement of the performance of super-
capacitors.  

Experimental 

MMSS and MNCS were supplied from Toyota Central 
Research and Development Laboratories. The typical 
characterizations of MMSS and MNCS are shown in 
Figure 1 and Figure 2, respectively. Three kinds of 
MMSS, with the same pore size and different particle 
diameter, were synthesized and the corresponding 
MNCS were fabricated via nanocasting method. The 
synthesized materials are abbreviated as MMSS (or 
MNCS)-X (X = S, M, and L), where X denotes the 
relative length of particle diameter. MMSS with different 
diameters were prepared using C18TMACl as a 
templating agent and TMOS as a silica source, by  

employing previously reported procedures [3, 4]. 
Furfuryl alcohol was used as a carbon source to  

fabricate MNCS, utilizing MMSS as sacrificial templates 
[5, 6].  
Inherent features of MMSS and MNCS were characteri- 
zed by scanning electron micrographs (SEMs) and 
nitrogen adsorption measurements. SEM images were 
recorded using a SIGMA-V (Akashi Seisakusho). 
Nitrogen adsorption isotherms were measured with a 
Quantachrome Autosorb-1 at 77 K. The BET specific 
surface area was calculated from the nitrogen 
adsorption data. The average pore size was calculated 
from the BJH (MMSS) and DFT (MNCS) methods.  

 

 

Figure 1. Characteristics of monodispesed mesoporous silica 
spheres (MMSS). (a) SEM, (b) TEM, (c) Nitrogen adsorption, 
and (d) XRD pattern of MMSS. 

Figure 2. Characteristics of of monodispesed nanoporous 
carbon spheres (MNCS). (a) SEM and TEM, and (b) Nitrogen 
adsorption of MNCS.   

Electrodes were prepared by blending MNCS and poly 
(tetrafluoroethylene) (DuPont) in a mass ratio of 90:10 
to obtain a slurry. After the evaporation of the solvent 
during constant stirring, the resultant material was 
rolled down to the thickness of 0.2 μm and dried at 120 
C° in vacuo. Cyclic voltammetry (CV) was carried out 
with a three-electrode setup. PTFE-bound activated 
carbon YP17 (Kuraray Chemical Co.,) was used as a 
quasi-reference electrode and as the counter electrode. 
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A 1M solution of TEABF4 in acetonitrile (AN) was 
employed as the electrolyte in this study.  

Results 

Physical properties of MMSS and the corresponding 
MNCS are listed in Table 1. To clarify the relationship 
between the pore length of MNCS and its capacitance, 
the provision of MNCS samples with the same pore 
diameters and different pore lengths is necessary.  The 
results from table 1 clearly demonstrate that MNCS with 
different pore lengths were obtained, maintaining 
almost the same pore sizes and the surface areas. It is 
implied that MNCS materials can be ideal model 
electrodes to evaluate the effect of porous structure for 
super-capacitors. It is to be noted that the 
monodispersed spherical shapes are clearly observed 
from SEM for all the samples (data are not shown).  
 

 

Table 1. Physical properties of MMSS and the corresponding 
nanocasted MNCS. 

Figure 3 shows the CV curve for MNCS-S at a scan 
rate of 1 mV s−1. Almost the same CV curves are 
recorded for MNCS-L and MNCS-M, respectively. The 
obtained CV curves are quasi-rectangular in shape and 
show the well known capacitance minimum at the 
potential of zero charge (pzc), indicating that all the 
samples have ideal capacitive behavior [7]. The specific 
capacitance is calculated as 73.4, 76.9 and 76.2 F/g for 
MNCS-S, MNCS-M, and MNCS-L respectively. With the 
different specific surface areas, one calculates a 
specific double layer capacitance of 6.7 µF/cm2, which 
is supposed to be reasonable for carbon electrodes in 
organic electrolyte [7].  
The variation in the specific capacitance of the MNCS 
electrodes is plotted as a function of the scan rates in 
Figure 4. When the scan rate is increased above 20 mV 
s-1, the specific capacitance of MNCS-L drops rapidly; 
in contrast, the capacitance of MNCS-S shows a much 
more gradual decline. When the scan rate is 100 mV s-

1, the MNCS-S maintains approximately 90 % of the 
initial value, whereas the MNCS-L retains only about 70 
% of the capacitive ability. In the case of MNCS-M, the 
specific capacitance is 63.8 F/g at the scan rate of 100 
mV s-1, which is approximately 76.3 % of the initial 
value. The obtained results clearly demonstrate the 
dependence on the pore length. With increasing the 
scan rate, the effective ion transport length is 
decreased, and hence the specific capacitance of the 
MNCS-L drops rapidly.  
In classical electrochemistry theory, the ion transport 
time (τ) can be expressed by the following formula; 

τ =L2/D    [8] 
where L is the ion transport length and D is the ion 
diffusion coefficient. It is expected that the shorter the 
length of pores, the smaller the ion transport time, 
resulting in a better rate capability of the capacitor 
electrode material. The results obtained from Figure 4 
are in good agreement with this theory. Because the 
fabricated MNCS samples were identical particles 
except for the pore length, other external causes, such 

as pore size, shape, alignment, and surface chemistry, 
can be ignored. It is believed that MNCS will be useful 
as a model electrode for basic studies of ion transport 
within the pores for super-capacitors. Studies are 
underway to explore this system by changing the pore 
diameter of MNCS as well as the ion size in the 
electrolyte. 

 

Figure 3. Half cell cyclic voltammogram of MNCS-S recorded 
at a scan rate of 1 mV s-1. 

 

Figure 4. Specific capacitance of as-prepared samples at 
different scan rates from 1 to 100 mV s−1. Capacitance was 
measured at 0°V and normalized at the values of 1 mV s-1. 

Conclusions 

Monodispersed nanoporous carbon spheres (MNCS) 
with identical porous structures, except for the pore 
lengths, were studied. They were found to be the 
promising candidates as model electrodes to 
investigate the basis of ion transport within the pores for 
super-capacitors.  
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High Pt catalyst loadings and limited stability of polymer 
electrolyte fuel cells (PEFCs) are still strong 
impediments for their wider commercialization. The Pt 
loading for state of the art PEFCs anodes varies 
between 50 and 100 µg/cm2 [1]. It is discussed that only 
a fraction of the catalyst particles participates in the 
hydrogen oxidation reaction,due to its fast kinetics [2]. 
Magnetron sputtered anodes with a Pt loading of 25 
µg/cm2 showed no significant performance loss in 
PEFCs [3]. Yet, long term stability is an issue to be 
considered simultaneously next to performance. A 
poisoning of the anode catalyst by CO seems to limit the 
stability [3]. Carbon monoxide is an impurity of the 
hydrogen feed gas. In this work we are discussing the 
regeneration of CO poisoned anodes.  

Experimental 

PEFC anodes were obtained by DC magnetron 
sputtering 25 μgPt/cm2 onto a micro porous layer of 
Vulcan XC72 supported on Carbon Cloth (GDL: 
LT1410W E-TEK), as shown else where [3]. Commercial 
electrode (E-TEK LT140EW; 0.5 mgPt/cm2) functioned as 
a cathode. Membrane electrode assemblies (MEAs) 
were prepared by hot pressing without prior ionomer 
impregnation with Nafion 212 membranes. Long term 
stability of the sputtered anodes in a 30 cm2 single cell 
was investigated at 0.5 A/cm2, 80°C, 1 bar, H2/O2 = 
1.5/1.5, and fully humidified gases. The iE-curves were 
measured at the same conditions. Impedance 
measurements were carried out at 0.5 A/cm2. The test 
bench was optimised to exclude O2 on the anode side 
after refill of the humidifier. For regeneration, the anode 
was cycled three times between 0.08 - 1 V, using N2 on 
the anode, and O2 on the cathode side. Alternatively, a 
start-up/shut-down experiment was carried out, by 
purging the anode with 600 ml/min air and then with H2 
for 8 min each.  

 

Figure 1. U-t-curve of a PEFC with anode loading of 25 
μgPt/cm2 running at 0.5 A/cm2, 80°C, H2/O2 = 1.5/1.5, 1 bar, 
100% R.H. Voltage loss due to CO in H2. Recovery effect due 
to either potential cycling of the anode (circle), or start/stop 
experiment (square). Refill of humidifier, or potential jumps to 
OCV showed no effect. 

 

Results and Discussion 

In prior longevity tests at constant current (0.5 A/cm2) 
with anode loadings of 25 μgPt/cm2 the MEA showed a 
loss in cell voltage of ca. 20 mV after 500 h. In these 
experiments, O2 was introduced to the anode side after 
refilling the humidifier every 200 h. This was leading to 
an undefined recovery of the anode, obviously due to 
oxidation of adsorbed CO. To avoid this uncontrolled 
regeneration, the refilling of the humidifiers was 
modified, thereby no oxygen reaches the anode during 
refilling, and thus no changes in cell voltage occurred 
(Figure 1). A clear performance loss is observed before 
the recovery experiments. The anode was recovered 
several times by means of potential cycling (circle) and 
start-up/shut-down of the cell (square) (Figure 1). In both 
cases cell voltages reached similar values as at begin of 
life (BOL). After the start-up/shut-down experiment, the 
anode seems to be fully recovered (Figure 2). The iE-
curve perfectly fits to the one at BOL and the impedance 
spectra are identical (inset Figure 2). The high frequency 
semicircle, which may be related to anode activation 
losses [3], fully recovers, in contrast to the potential 
cycling regeneration. Also the voltage decay after 
potential cycling (1.22 mV/h) is significantly higher then 
after BOL (0.40 mV/h) or start-up/shut-down (0.56 
mV/h). Further experiments on the probably different 
nature of the recovery effects, due to potential cycling 
and start/stop, are planned. 

 

Figure 2. iE-curves measured for the fresh, aged, and 
recovered MEA as shown in Figure 1. Recovery was achieved 
due to potential cycling and start/stop experiment, respectively. 
Inset: Nyquist plots of the MEA recorded for each iE-curve at 
0.5 A/cm2. 
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High Pt catalyst loadings and limited stability of polymer 
electrolyte fuel cells (PEFCs) are still strong 
impediments for a broader commercialization. While 
lowering  the Pt anode loading down to 50 µg/cm2 is 
straightforward [1, 2], a lowering of today’s cathode 
loadings of ca. 400 µg/cm2 is difficult, due to the sluggish 
oxygen reduction reaction (ORR) [2]. It is discussed that 
only a thin layer within the cathode is participating in the 
ORR [1]. Thus, producing thin catalyst layers by using 
the sputter technique can be a promising approach to 
enhance the Pt utilization. Furthermore, co-sputtering 
thin films of Pt and Co may lead to higher specific 
activity for the oxygen reduction and higher roughness of 
the electrodes.  

Experimental 

PEFC cathodes were fabricated by DC magnetron 
sputtering of either Pt, or Pt and Co onto a micro porous 
layer (MPL) supported on Carbon Cloth (E-TEK 
LT1410W) [3]. For the PtCox type electrodes, alternating 
layers of Pt and Cox were sputtered to formally obtain 
PtCo and PtCo3, respectively. 

Loading 
[μgPt/cm2] 

OCV 
 [mV] 

i@0.65V 
[mA/cm2]

Aspec 

 [m2/gPt] 
AESA 

[cmPt
2/cm2] 

25 788 229 9.6 ± 1.8 2.4 ± 0.5 
50 796 ± 7.1 294 ± 33 9.4 ± 0.6 4.7 ± 0.3 

100 827 ± 9.0 453 ± 45 4.9 ± 0.5 4.9 ± 0.5 
500 850 477 2.0 10.1 

500 ETEK 902 ± 5.7 1024 ± 96 21.7 ± 3.3 108.7 ± 16.4 

Table 1. Electrochemical active surface area (AESA), open circuit 
voltage (OCV) and current density at 650 mV for different 
sputtered cathodes and a commercially available E-TEK 
electrode.  

The metal loadings were controlled by the sputtering 
time and sputter power. For pure Pt electrodes, loadings 
were varied between 25 and 500 μgPt/cm2, whereas 
loadings for the PtCox cathodes was 100 μgPt/cm2. One 
electrode of each PtCo and PtCo3 was leached for 1 h in 
1 M  HClO4 (named as PtCole and PtCo3 le). Commercial 
electrodes (E-TEK LT140EW; 0.5 mgPt/cm2) were used 
for comparison. For all experiments, E-TEK electrodes 
were used as anodes. All membrane electrode 
assemblies (MEAs) were prepared by hot pressing the  

 

Figure 1. iE-curves of MEAs with sputtered  (various loadings) 
and commercial cathodes (ETEK). (80°C, H2/O2 = 600/600 
ml/min, 1 bar, 100% R.H.). Inset: magnification of the iE-curve. 

electrodes with Nafion 212 membranes, without prior 
ionomer impregnation. Performance of the sputtered 
cathodes was assessed in a 30 cm2 single cell (80°C, 1 
bar, H2/O2 = 600/600 ml/min, 100% R.H.). 
Electrochemical active surface area (AESA) was 
determined by CO-stripping voltammetry. 

Results and Discussion 

For the sputtered cathodes, the electrochemical active 
surface area per geometric area (AESA) was found to be 
10 to 50 times smaller compared to E-TEK electrodes 
(Table 1). Considering that Pt is mainly deposited onto 
the surface of the MPL [1], an increase of Pt loading 
leads to less dispersed Pt particles. This means that 
larger particles are formed, which may agglomerate or 
even form films. Thus, an increase in Pt loading does 
not linearly increase AESA. Ink based E-TEK electrodes 
show a high Pt dispersion, leading to a much higher 
AESA and therefore to a higher fuel cell performance 
compared to the sputtered electrodes (Figure 1). For the 
latter electrodes AESA is similar, and therefore they show 
a similar performance. Yet, a clear order can be seen in 
the inset of Figure 1. 

 

Figure 2. iE-curves of MEAs with sputtered PtCox and 
commercial cathodes (ETEK), before and after leaching 
(indicated by index le). The Pt content was constant (100 
µgPt/cm2), while the Co content was varied. (80°C, H2/O2 = 
600/600 ml/min, 1 bar, 100% R.H.). Inset: magnification of the 
iE-curve.  

An addition of Co leads to a slightly higher performance 
in case of PtCo (Figure 2). Yet, too much Co as in PtCo3 
leads to poorer fuel cell performance, probably caused 
by leached Co2+ which blocks sulfonic acid groups in the 
membrane. This blocking can be avoided by ex situ 
leaching of PtCo3 electrodes. 
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An important issue regarding the commercialization of 
polymer electrolyte fuel cells is the reduction of material 
costs. One approach that directly affects costs is the 
development of electrodes with low platinum loadings. 
Owing to the high exchange current density of the 
hydrogen oxidation reaction, the potential for a reduction 
of catalyst loading is particularly high at the negative 
electrode. Anode loadings of 15 µgPt/cm2 without fuel 
cell performance loss have been recently demonstrated 
[1]. This high initial performance, however, can 
significantly deteriorate during fuel cell operation. Load 
cycling and particularly the exposure to elevated 
potentials occurring during fuel cell start-up and shut-
down strongly promote catalyst degradation. In order to 
investigate platinum loss at the anode and cathode, fuel 
cells were exposed to different operation modes, 
including start/stop and load cycling. 

Experimental 

All experiments were carried out in 16 cm2 cells with 
parallel flow fields and commercially available MEAs. 
Platinum loading at the anode and cathode was 
0.18 mgPt/cm2 and 0.4 mgPt/cm2, respectively. Start/stop 
cycling was performed by alternating purging of the 
anode compartment with hydrogen and air, while an 
external load of 3 mΩcm2 was applied to the cell. In 
regular intervals, electrochemically active catalyst 
surface area (ECA) was determined by CO stripping 
voltammetry. To compare start/stop induced platinum 
dissolution with catalyst deterioration under ordinary fuel 
cell operating conditions, ECA loss was additionally 
determined during constant load operation (3 mΩcm2) 
and cycling between 3 mΩcm2 and open circuit voltage 
(OCV). All cells were operated at a humidity of 70% R.H. 
at 2.5 bara and a temperature of 80°C. 

Results and Discussion 

Active platinum surface area loss at the fuel cell cathode 
is show in Figure 1. Already in case of constant load 
operation, an ECA decrease of 10% can be observed 
after operating the cell for a time which corresponds to 
the duration of the cycling experiments. However, since 
platinum dissolution mainly takes place during the 
reduction of platinum oxide [2], ECA loss rate is 
significantly increased if the cell is exposed to periodic 
load changes. Cycling between open circuit voltage and 
3 mΩcm2 causes a decrease of active platinum surface 
area of more than 30%. As a result of the strongly 
elevated potentials occurring at the positive electrode, 
catalyst degradation is most pronounced in case of 
start/stop cycling. The active platinum surface area 
decreases to less than 20% of the initial value after 1800 
cycles. Due to the insignificant electrode polarization 
and the hydrogen equilibrium potential of 0 V, platinum 
dissolution at the fuel cell anode is usually assumed to 
be negligible. After cycling between OCV and 3 mΩcm2, 
ECA loss is similar to the value obtained for constant 
load operation, showing that platinum dissolution at the 
anode is not affected by load cycling (cf. Figure 2).  

 

During start-up and shut-down of the fuel cell by purging 
of the anode compartment, however, the potential at the 
negative electrode varies between the equilibrium 
potentials of hydrogen (~ 0 V) and oxygen (~ 1 V). This 
exposure of the anode to alternating potentials causes 
substantial platinum dissolution, which results in a 
decrease of active platinum surface area of 35% after 
1800 start/stop cycles. Especially with respect to 
electrodes having low catalyst loadings, fuel cell 
performance loss caused by start/stop induced platinum 
dissolution at the anode can therefore not be neglected. 
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Figure 1. Effect of different operating modes on active 
platinum surface area loss at the fuel cell cathode. Duration of 
constant load operation was converted into a cycle number 
corresponding to the time interval of the cycling experiments. 

 

Figure 2. Effect of different operating modes on active 
platinum surface area loss at the fuel cell anode. 
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Elevated potentials occurring at the positive electrode 
during fuel cell start-up and shut-down can cause severe 
corrosion of carbon [1]. As a result, the porous network 
of carbon nanoparticles used as support material in the 
catalyst layer can undergo significant structural changes, 
leading to a strong deterioration of fuel cell performance. 
In order to determine the effect of different parameters 
on carbon corrosion rate, the detrimental potential 
conditions induced by start/stop processes can be 
simulated by applying single potential pulses to cells 
operated in H2/N2 mode. However, since fuel cell 
electrodes typically consist of several layers which all 
contain carbon, corrosion might not by limited to the 
carbon particles in the catalyst layer. Corrosion of 
carbon in the microporous layer (MPL) and gas diffusion 
layer (GDL), which is assumed not to significantly affect 
fuel cell performance, might lead to an undesired 
overestimation of the obtained corrosion rates. To 
assess the effect of these additional contributions, 
corrosion of the MPL/GDL was investigated.  

Experimental 

All MEAs were fabricated by hot pressing Nafion 212 
membranes with a commercially available electrode 
(0.4 mgPt/cm2) and an electrode, which did not contain a 
catalyst layer. Afterwards, the MEAs were assembled in 
16 cm2 cells with parallel flow fields and operated with 
hydrogen at the platinum containing electrode and 
nitrogen at the electrode without catalyst layer. After 
conditioning for approximately 20 h, single triangular 
potential pulses (30 mV/s) with different voltage limits 
were applied to the cell. Starting from 1.3 V, the upper 
voltage limit was stepwise increased to 1.9 V. For each 
voltage limit, eight potential pulses were applied. After 
reaching the highest limit, the upper voltage limit was 
again decreased to 1.3 V. The lower voltage limit was 
0.6 V in all cases. Carbon corrosion was monitored by 
measuring the CO2 concentration in the exhaust gas of 
the positive electrode. Corrosion rates were calculated 
by integration of the CO2 peaks developing in response 
to the applied potential pulses. All measurements were 
carried out at a temperature of 80°C with fully humidified 
gases. 

Results and Discussion 

Carbon corrosion of the MPL/GDL was found to strongly 
depend on the previous exposure to high potentials. In 
case of freshly conditioned fuel cells, no corrosion can 
be detected for upper voltage limits lower than 1.6 V. At 
higher voltages, however, the appearance of CO2 
concentration peaks in the exhaust gas indicates 
significant MPL/GDL corrosion. If the cell was not 
previously exposed to elevated potentials for a longer 
time, CO2 evolution thereby strongly increases with the 
number of applied potential pulses (cf. Figure 1). For an 
upper voltage limit of 1.7 V, maximum CO2 concentration 
increases from 3 ppm during the first potential pulse to 
12 ppm during the eighth pulse. To further investigate 
this continuous increase of corrosion rate, a freshly 

conditioned cell was exposed to 30 consecutive potential 
pulses between 0.6 V and 1.7 V. The resulting carbon 
corrosion rates, which were calculated by integration of 
the developing CO2 concentration peaks, are shown in 
Figure 2. After comparatively low CO2 evolution during 
the first few pulses, the corrosion rate exhibits an almost 
linear increase and finally approaches a relatively 
constant level. This behaviour can be explained by 
gradual formation of oxide species on the carbon 
surface with repeating exposure to elevated potentials. 
These catalytic surface oxides strongly promote 
corrosion, hence leading to a substantial increase of 
carbon corrosion rate. The simultaneous formation of 
passive oxides and a re-reduction of catalytic species 
finally results in equilibrium oxide coverage, which 
causes the approach of corrosion rate to a constant 
value [2]. 

 

 

Figure 1. CO2 evolution in response to eight subsequent 
potential pulses between 0.6 V and 1.7 V (30 mV/s). The cell 
was operated at 80°C with fully humidified hydrogen/nitrogen. 

 

Figure 2. Carbon corrosion rate as function of the number of 
applied potential pulses between 0.6 V and 1.7 V (30 mV/s) 
without previous exposure to elevated potentials. Corrosion 
rates were calculated by integration of the CO2 concentration 
peaks developing in response to the applied potential pulses. 
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After applying eight potential pulses with the highest 
investigated limit being 1.9 V, the upper voltage limit was 
again stepwise decreased. In contrast to the previous 
measurements with increasing upper voltage limits, CO2 
evolution did not depend on the number of applied 
potential pulses, indicating complete saturation coverage 
of the carbon surface with catalytic oxide species (cf. 
Figure 3). As a second consequence of the prior 
exposure to high potentials, CO2 evolution can also be 
detected for upper voltage limits which are significantly 
lower than 1.6 V. This effect shows that carbon is much 
more prone to corrosion after the formation of catalytic 
surface oxide species. Compared to freshly conditioned 
fuel cells, the starting potential of carbon corrosion is 
0.2 V lower.  

The constant height of the CO2 concentration peaks in 
case of saturated catalytic oxide coverage allows the 
determination of corrosion rates as function of the upper 
voltage limit. As shown in Figure 4, carbon corrosion 
rate increases exponentially from 0.02 μgC/cycle at 
1.4 V to more than 10 μgC/cycle for an upper voltage 
limit of 1.9 V. The obtained values, however, are 
substantially lower than corrosion rates determined for 
MEAs containing a catalyst layer [3]. The comparison 
shows that corrosion of the MPL/GDL only accounts for 
less than 1% of total CO2 evolution. With respect to 
potential pulse measurements carried out with standard 
fuel cell electrodes, all contributions besides the 
corrosion of carbon particles in the catalyst layer can 
consequently be neglected.  

Since the formation of elevated potentials at the positive 
electrode is not possible without catalyst layer, 
MPL/GDL corrosion caused by real start/stop processes 
can not be directly determined. By employing reference 
electrodes in the membrane, maximum potentials of 
about 1.5 V have been measured during fuel cell start-
up and shut-down by purging of the anode compartment 
with hydrogen and air, respectively [4]. Since corrosion 
in this potential range only occurs after previous 
exposure of the positive electrode to potentials 
exceeding 1.5 V, start/stop processes are not expected 
to cause significant MPL/GDL corrosion. Though, even 
without measurable carbon corrosion, changes in the 
surface properties of carbon can slightly affect water 
transport after a large number of start-up and shut-down 
processes [5]. Yet, the contribution of this effect to 
overall fuel cell performance loss is negligible compared 
to the strong influence of simultaneously occurring 
catalyst layer corrosion. 

Conclusions 

To assess corrosion of the microporous and gas 
diffusion layer, single triangular potential pulses were 
applied to cells operated in H2/N2 mode. Due to the initial 
absence of catalytic oxide species on the carbon 
surface, corrosion was only observed for upper voltage 
limits exceeding 1.5 V in case of freshly conditioned fuel 
cells. After reaching saturation oxide coverage by 
repeated exposure to elevated potentials, the starting 
potential for carbon corrosion was significantly 
decreased to 1.4 V. The results show that determination 
of catalyst layer corrosion by potential pulse 
measurements is not affected by contributions 
originating from oxidation of the MPL/GDL. Also 
elevated potentials occurring during real fuel cell start-up 
and shut-down by purging of the anode compartment 
are not expected to cause significant MPL/GDL 
corrosion. 
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Figure 4. Carbon corrosion rate as function of upper voltage 
limit. Lower voltage limit was 0.6 V in all cases. Measurements 
were carried out after saturated oxidation of the carbon surface 
by exposure to potentials pulses with upper voltage limits of 
1.9 V. Corrosion rates were calculated by integration of CO2

concentration peaks developing in response to single triangular 
potential pulses applied to a cell operated in H2/N2 mode at 80°C 
with fully humidified gases. 

 

Figure 3. CO2 evolution in response to six subsequent 
potential pulses between 0.6 V and 1.7 V (30 mV/s) after the 
cell was exposed to potentials pulses with upper limits up to 
1.9 V. 
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During start-up and shut-down of a fuel cell by purging 
the anode compartment with hydrogen or air, 
respectively, certain areas of the positive electrode are 
exposed to potentials significantly exceeding 1 V [1]. 
Besides the accelerated electrochemical dissolution of 
the platinum catalyst, elevated potentials can cause 
severe corrosion of the carbon nanoparticles, which are 
typically used as support material for the fuel cell 
catalyst. The basic reaction mechanism for carbon 
corrosion is shown in equations 1 and 2. In a first step, 
surface oxide species are formed on the carbon surface, 
which are further oxidized to CO2 in a second, rate 
determining step. 

 
C + H2O → C-Oad + 2H+ + 2e- (1) 

C-Oad + H2O → CO2 + 2H+ + 2e- (2) 

 
As a result of start/stop induced carbon corrosion, the 
porous network of carbon particles in the catalyst layer 
can undergo significant structural changes, leading to a 
strong deterioration of fuel cell performance [2]. Since 
frequent start-up and shut-down processes can not be 
avoided in many applications, operation strategies, 
which can mitigate start/stop induced degradation, have 
to be developed in order to improve fuel cell durability. In 
addition to system-based approaches, such as purging 
with high gas flow rates and the application of an 
auxiliary load during start-up and shut-down, the 
influence of operating parameters on carbon corrosion 
can be utilized to decrease degradation rates. In 
contrast to the time-consuming decrease of temperature, 
lowering of humidity is a feasible method to mitigate 
start/stop induced degradation in many fuel cell 
applications. 

Experimental 

In order to determine the effect of reactant gas humidity 
on carbon corrosion, the elevated potentials occurring 
during fuel cell start-up and shut-down were simulated 
by applying single triangular potential pulses to cells 
operated in H2/N2 mode. In contrast to real start/stop 
processes by anode purging, where the voltage, which 
acts as driving force for carbon corrosion, is strongly 
influenced by the chosen operating parameters, 
measurements performed in H2/N2 mode ensure 
constant potential conditions, independent of reactant 
gas humidity. Carbon corrosion rates were calculated by 
integration of the CO2 concentration peaks developing in 
response to the applied potential pulses (cf. Equation 2). 
All experiments were carried out using 16 cm2 cells with 
parallel flow fields and MEAs fabricated by hot pressing 
of a Nafion 212 membrane with commercially available 
electrodes (0.4 mgPt/cm2). Since corrosion rates initially 
show a strong decrease upon voltage cycling, all cells 
were exposed to 100 potential cycles between 0.6 V and 
1.3 V (50 mV/s), prior to the measurements. Afterwards, 
eight single triangular potential pulses between 0.6 V 

and 1.3 V (30 mV/s) were applied for each investigated 
reactant gas humidity. Due to a slight decrease of CO2 
evolution during the first few cycles, only the last three 
CO2 concentration peaks were used to calculate carbon 
corrosion rates. 

Results and Discussion 

Generally, the carbon corrosion rate shows a linear 
increase with increasing humidification of the reactant 
gases (cf. Figure 1). The direct effect of water vapour 
partial pressure, which is proportional to relative 
humidity in case of a constant temperature, originates 
from the requirement of one water molecule for the 
corrosion of one carbon atom in the rate determining 
reaction step (cf. Equation 2). This linear correlation, 
however, is not observed over the entire humidity range. 
If relative humidity drops below around 40%, corrosion 
rates significantly deviate from the theoretically expected 
behaviour. 

To be able to distinguish between the effect of relative 
and absolute water content, measurements with varying 
relative humidity were carried out at different constant 
water vapour partial pressures. Thereby, relative 
humidity was varied by increasing the temperature while 
keeping the absolute rate of water addition to the gas 
flow constant. As expected from the participation of 
water in the carbon oxidation reaction, corrosion rates 
become higher with increasing water vapour partial 
pressure (cf. Figure 2). Despite the increase in 
temperature, however, which is known to strongly 
promote carbon oxidation [3], corrosion rates decrease if 
relative humidity drops below around 35%. Since this 
value is independent of water vapour partial pressure, 
deviation from the linear behaviour at low reactant gas 
humidity has to be an effect of relative water content. 
These results show that both absolute and relative 
humidity strongly influence carbon corrosion behaviour. 

 

Figure 1. Effect of relative humidity on carbon corrosion rate. 
Corrosion rates were calculated by integration of CO2

concentration peaks in the exhaust gas developing in 
response to potential pulses between 0.6 V and 1.3 V, which 
were applied to a cell operated in H2/N2 mode at 80°C. 
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While the effect of water vapour partial pressure can be 
explained by the reaction mechanism, influence of 
relative humidity must be based on other processes. 

One parameter that is strongly affected by relative 
humidity is the resistance of the proton conducting 
phase. In order to estimate the effect of humidity on 
ionomer resistance in the membrane and the catalyst 
layer, electrochemical impedance spectroscopy in H2/N2 
mode was performed [4]. As shown in Figure 3, a 
decrease of relative humidity causes an exponential 
increase in ionomer resistance. The resulting voltage 
drop in the ionomer phase can lead to a significant 
discrepancy between the voltage which is externally 
applied to the cell and the effective potential leading to 
carbon corrosion.  

 

Figure 4 shows the potential distribution in the 
membrane and the catalyst layers if a voltage Ua is 
applied to a cell operated in H2/N2 mode at different 
relative humidity. Due to the high exchange current 
density of the hydrogen evolution reaction and the 
resulting limitation of the reaction to a small region near 
the membrane, voltage drop at the negative electrode 
can be neglected. In case of fully humidified gases, 
maximum current densities of about 15 mA/cm2 
occurring during a potential pulse between 0.6 V and 
1.3 V result in a voltage drop smaller than 2 mV. The 
potential difference between ionomer phase and positive 
electrode ΔФ+, which acts as driving force for carbon 

corrosion, can therefore be assumed to be equal to the 
applied voltage Ua.  

If relative humidity is significantly decreased the 
exponential increase of resistance causes a 
considerable voltage drop in the ionomer phase. Since 
catalyst layer resistance is approximately one order of 
magnitude higher compared to membrane resistance, 
reduction of potential at the positive electrode is mainly 
controlled by the voltage drop in the catalyst layer. At a 
relative humidity of 30%, a catalyst layer resistance of 
more than 5 Ωcm2 leads to a theoretical voltage drop of 
about 80 mV. Due to the triangular shape of the applied 
potential pulse and the inhomogeneous distribution of 
current density within the catalyst layer, effective 
potential reduction is expected to be slightly lower. 
However, taking into account the exponential increase of 
corrosion rate with increasing potential [3], voltage drop 
in the catalyst layer is high enough to explain the strong 
decrease of carbon corrosion rate at low relative 
humidity conditions.  

Conclusions 

Besides the effect of water vapour partial pressure, 
which can be attributed to the reaction mechanism, 
relative humidity can strongly influence carbon corrosion 
behaviour. The considerable voltage drop in the catalyst 
layer, caused by a strong increase of ionomer resistance 
at low relative humidity, substantially decreases the 
effective potential leading to carbon corrosion. 
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Figure 2. Effect of relative humidity on carbon corrosion rate 
at different constant water vapour partial pressures. Relative 
humidity was varied by increasing the temperature while 
keeping the rate of water injection to the gas flow constant. 

 

Figure 3. Influence of relative humidity on ionomer resistance 
in the membrane and catalyst layer. Resistance values were 
derived from impedance spectroscopy measurements carried 
out in H2/N2 mode. 

 

Figure 4. Potential distribution in the membrane (light grey) 
and catalyst layers (dark grey) for a potential Ua applied to a 
cell operated in H2/N2 mode. In case of high relative humidity 
(left), voltage drop in the ionomer phase is small. At low 
relative humidity conditions (right), the substantially increased 
ionomer resistance leads to a strong decrease in potential 
difference between electrode and ionomer phase. 
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Catalyst layer durability under dynamic operating 
conditions is a key issue regarding the lifetime of 
polymer electrolyte fuel cells (PEFCs). A widely used 
approach to assess catalyst layer durability is the 
application of a cyclic potential to a cell operated in 
H2/N2 mode. The resulting degradation is typically 
characterized by the loss of electrochemically active 
catalyst surface area (ECA) and changes in the porous 
structure of the carbon nanoparticles, which are used as 
support material for the fuel cell catalyst. The voltage 
limits, which are employed in the different studies, 
however, strongly vary. Lower voltage limits range from 
0.1 V to 0.87 V while the upper voltage limit is usually 
set to values between 1.2 V and 1.4 V [1, 2]. In order to 
determine the effect of lower voltage limit on carbon 
corrosion and active catalyst surface area loss, potential 
cycling experiments with continuous monitoring of CO2 
evolution were carried out. 

Experimental 

All experiments were performed using 16 cm2 cells with 
parallel flow fields and MEAs which were fabricated by 
hot pressing of a Nafion 212 membrane with 
commercially available electrodes (0.4 mgPt/cm2). After 
conditioning for approximately 20 h in H2/O2 mode, the 
fuel cell cathode was purged with nitrogen. Afterwards, 
300 triangular potential cycles (30 mV/s) with different 
lower voltage limits were applied to the cells. The upper 
voltage limit was 1.3 V in all cases. Carbon corrosion 
rate was continuously monitored by measuring the CO2 
evolution in the exhaust gas. ECA loss was determined 
by CO stripping voltammetry. All measurements were 
carried out at a temperature of 80°C with fully humidified 
gases. 

Results and Discussion 

Dissolution of platinum mainly takes place during the 
reduction of platinum oxide which was previously formed 
at potentials exceeding around 0.8 V [3]. This dissolution 
mechanism implicates a strong influence of lower 
voltage limit on active catalyst surface area loss. Due to 
the missing platinum oxide reduction, dissolution is 
effectively hindered if potential cycling is performed with 
a lower voltage limit of 1.0 V. A decrease of the voltage 
limit below the reduction potential of platinum oxide 
substantially increases surface area loss rates (cf. 
Figure 1). Since platinum oxide is completely reduced at 
potentials below around 0.6 V, measurements carried 
out with lower voltage limits of 0.15 V and 0.6 V exhibit 
similar dissolution rates. The effect of lower voltage limit 
on carbon corrosion rate is shown in Figure 2. Due to 
proceeding catalyst layer degradation, corrosion rates 
generally decrease with increasing number of applied 
potential cycles. As in case of platinum dissolution, the 
lowest degradation rate was observed for a lower 
voltage limit of 1.0 V. If the lower limit is decreased to 
0.6 V and 0.15 V, total carbon loss increases by a factor 
of 3 and 4.5, respectively. This significant reduction of 
corrosion rate with increasing upper voltage limit can be 

explained by proceeding passivation of the carbon 
surface and an inhibition of the catalyzed corrosion 
pathway by the formation of a stable oxide layer on the 
platinum particles [4]. 

Conclusions 

Determination of catalyst layer durability by potential 
cycling is strongly affected by the chosen lower voltage 
limit. Both carbon corrosion rate and catalyst surface 
area loss rate increase with decreasing voltage limit. 
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Figure 1. Effect of lower voltage limit on active platinum surface 
area loss. Upper voltage limit was 1.3 V in all cases. 

 

Figure 2. Effect of lower voltage limit on carbon corrosion rate. 
Upper voltage limit was 1.3 V in all cases. Irregularities at cycle 
No.  100 and 200 originate from cell characterization. 
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Several Pt-alloy catalysts, amongst Pt-Co-alloys, exhibit 
an enhanced activity for the oxygen reduction reaction 
compared to unalloyed Pt catalysts [1]. With Pt-alloy 
catalysts a reduction of the required Pt loading in PEFCs 
was demonstrated [2, 3]. 
PtCox catalysts have been synthesized using a variety of 
Pt/Co ratios and preparation methods, including 
impregnation, mechanical alloying, polyol synthesis, 
reverse micelles, sputtering and others [4]. Both, the Pt-
Co ratio and the preparation conditions have a strong 
impact on the catalytic activity. In general, only Pt3Co 
nanoparticles have been prepared with a well defined 
size and crystal structure using a polyol method [5], 
however, this method is not suitable for preparing other 
stoichiometries like PtCo or PtCo3. Depending on the 
preparation method, decreasing the Pt/Co ratio may lead 
to higher catalytic activity [1, 6], although the catalysts 
may consist of a variety of components like Pt3Co, PtCo 
(ordered or disordered), Co metal or oxides. In PEFCs, 
cobalt as a non-precious metal may dissolve from PtCo 
alloys. Under operation conditions (80 °C, ~ pH 0-1) 
leaching may be caused by electrochemical oxidation 
and/or the acidic PEFC environment.  
In this work we are investigating the effect of acid 
leaching on the catalytic properties and structure of 
Pt3Co/C, PtCo/C and PtCo3/C catalysts. Leaching 
conditions were chosen, which mimic the open circuit 
conditions in PEFCs (80°C, pH 1). One objective of this 
study was to follow the changes in mass activity for 
oxygen reduction in the course of leaching. The leaching 
process may cause sintering, ripening, or detachment of 
PtCox particles. Formation of completely de-alloyed 
particles, core-shell structures or even porous particles 
might be possible, too. To follow these structural 
changes we applied XAS, XRD, TEM and ICP-OES 
before and after acid leaching of PtCo3, PtCo, and 
Pt3Co. 

Experimental  

Carbon supported PtCox catalysts with a nominal 
stoichiometry of PtCo, Pt3Co and PtCo3 were 
synthesized by milling and heating (1 h at 900 °C in 
Ar/ 4% H2) of dry precursors. The catalysts were cooled 
rapidly by sousing with liquid nitrogen. The 
reproducibility and activity of the resulting catalysts is 
comparable to impregnation preparation routes using the 
same educts and heat treatment protocol. As a 
reference catalyst, Pt/C (E-TEK) without Co(acac)2 was 
heat-treated under the same conditions.  
Leaching experiments were carried out with 200 mg 
catalyst powders, which were stirred for 100h at 80 °C in 
20 ml 0.1 M HClO4, prepared from redistilled 70 % 
perchloric acid (99.999 %, Sigma) and deionized water 
(18.2 MΩcm-1). After leaching, the catalyst dispersions 
were centrifuged (3000 rpm, 5 min) and the supernatant 
removed. The residue was washed with water. 
Centrifugation and washing were repeated twice before 
the wet catalysts were allowed to dry in air at 60 °C.  

Results  

Catalytic activity for oxygen reduction 
The mass activity before leaching increases with 
increasing Co content. Acid leaching does not change 
the activity of PtCo3, whereas the activity of Pt3Co and 
PtCo increases. The leached PtCo catalyst shows the 
highest mass activity (0.21 A/mgPt) for the oxygen 
reduction (Figure 1). 

 
 
Figure 1. Mass activity for oxygen reduction at 0.9 V (RHE), 
obtained from rotating disc electrode measurements in O2-
saturated 0.1M HClO4, 20 °C, 1600 rpm, anodic going sweeps 
from 0 to 1200 mV, v = 5mV/s. Activities not mass-transport 
corrected. 
 
Inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) 
For the determination of Pt- and Co-loadings, all 
catalysts were decomposed by aqua regia, diluted, and 
analyzed by ICP-OES (Table 1). For the as-prepared 
catalysts the ratio of platinum to cobalt is very close to 
the nominal stoichiometry. For all stoichiometries, acid 
leaching causes substantial Co losses, namely ~ 55% of 
the initial value. Leaching of Pt metal is negligible. 
 

Catalyst 
Stoichiometry before 

leaching 
Co loss [%] 

Pt3Co Pt3.0Co1.0 55.0 
PtCo Pt1.0Co1.0 55.7 

PtCo3 Pt1.0Co2.9 54.6 

Table 1. Cobalt leaching of PtCox catalysts. Leaching 
conditions 100h, 0.1M HClO4, 80°C. 

Transmission electron microscopy (TEM) 
To follow changes in particle size or morphology during 
the leaching process, TEM images were analyzed. The 
average particle sizes are summed up in Table 2. Before 
leaching, higher cobalt contents lead to larger particles 
and broader particle size distributions. After leaching, 
the particle size decreases for catalysts with a nominal 
stoichiometry of PtCo3 and PtCo. For Pt3Co catalysts the 
particle size remains almost constant. Notably, the 
average particle size of all catalysts after leaching is 
very similar, around 3.5 to 3.6 nm. A representative TEM 
image of a pristine catalyst is displayed in Figure 2. 
 

85



 

 
 
Figure 2. TEM image of a pristine PtCo/C catalyst prepared by 
heat-treatment at 900°C. 

X-ray diffractometry (XRD) 
Calculated lattice parameters of PtCox before and after 
leaching are shown in Table 2. In general, all PtCox 
diffraction patterns can be assigned to face centered 
cubic (fcc) bravais lattices. In pristine PtCo3 catalysts 
unalloyed crystalline cobalt is observed. The 
corresponding reflexes disappear after acid leaching. 
Higher cobalt contents in PtCox crystallites are 
accompanied by a shift of the reflexes to higher Bragg 
angles, i.e. the lattice contracts with an increasing Co/Pt 
ratio. The diffractograms of PtCo3 show that the 
straightforward synthesis by heat-treatment of milled 
Pt/C and Co(acac)2 powders allows the preparation of 
very cobalt rich Pt-alloys. For catalysts with a nominal 
stoichiometry of PtCo3, lattice parameters as small as 
3.70 Å are accessible. Frequently, these high Co/Pt 
ratios lead to formation of PtCox (x~1) and cobalt metal 
[6]. Leaching of PtCo3 and PtCo leads to a distinct 
increase of the lattice constants, therefore the cobalt 
loss from crystalline phases is high, between 19 and 
58%. The lattice parameter of Pt3Co catalysts is hardly 
affected by the leaching procedure. For these catalysts 
only 1% of the initial cobalt content is leached out of the 
crystalline phases. 
 

Catalyst 
Lattice parametera 

[Å] 
Particle sizeb 

[nm] 

Pt3Co 3.87 3.4±1.1 
Pt3Co leached 3.87 3.6±1.2 

PtCo 3.78 3.9±1.2 
PtCo leached 3.81 3.5±1.3 

PtCo3 3.70 4.2±1.9 
PtCo3 leached 3.78 3.6±1.3 

Table 2. XRD and TEM analysis of as prepared and acid-
leached PtCox catalysts. Prepared by heat treatment of Pt/C 
and Co(acac)2 at 900°C. 
adetermined by XRD, b determined by TEM 

Extended X-ray absorption fine structure (EXAFS) 
EXAFS fit data for the Pt-edge are shown in Table 3. 
The Pt-Pt coordination numbers hardly change after acid 
leaching of Pt3Co and PtCo catalysts, while the Pt-Co 
coordination numbers of all catalysts are decreasing. 
EXAFS measurements at the Co-edge (not shown) 
suggest the existence of cobalt rich and cobalt oxide rich 
domains before leaching. After leaching these domains 
are less frequent.  
 

 
Table 3. EXAFS fit data of the Pt-edge 
 
Conclusions 

The heat-treated as prepared PtCox catalysts are mainly 
disordered fcc-PtCox nanoparticles (Figure 3a). Co or Co 
oxide rich domains are present in PtCo and PtCo3 
catalysts. Acid leaching leads to a substantial (~55%) 
decrease of the initial Co content, which is not 
accompanied by a decrease of catalytic activity for 
oxygen reduction. EXAFS measurements suggest that 
leaching leads to rough particle surfaces of leached 
Pt3Co and PtCo (Figure 3b). The PtCo3 catalyst particles 
seem to shrink during leaching (Figure 3c). Co- and Co 
oxide rich domains are less frequent after leaching. 
 

 
 
Figure 3. a) Proposed structure of as prepared PtCox 
nanoparticles, b) acid leached PtCo, c) acid leached PtCo3. 
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Catalyst  Shell 
 Coordination 

  number 
 Bond lengths 
        [Å] 

Pt3Co Pt-Co 1.9 2.686 
Pt3Co Pt-Pt 8.5 2.729 

Pt3Co leached Pt-Co 1.5 2.687 
 Pt3Co leached Pt-Pt 8.7 2.730 

PtCo Pt-Co 4.2 2.648 
PtCo Pt-Pt 5.5 2.691 

 PtCo leached Pt-Co 3.7 2.652 
 PtCo leached Pt-Pt 5.5 2.695 

PtCo3  Pt-Co 6.6 2.608 
PtCo3  Pt-Pt 3.8 2.650 

 PtCo3 leached  Pt-Co 4.2 2.635 
 PtCo3 leached  Pt-Pt 5.1 2.678 
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Model electrodes consisting of platinum (Pt) nanopar- 
ticles of defined sizes and defined spatial arrangement 
on flat carbon supports were prepared by electron beam 
lithography (EBL) upon highly oriented pyrolitic graphite 
(HOPG) electrodes. One goal of our studies was to 
identify electrochemically induced processes such as 
carbon corrosion, Ostwald ripening or Pt dissolution 
using surface-sensitive techniques such as in situ 
scanning tunnelling microscopy (STM) or scanning 
electron microscopy (SEM) and correlate these 
processes to the size and arrangement of Pt 
nanoparticles. STM investigations of the Pt/HOPG 
interface are particularly challenging, as to our 
knowledge no successful STM imaging of Pt on the 
smooth, untreated HOPG has been reported in literature 
as yet in air or in situ due to the high surface mobility of 
Pt on a sufficiently smooth (carbon) surface such as 
HOPG. Gloaguen et al., for instance, investigated the 
Pt/oxidized HOPG system using ex situ STM and 
tapping mode AFM, as the STM tip was a too strong 
hindrance during in situ measurements [1]. Also, Atamny 
et al. [2] reported the limitations of STM measurements 
on metal/HOPG systems and described mobility of Pt 
particles on the smooth HOPG surface. Other recent 
Pt/HOPG STM studies by Brülle et al. [3] and Oh et al. 
[4] were either done on electrochemically oxidized 
HOPG or on HOPG in UHV, respectively. In this report 
we present the preparation of Pt/HOPG model 
electrodes suitable for STM studies in air as well as in 
sulphuric acid and show electrochemically induced Pt 
dissolution in sulphuric acid studied for the first time by 
in situ EC-STM.  

Experimental 

HOPG was freshly cleaved and spin-coated by a double-
layered poly(methyl-methacrylate) (PMMA) positive tone 
resist, using a photoresist layer with a smaller molecular 
weight of the polymer chains (PMMA 50k) as the lower 
and the one with the heavier chains (PMMA 950k) as the 
upper layer. Bake-out step at 175°C followed every spin-
coating step. The rotation speed of the spin-coater was 
chosen as high as required to obtain the resulting 
thicknesses of 30 nm for each resist layer. This two-
layered technique results in an undercut profile 
preferable for lift-off processes. Exposures of the dot 
arrays were performed using Vistec EBPG5000Plus 
electron beam lithography tool, operated at 100 keV. 
This e-beam writer is equipped with a pattern generator 
which can be operated at beam stepping frequencies up 
to 50 MHz, and a deflection system, capable of 
deflecting the beam to large angles so that a writing field 
as large as 512×512 µm2 can be exposed without any 
stage movements. The Gaussian shaped beam was 
focused to approximately 10 nm in diameter at a beam 
current of 10 nA. Rectangular dot arrays were generated 
by setting the beam step size equal to the dot pitch (100 
nm or 200 nm), so that the exposure of each dot was 
performed within a single “beam shot”. The exposed   

samples were developed, using isopranol : ketone 3:1 
mixture (for more details refer to [5]).  

Deposition of a Pt layer (5 nm) was performed with a DC 
magnetron-sputtering device TIPSI with an Ar pressure 
of 10-3 mbar and a power of 30 W. The lift-off process 
was performed after deposition of 5 nm Pt by soaking 
the samples overnight in acetone and rinsing them with 
acetone the following day. 

STM measurements were conducted using Agilent 
PicoLe with a 10 μm STM scanner in constant current 
mode. For tip etching a gold wire with a diameter of 
0.25mm (FG 999.9, Carl Schaefer AG) and hydrochloric 
acid (30% HCl, Baker Analyzed™ Reagent) were used. 
The applied DC voltage was 1.7 V.  After etching, the 
tips were immersed into hot UHQ (ultra high quality, 
Millipore) water (> 18 MΩcm-1) to remove all impurities. 
The tips were partially coated with apiezon wax to 
reduce faradaic currents at the tip. In situ STM images 
were recorded in 0.5 M H2SO4 (diluted from sulfuric acid 
95-97%, pa, Merck). The solution was prepared using 
UHQ (ultra high quality, Millipore) water (> 18 MΩ cm-1). 
During imaging, the tip potential was kept constant at 0.4 
V vs. SHE and the sample potential as well as the tip 
bias scanned to the required potential.  

a) 

b) 

Figure 1. EC-STM image of EBL prepared HOPG electrode 
(air): a) topographic image; b) height profile 
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Results  

A topographic image of a sample prepared via EBL and 
subsequent Pt deposition is shown in Figure 1 a. The 
STM image displayed the arrangement of Pt dots on the 
HOPG surface with a distance of 200 nm between them. 
The diameter of the created dots is about 30 nm and the 
apparent height 3 nm (figure 1 b). The obtained STM 
image is very sharp and well-resolved; the pattern 
remains stable even if the same area is scanned nume-
rous times for several hours (4-5 h). This behaviour is 
surprising as Pt dots of this size on untreated HOPG in 
air are reported to be quite mobile [2,6].  

Stable STM images could also be obtained in situ in 
sulphuric acid (Figure 2 a), moreover, the dots did not 
move during numerous scans of the area at a constant 
sample potential of 0.7 V vs. SHE (indicated by arrow in 
Figure 2 b).  

a) 

b) 

Figure 2. a) EC-STM image of EBL prepared Pt/HOPG model 
electrode  (tip potential 0.4V vs. SHE, sample potential 0.7V 
vs. SHE, 0.5 M H2SO4) and b) Pt-wire CV recorded in 
0.5 M H2SO4 

The effect of oxidizing electrode potentials on Pt dots 
was investigated by scanning the sample potential to 
more anodic values starting from 0.7 to 1.9 V (see figure 
2 b) and holding the potential during the image 
accumulation. These experiments have shown that the 
dots are stable up to the value of 1.3 V vs. SHE and 
disappear at higher potentials. At 1.9 V vs. SHE, the 
topographic image displayed a hole pattern 
corresponding to the original pattern of Pt dots (Figure 3 
a). Scanning the potential back to 0.7 V and repeating 
the STM scan of the same area revealed that only 1 nm 
deep and 20 nm wide holes remained on the surface 
(Figure 3 b). Extending the imaged area revealed 
locations - next to the formerly scanned area – which 
also contained the above-mentioned holes, thus, Pt loss 
seems to be induced not solely by the STM tip.  

The origin of the holes still has to be determined. They 
may be either a result of Pt induced carbon corrosion at 

elevated potentials or defects created on HOPG surface 
during e-beam exposure. Formation of defects during e-
beam exposure would also explain the immobilization of 
the dots observed during the STM measurements in air.  

a) 
 
 
 

b) 

Figure 3. EC-STM image of EBL prepared Pt/HOPG model 
electrode (tip potential 0.4V vs. SHE, 0.5 M H2SO4) at sample 
potential a) 1.9V vs. SHE and b) 0.7V vs. SHE (after scanning 
back) 

In conclusion, Pt/HOPG model electrodes prepared by 
EBL on HOPG can be successfully imaged with STM in 
air and in situ in sulphuric acid. Further studies to 
investigate the origin of Pt loss and formation of holes 
are necessary. 
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During the last decade room temperature molten salts, 
also known as room temperature ionic liquids (ILs), have 
gained considerable interest in various fields of research 
[1]. Consisting solely of ions and being liquid in a 
temperature range of -76°C to 416°C gives them unique 
physical properties. Electrochemical stability windows of 
up to 6 V are mentioned in literature [2], making them 
very attractive for the use in electrochemical storage 
devices, such as Li-Ion batteries and electrochemical 
double layer capacitors (EDLC) [3]. In the latter the 
energy is stored by charge separation within the 
electrochemical double layer without any faradaic 
reactions. However, up to now the large potential 
windows of ILs could not be utilized sufficiently in 
EDLCs, indicating that the definition of an 
electrochemical stability window is vague and ill defined. 
A very interesting property of ILs is their very low vapour 
pressure. This opens the possibility for ultra high 
vacuum (UHV) analysis. In this context X-ray 
photoelectron spectroscopy (XPS) is reported to be a 
powerful tool for quantitative chemical analysis of ILs 
and for detection of impurities [4].  

Recently, we reported about XPS measurements of 
HOPG surfaces electrochemically treated in IL, utilizing 
our quasi in situ electrochemical cell [5]. As a 
continuative development we designed a new XPS cell 
allowing for electrochemical measurements with a three 
electrode assembly in situ, while taking XP spectra. With 
this cell we want to investigate possible electrochemical 
decomposition processes of ILs and thus determine the 
potential limits of ILs. The design of the in situ XPS cell 
and first measurements on a platinum working electrode 
with the IL 1-Ethyl-3-methylimidazolium bis 
(trifluoromethylsulfonyl) imide [EMIM][TFSI] (Iolitec 
technologies) will be presented in the following.  

Experimental 

The in situ XPS cell consists of several parts. (cf. Figure 
1): The reaction vessel (PEEK) (2) is placed on a 
specimen holder made from stainless steel (1). The 
working electrode (WE) (3) is placed in a position 
appropriate for XPS analysis and fixed with a piece of 
titanium (4). Reference (RE) and counter electrode (CE) 
(5) are prepared of activated carbon (AC, YP17) and 
wetted with the IL. These electrodes are placed on the 
opposite side walls of the vessel and are contacted with 
titanium wires (all potentials are quoted against the AC 
reference electrode [6]). Kapton insulated wires (6) are 
used to independently connect working, counter and 
reference electrode to the respective contact. The 
working electrode is connected to the ground of the XPS 
system via the specimen holder. 
Since working, reference and counter electrode have to 
be insulated against each other, PEEK screws (7) as 
well as a PEEK interlayer (9) were used. 
After the assembly of the carefully cleaned parts the cell 
is dried for at least 4h at a temperature of 120°C at a 
pressure of 20 mbar and then transferred into a glove 
box, where it is filled with IL. The transfer to the XPS 

laboratory is done in a desiccator in order to avoid air 
exposure. 
 

 

Figure 1. Scheme of the in situ XPS cell. 

The cell is placed inside the entry lock of the UHV 
system and the chamber is evacuated to a pressure of 
10-7 mbar prior to transferring it into to the analyzer 
chamber, where it is turned over to the manipulator arm 
(10). The manipulator arm itself serves as contact for the 
working electrode, whereas two sliding contacts (8) 
allow for contacting reference and counter electrode 
separately. A UHV low current feedthrough establishes 
the connection of a potentiostat (Versastat, PAR) to the 
system.  

 

WE 
Interphase region 
of interest 

e- from  
surface 

IL 

X-Ray beam reaction vessel 

WE 
RE CE 

Figure 2. Desired measurement position for XP spectra 
indicating the interphase region. 
 
XPS measurements are performed using a VG 
ESCALAB 220iXL spectrometer equipped with an Al Kα 
mono-source and a magnetic lens system. The source is 
operated at a power of 150 Watt. A spot size of 500 μm 
diameter is chosen for excitation. The spectra are 
recorded in constant analyzer energy mode at a pass 
energy of 50 eV for survey spectra and 20 eV for high 
resolution acquisition of core level spectra, respectively.  
Figure 2 illustrates the desired measurement position for 
taking XP spectra (interphase region IL/WE/UHV). In this 
position it is possible to monitor the electrolyte as well as 
the electrode simultaneously, and, therefore investigate 
electrochemical reactions at the electrochemical 
interphase. Appropriate positioning of the sample in the 
X-ray beam is controlled by recording survey spectra. 
The interphase is assumed to be probed if signals of the 
WE, i.e. Pt occur together with signals from elements 
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present in the IL, i.e. N, F, S, O, C in one survey 
spectrum. 

Results  

As a first reference measurement, a cyclic 
voltammogram (CV) of a Pt foil in [EMIM][TFSI] with a 
scan rate of 100 mVs-1 is shown in Figure 3, recorded 
with the new cell under UHV. In the potential range of -1 
V to +1.5 V typical features, also observable in our 
standard lab cells at atmospheric pressure, are recorded 
(compare dashed and solid line Figure 3).  
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Figure 3. Comparison of in situ and lab cell cyclic 
voltammogram of Pt in [EMIM][TFSI]. 

Recording XP spectra of elements present in IL and WE 
at different electrode potentials revealed an interesting 
phenomenon. Spectra originating from the IL were 
shifted proportionally to the applied electrode potential, 
while the spectra originating from the WE were constant 
in binding energy.   
A comparison of high resolution C1s and Pt4f spectra, 
recorded at 0 V and -1.5 V, illustrates the behaviour. The 
specific C1s peaks (Figure 4a)) corresponding to CH, 
CN and CF3 species in the IL, shift according to the 
applied potential to 1.5 eV higher binding energies. The 
binding energy of the Pt4f signal (Figure 4 b)) originating 
from the Pt WE, however, stays constant, independent 
of the applied potential. 
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Figure 4. High resolution a) C1s and b) Pt4f XP spectra 
recorded at 0 V (solid line) and -1.5 V (dashed line). 

This phenomenon can be explained by the working 
principle of the potentiostatically controlled three 
electrode arrangement, where the reference electrode 
determines the potential in the electrolyte. The 
schematic diagram in Figure 5 illustrates this behaviour 
with respect to the potential applied at the working 
electrode UWE. 
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Figure 5. Shift of the electrolyte species with the applied 
potential. 

The respective energy levels are shown with reference 
to the vacuum level. While the energetic level of the Pt 
WE is fixed (grounded), the potential difference between 
WE and RE is controlled by the potentiostat. The 
activated carbon RE itself has a fixed potential 
difference to the electrolyte level. Therefore, all 
electrolyte levels shift with the potential applied to the 
WE, which is observed by XPS. 

This allows assigning certain XP spectra to the 
electrolyte or to the WE.  

Conclusions 

With this IL based electrochemical cell it is for the first 
time possible to measure in situ XP spectra of the 
electrode/electrolyte interface under potential control in a 
three electrode arrangement. The possibility to measure 
the electrolyte potential in situ with X-ray photoelectron 
spectroscopy against the respective reference electrode 
is a completely new field. This allows for determination 
of exact decomposition potentials of ILs with respect to 
the specific working and reference electrode.  
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 The potential window of imidazolium based ionic liquids - A comparative 
XPS, DFT and electrochemical study  
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Ionic liquids (IL) are compounds consisting entirely of 
ions and exist in their liquid state at room temperature. 
IL are of electrochemical interest as these compounds 
provide large electrochemical stability windows of 4 - 6 V 
[1]. Furthermore, IL have almost no vapour pressure, 
and, therefore, can be studied using ultra high vacuum 
techniques such as X-ray photoelectron spectroscopy 
(XPS). XPS studies of IL showed that this method is 
perfectly suitable for quantitative chemical analysis and 
very sensitive to impurities [2]. Herein, we report on 
valence band measurements of three different 1-Ethyl-3-
methylimidazolium [EMIM] based ionic liquids with 
varying anions. The well structured valence bands were 
also calculated by means of density functional theory 
(DFT). The calculated values of the HOMO-LUMO gaps 
are compared to the measured electrochemical 
windows. 

Experimental 

XPS measurements were performed on droplets of the 
IL [EMIM][BF4], [EMIM][B(CN)4] and [EMIM][TFSI] using 
a VG ESCALAB 220iXL spectrometer equipped with a 
monochromatic Al Kα X-ray source for excitation. DFT 
calculations were done using generalized gradient 
approximation (GGA, RPBE functional) implemented 
into cluster code StoBe (LCAO, Gaussian basis sets). 
Electrochemical measurements were performed on 
glassy carbon electrodes in an air tight cell, assembled 
in a glove box using freshly dried IL as electrolytes. 
PTFE bound activated carbon (AC) was used as 
reference and counter electrode. 

Results  

The occupied states calculated by DFT (red lines, Figure 
1) are in good agreement with the valence band spectra 
recorded by XPS (black lines, Figure 1).  

 

Figure 1. Calculated occupied (red), unoccupied (green) and 
measured (black) valence band spectra of [EMIM] based ionic 
liquids, IL and calculated HOMO-LUMO gap as indicated. 

The different anions significantly influence the shape of 
the measured valence band spectra, which is also 
validated by the calculated electron densities of the 
occupied states. Detailed DFT analysis confirms that the 
HOMO states are built by p- or π- type components of 
the anions. Calculation of the unoccupied states (green 
lines, Figure 1) reveals that the LUMO orbitals are 
derived from p-type components of the [EMIM] cation. 
The calculated HOMO-LUMO gap is highest for 
[EMIM][BF4] (4.1 eV) and lowest for [EMIM][TFSI] (3.5 
eV). 
For determination of the electrochemical stability 
windows, current density potential curves have been 
recorded (exemplarily shown for [EMIM][BF4] in Figure 
2). Choosing a cut-off current of 100μA/cm2, the 
electrochemical stability windows of [EMIM][BF4] and 
[EMIM][TFSI] were determined to be 4.3 V and the one 
of [EMIM][B(CN)4] to be largest with 4.5 V.  

 

Figure 2. Electrochemical window of [EMIM][BF4] choosing a 
cut-off current of 100μA/cm2 at a scan rate of 10 mV/s, 
working electrode: glassy carbon. 

For [EMIM][BF4] the electrochemical data is in 
surprisingly good agreement with the calculated HOMO-
LUMO gap. Prediction of an electrochemical stability 
order from the calculations, however, appears somewhat 
inconclusive as, for instance, for [EMIM][TFSI] a 
discrepancy of 20% is observed. Reasons may either 
refer to the calculations for which optimized structures of 
one ion pair in the gas phase were considered or to 
charge transfer reactions occurring at current densities 
below 100μA/cm2, and thus, resulting in smaller 
electrochemical stability windows. 

Determination of exact decomposition potentials, 
however, is a challenging issue which is going to be 
processed using the newly developed in situ XPS cell 
[3]. 
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On January 6, PSI and Belenos received the 
Watt d’Or 2011 for the development of a fuel 
cell system, which has the potential to be part 
of a cost efficient compact car. 

 

 

 

 

The fuel cell for the vehicle developed at PSI 
is shown below. 

 

 

 

 

 

 

After the Kick-off Meeting of the Research Network 
Electrochemistry and Batteries in Ludwigshafen on August 
11, 2010. PSI is represented by Prof. Petr Novák (fourth 
from right). (Photo: BASF) 
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P. Schmuki addressing the Symposium topic in his excellent and entertaining presentation 
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A. Wokaun 
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