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EDITORIAL 
 

During the past year 2007 we were successful to 
acquire several new projects with industrial and 
governmental partners. Particularly important for 
us is the fact that we could increase the number of 
projects with partners from Swiss industry. We 
hope to develop long lasting relations to the 
benefit of the Swiss working place, bringing 
electrochemical conversion and storage devices 
“Made in Switzerland” to the market. 

Our comprehensive approach, namely to carry out 
research and development of electrochemical 
energy conversion and storage systems at the 
materials, cell, and systems level for fuel cells, 
batteries, and supercapacitors is well esteemed 
by our industrial as well as by our academic 
partners. It also provides a challenging 
interdisciplinary environment to our PhD-students, 
co-workers, and guests.  

Within the present Annual Report 2007 of the 
Electrochemistry Laboratory, all our four research 
groups, namely Fuel Cells, Fuel Cell Systems, 
Batteries, and Interfaces and Capacitors 
communicate the progress made during the past 
year in numerous contributions. Again, topics 
range from materials development for the different 
electrochemical systems to the development of 
novel characterization methods adapted to the 
respective electrochemical system, i.e. fuel cell, 
battery, or capacitor. As in past years, success of 
our continuous efforts is well documented in our 
list of peer reviewed publications, invited 
contributions to conferences, and talks and poster 
presentations at various conferences and 
workshops worldwide  

Our 23rd One-Day-Symposium took place on  
May 3, 2007, addressing the subject of 
“Electrocatalysis”, with contributions from Holger 
Kuhn (MTU CFC Solutions GmbH, Munich, DE), 
Brian E. Hayden (University of Southampton, GB), 
Timo Jacob (Fritz-Haber-Institut der MPG, Berlin, 
DE),  Elena R. Savinova (University of Novo-
sibirsk, RU & University of Strasbourg, FR), 
Thomas J. Schmidt (PEMEAS GmbH, Frank-
furt/M, DE), Gunther Wittstock (University of 
Oldenburg, DE), covering topics of electro-
chemical catalytic reactions for energy conversion 
in various types of fuel cells and in bioelectro-
catalysis. 

The 24th Symposium will take place on May 7, 
2008, addressing the topic of “Electrochemical 
Materials Processing”. 

With its wide range of topics, this report gives 
proof that we successfully continued our effort to 
contribute to the field of Electrochemistry and in 

particular to Electrochemical Energy R&D. In this 
context, transfer of our know-how to industrial 
partners as well as the education of students and 
young scientists will continue to be prime targets 
for 2008. As in past years, our work is carried out 
in the context of R&D for a sustainable energy 
development, within Paul Scherrer Institut and the 
Domain of the Swiss Federal Institutes of 
Technology 

Günther G. Scherer 
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 DURABILITY OF STYRENE RADIATION 
GRAFTED ETFE-BASED MEMBRANES 
H. Ben youcef, S. Alkan Gürsel, L. Gubler, 
A. Wokaun, G.G. Scherer 
+41 56 310 4188 
hicham.ben-youcef@psi.ch 

The development of the poly(ethylene-alt-tetrafluoro-
ethylene) (ETFE) based membrane was already reported 
and results on the optimization of the synthesis 
parameters and the effect of crosslinking on fuel cell 
performance were presented [1-4]. Thereby, the 
membrane prepared with a concentration of 5% 
divinylbenzene (DVB) as the cross-linker (styrene : DVB = 
95 : 5 (v/v)) was found to exhibit optimum performance. In 
this study, the first long term testing with this optimized 
membrane over a period of 2100 h is reported. 

Experimental 

Membranes based on ETFE films (25 μm) were prepared, 
as described previously [2]. The membrane selected for 
durability testing (graft level ~25.2 m-%) was 
characterized for its fuel cell relevant properties 
(conductivity 62 mS/cm, IEC ~1.62 meq/g, water uptake 
~21 m%), and subsequently assembled into a 30 cm2 
single fuel cell. The membrane was hotpressed with 
electrodes (E-TEK/ Pt: 0.5 mg/cm2) to form a membrane 
electrode assembly (MEA). The in situ characterization of 
the MEA was carried out by means of pulse-resistance, 
polarization measurements, electro-chemical impedance 
spectroscopy (EIS), and H2 crossover. 

Results  

The MEA durability test was carried out at a constant cur-
rent density of 500 mA/cm2 (Figure 1). 
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Figure 1. Single cell durability test using a radiation grafted 
membrane based on ETFE (5% DVB) @500mA/cm2, cell 
temperature 80°C;  H2/O2 at a stoichiometry of 1.5/1.5. 

The evaluated drop in voltage after 1100 h was around 11 
mV, whereas this value was of about 21 mV at the end of 
the test (2100 h). Moreover, the observed decrease in cell 
voltage is in good agreement with the increase in the 
ohmic resistance. No change was noticed for the pulse 
measured ohmic resistance up to 1100 h, while an 
increase of 6 % was observed up to 1508 h, and then a 
further in-crease of 7 % was measured up to 2100 h. 
Indeed, the membrane resistance increases from initially 
94.5 mΩ.cm2 to ~100 mΩ.cm2 after 1100h, and then 
reaches a value of ~106 mΩ.cm2 at the end of test. Both 
stepwise changes in resistance were observed after 
restarting the cell, which may indicate the adverse effect of 

start-stop cycles and their association with degradation 
phenomena. 
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Figure 2. Extracted ohmic (RΩ) and polarization resistance (Rpol) 
from the EIS-spectra @500mA/cm2. 

Impedance measurements were performed intermittently 
over the testing period (Figure 2). The polarization 
resistance shows slight variations with time. The ohmic 
resistance does not show any change up to 800 h, 
whereas a slight increase of ~4% after 1200h was 
observed. We should note here that the absolute values 
determined by EIS and the current-pulse are different. 
However, there is a good qualitative agreement between 
the results obtained with both techniques. 

0 500 1000 1500 2000
0.00

0.04

0.08

0.12

0.16

0.20

 

 

H
2 p

er
m

ea
tio

n 
(m

l/m
in

)

Run time (h)  
Figure 3. Hydrogen crossover measured in H2/N2 mode. 

The hydrogen crossover was evaluated after polarization 
measurements to follow possible changes in the 
morphology of the membrane and its mechanical integrity 
(Figure 3). The hydrogen permeation shows a steady 
increase with increasing testing time. This indicates clearly 
that to some extent changes in the membrane morphology 
occur over the operating time. We note here that the 
investigation was mainly focused on the membrane bulk 
properties, not emphasizing the interfacial properties. 

Post mortem analysis will be performed to evaluate the 
extent and localization of the membrane degradation in 
the H2/O2 inlet and in regions associated with channel and 
land areas of the flow field. 
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 MECHANICAL PROPERTIES OF STYRENE 
GRAFTED ETFE-BASED FILMS AND 
MEMBRANES 
H. Ben youcef, S. Alkan Gürsel, L. Gubler, 
A. Wokaun, G. G. Scherer  
+41 56 310 4188 
hicham.ben-youcef@psi.ch 

For the preparation of radiation grafted fuel cell 
membranes, poly(ethylene-alt-tetrafluoroethylene) (ETFE) 
base film was shown to possess superior mechanical 
properties and good resistance to irradiation in 
comparison to those of poly(tetrafluoroethylene-co-
hexafluoropropylene) (FEP) [1]. In this study, we evaluate 
the influence of the crosslinker concentration on the 
mechanical properties of the grafted films and 
membranes. It was also of interest to determine the effect 
of each membrane preparation process step on the 
mechanical properties of the optimized ETFE-based 
membrane.  

Experimental 

ETFE (25 μm, Dupont) based grafted films and 
membranes were prepared in the presence of styrene and 
the crosslinker divinylbenzene (DVB) with a fixed graft 
level (GL) of 25% (m-%) and with varying the DVB 
concentration as described previously [2]. Selected grafted 
films and membranes (converted to salt form (K+) and 
dried for 24h @ 60°C) with different DVB concentration in 
the initial grafting solution (0%, 3%, 5%, 8%, 10%, and 
15%) were tested. Samples with rectangular shapes and 
with dimensions of (1cm x 10cm) were investigated in both 
directions (machining direction (MD) and transverse 
direction (TD)). The measurements were carried out using 
Universal Testing Machine (Zwick Roell Z005) at cross 
head speed of 100 mm/min.  

Results  

Elongation at break of the grafted films and membranes 
decreases significantly while the tensile strength shows an 
increase as DVB concentration increases (Figure 1 and 2).  
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Figure 1. Elongation at break of the ETFE based grafted films 
and membranes in both directions (MD and TD) as function of the 
DVB concentration. 

Although both MD and TD results exhibit a similar 
tendency (in terms of tensile strength and elongation at 
break versus the increase of crosslinker concentration) 
slight differences are observable. 

The observed trends result from the significant changes 
occurring in the structure of the films by crosslinking. In 
fact, it is to be expected that the crosslinking has a 
negative effect on the elongation at break of the grafted 

films and membranes. Indeed, the DVB is well known as a 
stiff crosslinker, which is expected to increase the 
brittleness of the grafted films and the resulting 
membranes. Moreover, the introduction of DVB brings 
about a 3D network structure and increases the 
entanglement of chains. 

0 5 10 15
0

20

40

60

80

 

Te
ns

ile
 S

tre
ng

th
 (M

Pa
)

% DVB (v/v)

 ETFE-grafted film (MD)
 ETFE-grafted film (TD)
 ETFE-membrane (MD)
 ETFE-membrane (TD)

 
Figure 2. Tensile strength of ETFE-based grafted films and 
membranes in both directions (MD and TD) as function of the 
DVB concentration. 

It is important to evaluate the changes and damages 
caused by the preparation process on the mechanical 
properties of the film. For that aim, a comparison was 
made between the ETFE-based membrane (5% DVB and 
GL~25%) and a Nafion 112 standard under identical 
conditions (Figure 3). 

The general observation is that the major loss of the 
elongation at break occurs after the grafting process. 
Indeed, we observed a decrease of about 50% in the 
elongation at break value due to the grafting and then loss 
occurs after the sulfonation process. However, no 
significant change on the tensile strength was observed 
after grafting and only a slight loss occurs after 
sulfonation. 
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Figure 3. Comparison of the mechanical properties in MD of the 
ETFE base material with Nafion-112 based membrane during the 
overall process (irradiation, grafting and sulfonation). 

Crosslinking is a key parameter for the control of the ex 
situ properties of ETFE-based membranes. Furthermore, 
the ETFE-based membrane with 5% DVB shows 
comparable mechanical properties to a Nafion 112 
membrane and exhibits the highest elongation. Further 
investigation will be devoted to the study of the influence 
of temperature and humidity on the mechanical properties 
of these membranes. 
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 TEMPERATURE DEPENDENCE OF THE 
AMS/MAN GRAFTING ON FEP BASE FILM 
F. Wallasch, L. Gubler, G.G. Scherer, A. Wokaun 
+41 56 310 2132 
frank.wallasch@psi.ch 

The need for PEFC membranes with enhanced chemical 
and mechanical properties to obtain the required long-term 
stability is ongoing. The preparation of membranes by the 
pre-irradiation grafting procedure and subsequent 
sulfonation is a viable process [1]. The substitution of 
polystyrene as grafted component by an α-methylstyrene 
(AMS) / methacrylonitrile (MAN) copolymer extends the 
lifetime [2,3] in the fuel cell by enhancing the resistance of 
the grafted polymer against radical attack.  

Experimental 

The grafting reactions were carried out with 25 kGy pre-
irradiated FEP films (DuPont 100A, thickness 25 μm). The 
grafting solution consists of 30 % (v/v) monomers, at a 
molar ratio Rm,sol. of 1.5, 20 % (v/v) water and 50 % (v/v) 
isopropanol. The mixture was flushed for 60 min with N2 at 
room temperature for de-oxygenation. The reactions at 
temperatures between 35 and 80 °C were stopped after 
the designated time heating by passing air through the 
solution. The remaining monomers and homopolymer 
formed via chain transfer were dissolved by storing the 
grafted films in acetone for 4 h. After drying of the film at 
60 °C under reduced pressure, the degree of grafting DoG 
was calculated from the mass difference before and after 
grafting. The molar ration Rm,graft. of AMS:MAN in the graft 
component was calculated from the areas of the infrared 
absorption bands of a twisting benzene ring vibration at 
1600 cm-1 and the CN-stretching vibration 2230 cm-1, 
respectively.  

Results  

A total of ten reaction profiles in the temperature range 
from 35 to 80 °C were recorded, whereby a series of eight 
samples was prepared for each temperature. In Figure 1 
only six reaction profiles are shown for reasons of clarity. 

Different grafting behaviour was observed at the various 
temperatures. While at low temperatures (< 45 °C) the 
initial increase of the DoG and therefore the 
polymerization was very slow, a fast initial grafting without 
any delay took place at high temperatures (> 70 °C). For 
reaction times > 30 h at temperatures < 45 °C, the DoG 
was still increasing, which may be caused in a slow 
decomposition of the peroxides, formed during the 
irradiation under air. A decrease of the DoG set in after 

approximately 50 h for temperatures > 70 °C, which my be 
due to the cleavage of AMS-AMS bonds, as a 
consequence of the low ceiling temperature of AMS (61 
°C). “Typical” reaction profiles were recorded at 
temperatures between 50 and 65 °C, where at the 
beginning the profiles show a short delay, related to the 
cleavage of the peroxides, the diffusion of the monomers 
into the film, or the removal of the stabilizers present in the 
used monomers. This step is followed by a stage with a 
constant polymerization rate (linear behaviour between 
DoG and time) and for long reaction times the 
polymerization levelled off at a constant DoG, with no 
further polymerization occurring. 

The simplified kinetic model [4,5] used earlier cannot be 
applied for the fitting of the “untypical” reaction profiles and 
a more precise model has to be developed. The simplified 
model does not consider the delay at the beginning of the 
grafting process and therefore does not allow the 
calculation of kinetic rate constants for the quantitative 
comparison of the polymerization at different 
temperatures. 

In Figure 2 the DoG after 48 h of grafting is plotted against 
the temperature. The Rm,graft. and the total DoG 
(diamonds) were used to calculate the degrees of grafting 
for AMS (square) and MAN (triangle), respectively. 
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Figure 2. Dependency of the degrees of grafting, total, for AMS 
only, and MAN only, from the temperature after 48 h. 

Between a temperature of 40 and 65 °C, no significant 
changes were observed, neither in the total DoG nor in the 
ratio between the DoGs of AMS and MAN. Not shown are 
the results after 24 h of grafting, but the observed trends 
were the same with no variation between 45 and 65 °C. 

For the preparation of membranes with a certain DoG and 
Rm,graft., the variation of the temperature between 45 and 
65 °C has no influence. However, it is likely that films 
prepared at different temperature exhibit considerable 
differences in structure and morphology, such as different 
average graft chain length. Investigations into such 
phenomena are subject to ongoing work. 
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 LONG-TERM FUEL CELL TEST RESULTS 
OF AN UNCROSSLINKED, FEP BASED, 
AMS-CO-MAN GRAFTED MEMBRANE 
F. Wallasch, L. Gubler, G.G. Scherer, A. Wokaun 
+41 56 310 2132 
frank.wallasch@psi.ch 

The commercial success of fuel cells depends on the 
costs and the longevity of the catalyst as well as of the 
membrane electrolyte. A variety of ex situ characterization 
methods to probe membrane properties, such as ion 
exchange capacity IEC, proton conductivity σ, swelling, 
and hydration, is available and widely used. Some 
accelerated ex situ test methods to determine the 
durability of membranes are under discussion, for instance 
the treatment with H2O2 for the chemical degradation. 
However, the correlation of these test results to real fuel 
cell experiments is still a challenge. For the final proof of 
longevity fuel cell experiments in real time have to be 
conducted. 

Experimental 

The tested membrane was prepared by pre-irradiation 
grafting of an FEP film (DuPont 100A, thickness 25 μm) 
and subsequent sulfonation [1]. The pristine FEP base film 
was pre-irradiated with a dose of 25 kGy (Leoni-Studer 
AG, CH-Däniken) and grafted in a solution consisting of 30 
% (v/v) AMS/MAN at a molar ratio Rm of 1.5, 20 % (v/v) 
water, and 50 % (v/v) 2-propanol. The grafting co-
polymerization was carried out at 50 °C for 16 h and 
stopped by passing air through the solution. The 
remaining monomers were dissolved with acetone and the 
film dried over night at 60 °C under reduced pressure. The 
degree of grafting DoG was calculated to 32.0 % from the 
mass difference before and after grafting. The molar ratio 
Rm of AMS to MAN in the graft copolymer of 0.73 was 
determined from the areas of the infrared absorption 
bands at 1600 cm-1 (AMS) and at 2230 cm-1 (MAN). To 
obtain the essential proton conductivity, sulfonic acid 
groups were introduced by sulfonation of the AMS 
benzene ring. Therefore the film was stirred at room 
temperature for 6 h in a solution of 4.4 % (v/v) 
chlorosulfonic acid in dichloromethane. The membrane 
was rinsed twice with water to remove remaining acid and 
then heated for 8 h to 80 °C in water. The water treatment 
at 80 °C was repeated until pH 6 was reached. The results 
of the ex-situ characterization of the prepared membrane 
were summarized in Table 1. 

IEC 
[mEq/g] 

Conductivity 
[mS/cm] 

Thickness 
[μm] 

Swelling 
[%] 

Hydration 
[H2O/SO3H]

1.45 ± 0.07 103 ± 9 41.6 ± 0.6 52 ± 4 19 ± 2 

Table 1. Ex situ membrane properties 

Results  

The membrane (active area of 29.2 cm2) was assembled 
in a fuel cell, using E-TEK 140 W electrodes with a Pt-
loading of 0.5 mg/cm2 on both sides. The fuel cell test was  
performed at constant current density (500 mA/cm2) and 
temperature 80 °C, using fully humidified H2/O2 (80/80 °C) 
with a stoichiometry λ of 1.5/1.5. The cell voltage was 
continuously recorded, as shown in Figure 1 (top). The 
membrane resistance was mesured daily and the 
hydrogen permeation weekly, both are reported in Figure 
1 (middle and lower illustration).  

Figure 1. Measured cell voltage, membrane resistance, and 
hydrogen permeation as a function of time 

The cell voltage as a function of current density 
(polarization plot) and the corresponding membrane 
resistance are shown in Figure 2 for different run times. 
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Figure 2. Polarization plot and membrane resistance 

The membrane performance was stable up to 
approximately 850 h. After that the cell was operated at 
OCV, caused by a problem with the hydrogen supply of 
the test rig. The impact of this event can be seen in the 
drop of the cell voltage, the increasing membrane 
resistance, the rising hydrogen permeation, and the slope 
of the polarization curve. 

Under comparable conditions, FEP based membranes 
grafted with poly(styrene-sulfonic acid) showed lifetimes 
less than 100 hours [2]. The clear improvement of the 
AMS/MAN graft component is due to the replacement of 
the α-hydrogen by a methyl group in the vinyl group. The 
effect of MAN on the stability of the membrane under fuel 
cell conditions is under investigation. 
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 RAPID AGING STUDIES OF THE  
PSI FUEL CELL MEMBRANE  
L. Gubler, M. Schisslbauer1, G.G. Scherer 
+41 56 310 2673 
lorenz.gubler@psi.ch 

The durability of the electrolyte membrane in the polymer 
electrolyte fuel cell (PEFC) is a critical lifetime factor. Loss 
of proton conductivity, and thus cell performance, is 
associated with the loss of fixed ionic sites in the 
membrane through chemical degradation of the polymer. 
This is thought to proceed via aggressive radical species 
(HO• / HOO•) formed in situ. The loss of mechanical 
integrity of the membrane through crack or pinhole 
formation leads to catastrophic failure of the membrane 
electrode assembly (MEA).  

Conventional lifetime testing of cell components over 
thousands of hours is resource-intensive and inefficient. 
High throughput characterization of membranes and 
MEAs calls for rapid aging methodologies, whereby the 
cell is operated under more aggressive conditions to 
accelerate degradation. In this study, MEAs based on PSI 
membranes and a Nafion 112 (DuPont) standard are 
characterized using a rapid aging protocol involving both 
chemically and mechanically induced degradation.  

Experimental 

The membranes evaluated were two PSI membranes 
based on styrene grafted and sulfonated FEP (25 μm 
starting film thickness). Crosslinked membranes were 
prepared using 10 vol-% divinylbenzene (DVB) in the 
grafting solution as co-monomer to styrene. Crosslinked 
membranes have a somewhat lower conductivity, but an 
improved dimensional stability (Table 1).  
 
membrane 
 

dimensional change 
wet → dry   [%] 

proton conductivity
[mS/cm] 

g-FEP 29.0 72 ± 6 
g-FEP XL 15.1 41 ± 1 
Nafion 112 25.9 82 ± 6 

Table 1. Ex situ properties of tested membranes. g-FEP is the 
styrene grafted and sulfonated PSI membrane based on a 25 μm 
FEP film, g-FEP XL is the crosslinked version. Dimensional 
change is the area reduction when the water-swollen membrane 
is dried. Proton conductivity was measured in swollen state at 
room temperature.  

The membranes were sandwiched between two gas 
diffusion electrodes and assembled into single cells. Aging 
tests were carried out at 80 °C and 3 bara, using H2 and 
O2 as reactant gases. In order to accelerate chemical 
aging, cells were held at open circuit voltage (OCV), 
where the maximum rate of chemical degradation is 
observed [1]. Mechanical stress in the membrane is 
induced by cyclic change of the reactant gas relative 
humidity between 0 (2 min) and 100 % (2 min). The 
periodic change in membrane hydration causes build-up of 
internal stresses in the polymer, since the membrane is 
spatially confined in the fuel cell, leading to membrane 
deterioration due to fatigue [2]. This simultaneous 
exposure of the MEA to aggressive chemical and 
mechanical conditions is a powerful accelerated aging test 
to assess membrane durability.  
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Figure 1. H2 crossover, a measure for mechanical membrane 
integrity, is measured electrochemically in H2 / N2 mode.  
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Figure 2. Chemical integrity of the membrane is measured via 
high frequency resistance (HFR).  

Results  

The mechanical integrity of the tested membranes is 
monitored via electrochemical H2 crossover measurement 
(Figure 1). Both the uncrosslinked PSI membrane (g-FEP) 
and Nafion 112 start to develop faults after around 100 
and 150 h, respectively, leading to failure of the MEA. The 
integrity of the crosslinked PSI membrane (g-FEP XL), on 
the other hand, does not seem to be affected, probably 
because of the higher dimensional stability (Table 1) 
leading to less build-up of internal stress in the membrane.  

The ohmic cell resistance is a measure for the chemical 
integrity of the polymer (Figure 2). Although the cross-
linked PSI membrane remained leak tight for almost 600 h 
(2’650 wet-dry cycles), the strong increase in the 
resistance suggests notable loss of proton conductivity. 
Indeed, 90 % ionic site loss was found in post mortem 
analysis. Under constant humidification and a current 
density of 0.5 A/cm2, the g-FEP XL membrane has a 
durability of over 4’000 h [3].  

It has to be emphasized that the knowledge of aging 
kinetics (chemical / mechanical) is essential in identifying 
meaningful rapid aging test protocols. Which mechanisms 
are accelerated and to which degree ? To what extent are 
the accelerated conditions representative of the conditions 
in regular cell testing ? These questions need to be 
addressed in future studies for a quantitative 
understanding of the underlying fundamental degradation 
mechanisms.  
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 INSIGHT INTO FUEL CELL MEMBRANE  
DEGRADATION BY PULSE RADIOLYSIS 
EXPERIMENTS  
S.M. Dockheer, A. Domazou1, L. Gubler,  
G.G. Scherer, A. Wokaun, W.H. Koppenol1 
+41 56 310 4003  
sindy.dockheer@psi.ch 

The development of proton exchange membranes with 
enhanced lifetime is a critical issue in the progress of 
polymer electrolyte membrane fuel cells. Accordingly, 
understanding the mechanisms of degradation is crucial to 
improve suitable membrane materials. A complex interplay 
of mechanical, thermal, electrochemical, and chemical 
conditions favors membrane degradation in a fuel cell. 
This work addresses the issue of chemical membrane 
degradation, where hydroxyl and/or hydroperoxyl radicals 
are assumed to play a key role. The chemical mechanism 
is studied in ex situ experiments because of the 
complexity of degradation in a fuel cell. Initial experiments 
have been carried out that probe the reactivity of the 
hydroxyl radical towards model molecules that represent 
membranes based on poly(styrene sulfonic acid).  

Experimental 

The technique of irradiating dinitrogen monoxide saturated 
(24.4 mM) aqueous sample solutions with high energy 
electron pulses from a 2.0 MeV Febetron 705 accelerator 
allows the specific generation of hydroxyl radicals with 
quantitative yield, and UV/VIS spectrophotometry was 
used to follow the kinetics of radicals [1]. Doses between 5 
and 60 Gy/pulse were applied. We investigated oligomer 
and polymer solutions at concentrations from 15 – 500 μM 
and variable pH at room temperature. Poly(sodium styrene 
sulfonate) with average molecular weight 1360 
(polymerization degree 6) and with average molecular 
weight 70´000 were examined first. The relative absorption 
of transient intermediates as a function of time was 
recorded in the wavelength range from 260 - 360 nm. 
Curve fitting was carried out with exponential model fitting 
under pseudo-first-order reaction conditions or second-
order model fitting. 

Results and Discussion 

The hydroxyl radical reacts with aromatics, preferentially in 
an addition reaction to form a hydroxycyclohexadienyl 
radical. It has been reported that the addition is several 
times faster than α-hydrogen abstraction producing a 
carbon-centered radical [2]. Figure 1 shows the time 
resolved spectra of transients being formed after 
irradiation of a 30 μM oligomer solution. The hydroxycyclo-
hexadienyl radical is characterized by a broad absorption 
and accounts for the increase of optical absorption at 
higher wavelengths. Notably, the evaluation under 
pseudo-first-order reaction conditions, given that the 
[oligomer] is at least 5 times the [hydroxyl radical], 
demonstrated that the addition reaction with the oligomer 
is diffusion controlled with a rate constant of (1.3 ± 3)·1010 

M-1s-1. The best-fit curves for the decline of absorption at 
these higher wavelengths yielded a second-order rate 
constant in the order of 105 M-1s-1 for both the oligomer 
and the polymer. We attribute the increase of absorbance 
with a peak at 280 nm to the formation of a recombination 
product. 
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Figure 1. Time resolved absorption spectra of transients, norma- 
lized to 1 Gy, obtained from pulse irradiating 30 μM poly(sodium 
styrene sulfonate) with polymerization degree n=6, N2O-saturated 
solution at pH 6. 

Carbon-centered radicals, whether formed by an addition 
reaction or a hydrogen abstraction, react efficiently with 
dioxygen to produce peroxyl radicals with rate constants 
around 109 M-1s-1. Peroxyl radicals undergo a variety of 
well known decomposition reactions, some of which are 
depicted in Figure 2 [3]. 

  

  

 

Figure 2. A selection of subsequent reaction steps of peroxyl 
radicals, a) resulting in ring opening, and b) leading to chain 
scission. 

Conclusions 

Especially electron rich compounds such as aromatics are 
susceptible to attack by the strongly oxidising hydroxyl 
radical. Due to its high reactivity, this radical species 
generates an organic radical. Subsequent reaction steps 
involve formation of peroxyl radicals, which lead to direct 
chain scission in the case of membranes based on 
poly(styrene sulfonic acid).  
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 MICROSTRUCTURED PROTON 
CONDUCTING MEMBRANES BY 
SYNCHROTRON RADIATION INDUCED 
GRAFTING 
P. Farquet, C. Padeste, M. Börner1, 
H. Ben Youcef, S. Alkan-Gürsel, G.G. Scherer, 
H.H. Solak, V. Saile1, A. Wokaun 
+41 56 310 2580 
patrick.farquet@psi.ch 

Radiation-grafted proton-conducting polymers are 
promising candidates to replace the highly expensive 
Nafion®-separator membranes used in fuel cells [1]. 
Under operation conditions, mechanical stress caused by 
temperature, pressure, and water gradients can induce 
membrane tear leading to failure of the fuel cell. Selective 
irradiation of mechanically robust fluoropolymer films 
through shadow masks followed by grafting of styrene and 
sulfonation is a promising method to obtain micro-
structured proton-conducting membranes with increased 
mechanical strength. In such films shaded areas remain 
un-grafted and conserve the favourable mechanical 
properties of the pristine film [2, 3].  

Experimental 

ETFE films of 25μm and 100μm thickness were exposed 
at ANKA (Angströmquelle Karlsruhe) at the LIGA3 
beamline through high aspect ratio nickel shadow masks 
with 10-15 keV photons. The irradiated ETFE films were 
grafted using a solution of pure styrene (20%v) in an 
isopropanol/water mixture with addition of divinyl benzene 
as a crosslinker (5% (v/v)) in the monomer feed. Grafting 
reactions were performed under inert atmosphere at 60 °C 
for grafting with times varying between 105 min and 165 
min for the 25 μm films and overnight for 100 μm films. 
The grafted films were sulfonated by immersing samples 
in a 2%vol chlorosulfonic acid / dichloromethane solution 
for 5 hours, then hydrolyzed overnight in a 4g/l NaOH 
solution, and finally transformed in the protonated form by 
a 4h immersion in a 2M H2SO4. For the scanning electron 
microscopy (SEM) analysis, samples were dyed with 
cesium chloride in order to obtain a higher contrast 
between grafted and un-grafted parts.  

Results  

In this structured membranes, a perfect discrimination 
between exposed and shaded areas was observed 
(Figure 1).  

 

 
Figure 1. Cross-section of a structured proton-conducting 
membrane produced by exposing an ETFE film through a 85 μm 
thick Ni-grid with 15 μm features (90% opened area), followed by 
grafting of styrene and suflonation. 
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The grid structure is conserved after grafting all along the  
film thickness, demonstrating that grafting only occurred in  
the exposed areas of the film. 

Single fuel cell performance for different membranes is 
shown in Figure 2. The cells were operated at a constant 
current voltage (0.5A/cm2) until total failure due to 
excessive gas crossover occurred. The cell operated with 
an un-structured membrane showed a performance 
identical to the Nafion 112 one (Fig. 2). A fuel cell 
containing a structured membrane shows a twice higher 
ohmic resistance but with only a 10% loss of performance 
compared to the un-structured one. This difference in cell 
resistance between the two grafted membrane is 
assigned, first as a difference in internal resistance due 
that structured ETFE features are not contributing for the 
proton transport and second, to a higher contact 
resistance because the 3 dimensional grid shape affects 
its adhesion with the electrode. 
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Figure 2. Single cell performance after 150 hours of a reference 
Nafion 112 membrane ■ and of a structured ▲ and an un-
structured membrane •: 25 μm ETFE exposed at ANKA and 
grafted with styrene/DVB achieving 35% of degree of grafting. 
Electrodes: E-TEK 0.6 mgPt cm−2, cell temperature: 80 °C, 
reactants: H2/O2 at a stoichiometry of 1.5/1.5, gas pressure 1 bar, 
gases fully humidified. 

For both tested membranes a slight increase of the ohmic 
resistance of the membrane was observed over the time 
of operation. A tremendous loss in cell performance, 
coinciding with a sudden MEA failure, occurred at 580 
hours for the structured membrane and 320 hours for the 
un-structured one. Post-mortem analysis revealed high 
degree of degradation (>70%) at the cathode side of the 
membrane. However, the structured membrane showed a 
much smaller cathodic degradation area, it appears that 
degradation was confined in finite areas separated by the 
ungrafted ETFE features. 

High photon energy beams with high fluence produced by 
synchrotron facilities allow fast exposures at LIGA 
beamlines through Ni shadow masks. The synthesized 
microstructured membranes showed clear distinction 
between grafted and non-grafted parts. The tested 
structured proton conducting membrane showed a longer 
lifetime and only localized chemical degradation due to 
structuring than the respective un-structured one. 
However, structuring resulted in a slightly lower 
performance. Those results have to be confirmed by 
further experiments. 
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 CO2 SEPARATION MEMBRANE 
PERFORMANCE MONITORING WITHIN 
THE NANOGLOWA PROJECT  
H.C. Zellweger, A. Wokaun, G.G. Scherer, 
I.A. Schneider 
+41 56 310 2165 
hans.zellweger@psi.ch 

The goal of the European Union project NanoGLOWA, 
which is short for nano membranes against global 
warming, is the reduction of CO2 emissions as required by 
the Kyoto protocol. The combustion of fossil energy 
sources causes 13% of the European CO2 emissions. By 
the Kyoto protocol it is required to reduce the emissions by 
8% till 2010, which can be achieved by the separation of 
50% of these emissions [1]. To meet these requirements, 
the goal of the project is the development of 
nanostructured membranes for CO2 capture from power 
plants with process costs below 20 Euro/ton CO2. The 
installed membranes should be monitored with a build-in, 
smart, diagnostic technique based on AC impedance 
response. Suitable, reliable, and economical membranes 
are currently non-existing. The on the market available 
state-of-the-art technology is still very expensive. Current 
techniques like liquid sorption, cryogenic distillation, and 
solid sorption of CO2-capture vary between 30 and 60 
Euro/ton CO2 [2]. Also, the energy consumption of 25% of 
the produced electrical power should be reduced to 8%. 
From the economical point of view, the development of 
nanostructured porous material membranes has large 
scale production prospects. The project goal is not just to 
develop and to test the materials in the laboratory but also 
in the field. For this reason, it’s foreseen to test at least 3 
suitable membrane types and to develop application 
modules, which are appropriate to be implemented in 4 
different fossil-fired power plants. The organization of 
training activities and workshops (membrane 
development, production, emission reduction, and future 
power plant design for low CO2 emission) is as well taken 
into account as the establishment of new industries, with 
an increase of global competitiveness of the European 
membrane industry. Fruitful spin-offs from the project can 
be expected in the fields of nanomaterials and membranes 
(catalysis, polymer chemistry, waste treatment, cost 
reduction for hydrogen production). The project includes 
26 partners from 14 countries [3]. 

The Project 

The first step is the membrane development with the goal 
to lower the cost price for the membranes and to increase 
the performance. The following membrane types are 
investigated: Diffusion transport membranes, fixed-site 
carrier-type membranes, ionomer high voltage 
membranes, carbon molecular sieve membranes, and 
ceramic membranes. The second step is the smart 
module development for large flow with low degradation. 
At the same time the process will be developed, which 
solves the module integration into a power plant. Finally, 
the prototypes will be tested in four fossil-fired power 
plants. Beside the above mentioned process steps, a 
diagnostics tool will be developed to in situ monitor the 
performance of the membranes. 

The Diagnostic Workpackage 

The goal of the diagnostic work package (Figure 1) is the 
development of an inspection method based on AC 
Impedance Spectroscopy (IS) to continuously monitor long 
term stability, ageing, and fouling of the membranes 

during industrial applications. Further, a laboratory scale 
monitoring method is investigated for characterization of 
membranes in situ with AC impedance measurements. 
The correlation between the impedance response and the 
behavior of molecular amino groups, grafting layer, and 
water changes as well as pore size reduction and their 
influence of the performance will be carried out. This 
includes the development of a dielectric sensor based on 
a ceramic substrate, which guarantees the robustness and 
reliability in the prevailing flue gas environment. With the 
ability to detect changes in the bulk behavior of the 
membrane as well as possible fouling (gypsum, fly ash 
contamination), it can be distinguished between harmful 
and un-harmful ageing. The measurement system will be 
validated under laboratory and industrial operation 
conditions and characterized in order to optimize process 
conditions.  

The leader of the Workpackage is the PSI, which is also 
responsible for the construction of a laboratory set up to 
simulate the flue gas conditions by different mixtures of 
gases. Then AC impedance measurements will be 
conducted on membranes under these controlled flue gas 
conditions. Further, electric field distribution within the 
sensor will be modeled with focus of the impact of fouling 
effects (scaling, layer deposition, corrosion, etc.), which 
will lead to the definition of test parameters and 
“environmental” conditions of the sensor. For the Sensor 
development the project partner Laser Zentrum Hannover 
(LZH) has investigated a procedure to engrave the 
electrode structure by laser ablation. The final equipment 
development and the integration into the power plants will 
be managed by the project partner from Greece, the 
Integrated Aerospace Corporation (INASCO). This step 
will be accompanied by the Dutch coordinator KEMA, 
which is in charge of the testing and integration. Further, 
updates and information are available on the webpage 
www.nanoglowa.com.  
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Figure 1. Further news are presented on the webpage 
www.nanoglowa.com 
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 IMPEDANCE RESPONSE OF THE 
PROTON EXCHANGE MEMBRANE IN 
POLYMER ELECTROLYTE FUEL CELLS 
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Perfluorinated proton exchange membranes are used in 
Polymer Electrolyte Fuel Cells (PEFCs) as the proton 
conducting electrolyte. The ionic conductivity of the 
membrane is governed by the local water content and can 
be determined via ac impedance: At high modulation 
frequencies, the ac voltage drop across the interfacial 
electrode impedance of cathode and anode becomes 
negligibly small and consequently, the high frequency 
resistance is used as a measure for the membrane 
resistance. 
However, towards lower modulation frequencies, the ac 
voltage drop across the interfacial electrode impedance 
cannot be neglected and, consequently, the hydration 
state of the membrane can change due to varying water 
drag at the anode, and changing water concentration at 
the cathode. As an important consequence, the low 
frequency impedance response of the proton exchange 
membrane cannot be assumed to show the behavior of a 
pure resistor under conditions where the ionic conductivity 
of the membrane is a function of cell current, especially in 
case that thick membranes are used or when the cell is 
operated under low-humidity conditions. 

Principle of Measurement 

In analogy to the high frequency resistance R, which is 
commonly used as a measure for the membrane 
resistance, we define a more general complex impedance 
ZR(ω), which is used here as a measure for the membrane 
impedance. The definition of ZR(ω) takes into account (Eq 
1) that the voltage response of the membrane and 
therefore, the time dependent voltage drop ηR(t)=R(t)i(t) 
over R can show complex values at lower modulation 
frequencies, as a consequence of a changing hydration 
state of the solid polymer electrolyte with ac current ip(t).  
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Experimental 
 
Both, current step and ac impedance measurements were 
performed in galvanostatic mode in a linear 63cm2 PEFC 
[1]. The experimental conditions are shown in Figure 1a. 
In both types of experiment, a sinusoidal high frequency 
current (fhf=1kHz) was superimposed to the cell current for 
the simultaneous determination of the high frequency 
resistance R. The complex impedance ZR(ω)=ηR(ω)/ip(ω) 
was calculated after discrete Fourier transform of ηR(t) and 
ip(t). The complex impedance of the cell Z(ω)=η(ω)/ip(ω) 
was calculated after discrete Fourier transform of the time 
dependent voltage response of the cell η(t) and ip(t). 

Results 

This work was highly motivated by results obtained earlier 
in our laboratory using simultaneous local EIS and neutron 
radiography in PEFCs [2]. These measurements have 
shown that drying in parts of the cell did not only result in 
higher values for the local high frequency resistance, but 

was always associated with the formation of a large low 
frequency inductive loop (f≤1Hz) in the local impedance 
spectra of the dry region. However, the low frequency 
inductive loop was virtually absent in the local spectra of 
the flooded region of the cell and therefore, the 
appearance at low humidity operation could be associated 
with the process of hydration of the polymer electrolyte by 
product water. The impedance spectra obtained in this 
work (Figure 1a) show the same trend.  

 
 

Figure 1. (a) EIS data (5mHz≤f≤5kHz, 10pts/sec), (b) transient 
response cell voltage, (c) Fourier transformed step data vs EIS. 
 
The result of step experiments (Figure 1b, 1c) obtained 
under the same conditions reveals that the slow process 
associated with the formation of the inductive loop at low 
humidity (Figure 1a) lowers the overall polarization losses 
towards higher current density and therefore, could be 
related to the hydration of the ionomer by product water. In 
this context note that, the cell voltage responds virtually 
instantaneously under fully humidified conditions (not 
shown here). 
The contribution of losses from changing iR drop to the 
overall transient response of the cell voltage (Figure 1b) 
can be identified by evaluating the transient response of 
the high frequency resistance (Figure 2a). As presented in 
Figure 2b the iR polarization losses decrease significantly 
after the step. This effect is a consequence of slow 
hydration of the ionomer by product water after the current 
step and can account by far for the slow decay of the cell 
voltage at low humidity as shown in Figure 1b. As an 
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important result, the formation of the low frequency 
inductive loop in the impedance spectrum at low humidity 
(Figure 1a) is associated with the hydration of the ionomer 
by the product water formed at the cathode. 

 
Figure 2. (a) Transient response of R and, (b) calculated iR drop 
(200pts/sec) for sub-saturated operation of the cell. 
 
The complex impedance response of ZR(ω), which is 
characteristic for the impedance response of the proton 
exchange membrane can be calculated with knowledge of 
ηR(t) and ip(t) by using Equation 1. The time dependent 
voltage drop ηR(t)=R(t)i(t) over R was obtained by the 
measurement of the high frequency resistance 
R(t)=Rss+Rp(t) and the cell current i(t)=iss+ip(t) during the 
frequency sweep of an EIS measurement (Figure 3). 

 
Figure 3. AC perturbation current ip, ac cell voltage η and ac 
voltage issRp caused by variation of R (1Hz≤f≤5mHz). 
 
Under fully humidified conditions no oscillation could be 
detected, even at low modulation frequencies (Figure 3). 
In contrast, at low humidity, the high frequency resistance 
starts to oscillate already at modulation frequencies of 
around f=1Hz (Figure 3). The impedance spectra for 
ZR(ω), are shown in Figure 4a (f=1Hz-5mHz). Evidently, 
under fully humidified conditions, the low frequency 
impedance response of ZR(ω) shows a single point on the 
real axis. The membrane exhibits the characteristic of a 
pure ohmic resistor even at low frequencies. In contrast, at 
low humidity, the impedance spectrum of ZR(ω) exhibits an 
inductive loop at low modulation frequencies (Figure 4a). 
The inductive behavior can be explained by taking into 
account the slow hydration/dehydration of the ionomer 
(Figure 2b). Under quasi steady state conditions (f→0Hz) 

the hydration state of the membrane is virtually identical to 
the equilibrium value at a given cell current i.e., Rp(t) and 
ip(t) are out of phase (ϕ≈180°) as shown in Figure 3. Yet, 
towards higher modulation frequencies, the hydration of 
the ionomer starts to lag the ac current (Figure 3). The 
increasing phase shift between the ac current ip(t) and the 
resistance oscillation Rp(t) towards higher frequencies and 
therefore the inductive behaviour (Figure 4a) are a result 
of this effect. 
As illustrated in Figure 4c, correction of Z(ω) by ZR(ω) 
reduces the size of the low frequency inductive loop 
significantly. This shows, that the inductive response of 
Z(ω) is dominated by the impedance of  the solid polymer 
electrolyte ZR(ω). Interestingly, after correction, the 
characteristic frequency of the small residual inductive 
loop of Z(ω)-ZR(ω) is unchanged. This result indicates that 
other processes that depend upon the dynamics of 
membrane hydration with ac current contribute to the low 
frequency impedance response of the cell Z(ω). In 
particular anode kinetics must be taken into account here 
[3,4], where water is required for the hydration of protons 
(Eq 2). 
 
Pt-Had + xH20 → Pt + H(H20)x

+ + e-    [2] 

 
Figure 4. (a) Spectra for ZR(ω) (measure for membrane impedance)
and, (b,c) original and ZR(ω)-corrected spectra. 

Conclusions 

The results show that the formation of the inductive loop at 
low humidity is associated with the slow uptake and 
release of water by the bulk of the solid polymer 
electrolyte. In this context, the appearance of a low 
frequency inductive loop in the impedance spectrum of a 
low humidity PEFC is indicative of a limitation of cell 
performance by the hydration of the ionomer, due to 
product water formed at the cathode. 
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Recent progress made in our laboratory has shown that 
the formation of a low frequency inductive loop (f<1Hz) in 
the impedance spectrum of a low humidity PEFC is 
associated with the effect of water concentration 
oscillations [1]. At low frequencies the water concentration 
is no longer constant with ac current. As a consequence, 
the hydration state, i.e., the ionic resistance of the 
membrane changes with water concentration and this 
leads to oscillations in membrane resistance and to a 
complex impedance response of the membrane. 
A model is presented, which is able to describe the 
experimentally obtained complex impedance behavior of 
the membrane and the cell impedance qualitatively.  

Model and parameters 

The model is one dimensional and consists of 8 points in 
space. The model explicitly calculates the transient 
response of the water concentration, the cell voltage and 
the membrane resistance to a load step. The cell 
impedance Z(ω)=η(ω)/i(ω) is obtained from the time 
dependent cell voltage η(t) and the time dependent cell 
current i(t) after Fourier transform of the time domain data 
(Eq 1)  

∫ −= dttit )exp()()( ωηωη    [1] 

The membrane impedance is calculated in the same 
manner by using the voltage response of the membrane 
ηR(t)=i(t)*R(t) instead of η(t). 
 
Model assumptions are:   

• The gas concentration in the channels is equal to the 
concentration at the gas outlets.  

• The pressure is constant during the load step. 
Reactant concentrations are calculated from the water 
concentration at anode and cathode.  

• Channel and electrode gas concentrations are in 
equilibrium at all times.  

In the present work the transient response of η and ηR to a 
symmetrical current step of 15 mA/cm2 (duration 240s) 
was calculated for the operating conditions as stated in [1]. 
After Fourier transform of the time domain data the 
minimum frequency is 4.2 mHz. Membrane and diffusion 
parameters were taken from literature [2-4]. 

Results  

The calculated spectra for the membrane impedance 
ZR(ω), the cell impedance Z(ω) and the ‘ZR(ω) corrected’ 
spectra  Z(ω)-ZR(ω) are shown in Figure 1 for fully 
humidified and sub-saturated conditions. Though the 
model makes use of several simplifications, the 
consistency of modeled and experimental data is 
impressive. As presented in Figure 1, the membrane 
impedance ZR shows a virtually perfect inductive behavior 
at low humidity at the given operating conditions (thin 50 
μm membrane) [1]. 

Figure 1. Integral cell impedance Z, membrane impedance ZR and 
‘ZR –corrected’ impedance Z-ZR (4.2 mHz<f<833Hz) for fully 
humidified and sub-saturated cell operation [1].  
 
The calculated impedance spectra of the cell Z(ω) were 
corrected for the membrane impedance ZR(ω). As 
presented in Fig 1, there is still a low frequency capacitive 
and inductive loop left in the corrected spectrum of Z(ω)-
ZR(ω) at low humidity. This is attributed here to a water 
concentration dependent Nernst potential at the anode 
(figure 1). For the anode the following reaction scheme is 
used [5]:  

−+ +↔+ eHOxHH aq 2222     [2]  

In the model calculation (Figure 1) a stoichiometric factor 
of x=2.5 was assumed.  
Calculations have shown, that thicker membranes can 
develop also a capacitive behavior at intermediate 
frequencies (1Hz<f<100mHz), where electro osmotic drag 
becomes dominant. In addition, water concentration 
dependent (Nernst) effects, become more relevant for 
thicker membranes, as a result of the increasing water 
concentration difference between anode and cathode and 
the increasing time constant for back diffusion of water 
from the cathode.  
 
For a quantitative description of the experimental data the 
model has to be expanded. In particular, a convective flow 
in the gas channels has to be considered here. However, 
the low complexity of the present model allows easily to 
‘switch on/off’ single processes. This allows rapid insights 
into the impact of different processes on fuel cell 
impedance response.  
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Perfluorinated proton exchange membranes are used in 
Polymer Electrolyte Fuel Cells (PEFCs) as the proton 
conducting electrolyte. High water content throughout the 
membrane is important to achieve good overall proton 
conductivity. In this context, thin membranes (≤51�m) 
provide enhanced back diffusion of water from the cathode 
to the anode, which tends to become dehydrated as water 
molecules are transferred with the protons formed at the 
anode towards the cathode. It was shown that anode 
dehydration occurs at higher current densities and causes 
an overall increasing membrane resistance when thick 
membranes (>120μm) are used [1,2]. Yet, this effect was 
not observed for thin Nafion 112 membranes under steady 
state conditions [1].  
The situation is different under transient conditions. 
Several models were published in the literature, which 
scrutinize the transient behaviour of water transport in the 
membrane [3,4]. Numerical simulations have shown that 
an abrupt load change might lead to temporary 
dehydration of the anode even in case of thin membranes 
when the cell is operated under low-humidity conditions. 
Yet, this effect is expected to occur on a time scale of 
some hundreds of milliseconds and no experimental 
evidence was reported so far. In this work, we have 
characterized the local transient response of the high 
frequency resistance to load changes in a low humidity 
PEFC with a high time resolution of around 1ms. 

Results  

The local transient behaviour of the membrane resistance 
obtained under low humidity conditions is demonstrated 
here for the first time (Fig. 1) in a nine-fold segmented cell 
with linear flow field [5].  

 
Figure 1. Local transient response of the hf resistance after a 
current step (MEA: Nafion 111, TKK 70%Pt/C).  
The local transient response is governed by two 
processes: i) depletion of the water content at the anode 
due to higher electro-osmotic drag from the anode to the 
cathode after the step, and ii) higher water production rate 
at the cathode and diffusion of water back into the bulk of 
the electrolyte. 
The results show that even for a thin membrane (thickness 

25 μm) the high frequency resistance increases locally 
within a few hundreds of milliseconds after the step as a 
consequence of anode drying. Yet, as product water starts 
to rehydrate the anode the resistance passes a maximum 
and then decreases within a time frame of around 10 s as 
a consequence of the improving hydration of the 
membrane at an overall higher current density. 
The transient behaviour of water transport in the 
membrane, i.e. the interplay between electro-osmotic drag 
and water back diffusion is further illustrated in figure 2a-c 
for thin membranes of different thickness. 
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Figure 1. Integral transient response of the hf resistance (a-c) 
and cell voltage (d) (conditions as stated in Fig 1). 
 
As can be seen in Figure 2a-c the rehydration of the 
anode occurs faster when the thickness of the membrane 
material is decreased. Note that in case of the 18μm 
GORE MEA, the high frequency resistance increases only 
for large current steps, which emphasizes the overall 
superior transient behaviour of the thin 18μm membrane 
under low humidity conditions.  
Yet, the voltage loss caused by the increasing resistance 
after the step contributes significantly to the cell voltage 
and can cause temporary voltage reversal (Fig 2d) before 
a new steady state is reached. In fact, instant pinhole 
formation was observed during the experiments which 
might be attributed to temporary high local power loss 
during the transient. 
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POLYMER ELECTROLYTE FUEL CELLS 
B. Seyfang, P. Boillat, G.G. Scherer, A. Wokaun 
+41 56 310 2092 
bernhard.seyfang@psi.ch 

Micro fuel cells are expected to be a possible replacement 
for Li Ion batteries as energy source for handheld devices, 
such as laptops or cell phones. The main reasons are a 
higher specific energy as well as fast recharge [1]. At PSI, 
a concept for a Micro PEFC was developed and first cell 
tests delivered a power density of 425 mW/cm2 [2]. During 
operation, irregular water removal form the cell is 
observed as well as a steep decrease of the cell voltage at 
a limiting current density of ~1 A/cm2. 

Neutron radiography to detect liquid water in operating 
PEFCs has been carried out in our laboratory for several 
years [3]. By application of novel scanning methods, the 
resolution of the radiograms could be improved 
substantially such that it is possible to observe water even 
across  the membrane-electrode-assembly (MEA) [4].  

Experimental 

The micro fuel cell consists of two micro-structured glassy 
carbon plates, which are separated by a catalyst-coated 
membrane (Nafion 112; Tanaka catalyst, Pt/C 40%, 
anode: 0.15 mgPt/cm2, cathode 0.25 mgPt/cm2). The seven 
channel flow fields were shaped in meander form. To 
distinguish between the particular channels in in-plane 
mode, a horizontal meander was chosen.  A special 
housing was designed for neutron radiography 
experiments. Here, material of choice is aluminium, due to 
its low interaction with neutrons.  

 
Figure 1. Two flow fields with a horizontal seven channel 
structure and a CCM in between. The arrows show the direction 
of the neutron beam.  

Neutron radiography experiments were carried out at the 
ICON beamline of the spallation neutron source SINQ at 
PSI. By tilting the neutron detector, a resolution of up to 
2.5 μm/pixel could be achieved across the MEA plane [4]. 

The fuel cell was operated at a temperature of 50°C 
during all experiments; the gases had a relative humidity 
of 80 %; stoichiometries were 1.7 for H2 and 2.1 for O2.   

Results  

The irregular water removal from the cell, which is 
described above, is accompanied by fluctuation in both, 
the cell voltage and the pressure drop along the flow 
fields. This behaviour can be studied by through-plane 
neutron radiography. The two micrographs in Figure 2 
were recorded at a current density of 750 mA/cm2. On the 
left hand side, one can easily see two channels that are 

filled with water. Twelve minutes later, when we recorded 
the radiogram on the right hand side, only one channel is 
filled with water. Quantification of the signal reveals that 
the channels, which are 110 μm deep, are completely 
filled with water.  

Figure 2. Radiograms (through plane) recorded at 750 mA/cm2 
and a time difference of 12 minutes (left to right). The inner 
channel is completely filled with water (left), while it has been  
removed at once (right). 

We assume that mass transport is hindered at these spots 
and the reaction continues in non flooded areas of the cell, 
until water accumulates there too, leading to a draining of 
the completely filled channels, due to the increased 
pressure drop. 

 
Figure 3. Radiograms (in plane) recorded at 250 (a) and 750 
mA/cm2 (b). On the cathode side, a water layer is visible at the 
boundary of cathode flow field (C) and membrane (M). 

The steep decrease of the cell voltage at a limiting current 
density of ca. 1 A/cm2 can be explained by another effect. 
In-plane neutron radiography gives evidence that a water 
layer is formed at high current densities directly on the 
catalyst layer (Fig.3). As a consequence, the access of 
gas to the active sites is hindered.  
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Water management is a critical topic in Polymer 
Electrolyte Fuel Cells (PEFCs): Water is required for the 
proton conductivity of the electrolyte, but can impede the 
access of gaseous reactants to the respective interfaces. 
Therefore, knowledge of the relationship between local 
operating conditions (e.g. gas flow humidities), water 
distribution and cell performance is of high interest for the 
improvement of this technology. Taking advantage of the 
recent improvements in spatial resolution realized at the 
ICON neutron radiography beamline of the SINQ 
spallation source at PSI [1,2], this relationship was studied 
to give a new in-sight in the transport processes occurring 
in an operating PEFC. 

Experimental 

A new fuel cell was designed, which allows in plane 
imaging with the flow channels parallel to the neutron 
beam, as shown in Figure 1. Thus, it is possible to 
distinguish in the in plane images the areas under the ribs 
and under the channels of the flow fields. The flow fields 
were made of 4 parallel flow channels machined into 
graphite plates (Sigracet BMA 5, SGL Carbon Group, 
Germany), with rib and channel width of both 1mm and 
channel depth of 0.5mm. The active area was 0.5cm x 
1cm. The membrane electrolyte assembly (MEA) was 
symmetrical and consisted of a catalyst coated membrane 
(Nafion 112 with 0.5mgPt/cm2 on each side, Paxitech, 
France) plus carbon cloth gas diffusion layers (GDL) 
including a microporous layer (Elat LT1400W, Pemeas E-
Tek, USA). The cell was sealed using PTFE gaskets.  

Figure 1. Design of the fuel cell for in plane imaging (ac-
tive area is 0.5 cm2). For the sake of simplicity the cell
housing is not shown here. 

This cell can be seen as a differential cell, meaning it is 
not intended to be operated as technical device but is 
used as a model cell to approximate local conditions in a 
technical sized fuel cell. Therefore, the gas flows are fixed 
to generate flow velocities in the same range as those of a 
technical fuel cell, not to correspond to realistic 
stoichiometries. 

In order to study the effect of liquid water quantity and 
distribution on the cell performance, the cell was kept 
working at a current density of 1 A/cm2, while varying 
separately the humidification of the anode and cathode 
gas flows. A total of 35 combinations of relative humidities 
ranging from 60% to 110% on the anode side and from 
0% to 110% on the cathode side were tested (110% 
“relative humidity” means that also some liquid water is 
brought into the cell). The cell was operated on H2 and air 
at a constant temperature and pressure of respectively 
70°C and 2 bars absolute. 

Results and Discussion 

The radiograms corresponding to three selected con-
ditions are show in Figure 2. At middle humidity levels 
(Figure 2b), a strong separation of the water content can 
be observed in the cathode side GDL, virtually all liquid 
water being concentrated under the ribs. At higher 
humidities (Figure 2c), the distribution is more 
homogeneous and the trend is even inverted: the water 
content is slightly higher under the channels than under 
the ribs.  

Figure 2. (a-c) In plane Neutron Radiograms of a PEFC 
showing the water distribution at 1A/cm2 for different inlet 
relative humidities at the anode/cathode: (a) 60% / 0% (b) 
110% / 40% (c) 90% / 110%; (d) relationship between 
average water content and cell performance. 

The relationship between the average water content in the 
MEA and the cell voltage is shown in Figure 2d by plotting 
these values for the 35 different conditions tested. As 
expected, both, excessively dry (Figure 2a) and 
excessively wet (Figure 2c) conditions have a negative 
impact on cell performance. 

Conclusion 

In plane neutron radiography was used successfully for 
unravelling the correlations existing between operating 
conditions, water distribution, and cell performance. For 
the materials combination used here, a strong effect of the 
rib/channel structure on the water distribution in the gas 
diffusion layers was observed and the correlation between 
water content and performance was established. 
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Current limitations in polymer electrolyte fuel cell (PEFC) 
technology are insufficient durability and reliability of the 
materials and their high cost. PSI is developing fuel cell 
membranes based on the radiation grafting technique, 
which are potentially cost-effective and allow tailoring of 
the composition in a wide range. We have shown that the 
degradation of the membrane, caused by the loss of the 
fixed ionic sites, is not homogeneous over the 
electrochemically active area [1]. In particular, there 
appear to be distinct differences in the extent of 
degradation between membrane regions facing channel 
and land areas of the flow field (Figure 1). In the study 
reported here, the effect of operating conditions and 
membrane type were more thoroughly investigated.  

MEA

flow 
field

lands

land

channels

cha
nne

l

 
Figure 1. Schematic of the single cell configuration. The 
membrane electrode assembly (MEA) is sandwiched between 
two flow field plates (only bottom plate shown) for distribution of 
reactant gases through channels and current collection via lands. 

Experimental 

A series of styrene grafted and sulfonated PSI membranes 
based on 25 μm FEP films were artificially aged in single 
cell tests and, subsequently, analyzed using infrared 
spectroscopy for the extent of degradation in regions 
associated with channel and land areas of the flow field 
[1].  

To maximize effects of different operating conditions in 
channel and land areas, a cell with 2 mm wide channels 
and lands, respectively, was used (16 cm2 active area).  

Tests were carried out with uncrosslinked membranes 
(g-FEP) and crosslinked ones (g-FEP XL) as model 
systems. The operating conditions were 80 °C cell 
temperature, H2 / air reactant, 3 bara pressure and 50 % 
relative humidity. One set of experiments was carried out 
at open circuit voltage (OCV). For high current density 
aging, the g-FEP XL membrane was operated at a 
constant voltage of 0.2 V (resulting current density 
~0.5 A/cm2), for the (uncrosslinked) g-FEP membrane, 
fully humidified H2 / O2 was used to enable operation at 
2.25 A/cm2.  

Results  

Through comparison of the infrared band intensity of 
sulfonic acid groups in the membrane before and after the 
aging test, the extent of degradation can be determined. 
Local analysis in channel and land areas was possible 
through the use of a slit mask. As an example, the local 
degradation in the g-FEP membrane operated at high 
current density is shown in Figure 2. The degradation in 
regions associated with lands appears to be substantially 
higher compared to channel areas.  
                                                      
1 Fachhochschule Amberg-Weiden, Germany 

The overview of the post mortem analysis is presented in 
Table 1. Following insights can be gained from the results:  

• Degradation is lower in crosslinked membranes. 
Crosslinking is an effective means to improve 
membrane durability [2].  

• On average, the degradation rate is higher at OCV. 
OCV hold tests are therefore often used as 
accelerated tests to assess chemical membrane 
stability.  

• Under OCV conditions, higher degradation is 
observed in the channel areas compared to the land 
areas. This could be a consequence of higher local 
reactant concentration in the channel areas. 

• No degradation following high current operation was 
observed for the crosslinked membrane. However, 
the uncrosslinked membrane showed substantial 
degradation in the land areas, whereas degradation 
was almost negligible in channel areas. This 
contrasts with the result obtained at OCV. The 
reason for this partitioning is unclear at this point. It 
may be related to the local differences in operating 
conditions (current density, temperature, potential, 
reactant, and water concentration).  

Understanding fuel cell membrane degradation on a local 
scale is essential in gaining insight into fundamental aging 
mechanisms and their correlation with local operating 
conditions influenced by flow field geometry.  
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Figure 2. Local degradation analysis of an uncrosslinked PSI 
membrane operated at a current density of 2.25 A/cm2 for 142 h. 
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Table 1. Overview of local membrane degradation for crosslinked 
(XL) and uncrosslinked PSI membranes operated at open circuit 
voltage (OCV), i.e. no current, and at high current, respectively. 
The denoted times in hours indicate the duration of the test.  
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Gas diffusion layers (GDLs) in Polymer Electrolyte Fuel 
Cells are collecting current from the catalyst layers and 
simultaneously allow access of gases to the reaction 
zones. Especially at high current densities the gas 
diffusion is strongly hindered under the ribs of the 
flowfield.  

The influence of PTFE and Micro Porous Layer treatment 
on the anisotropic, effective diffusivity of different carbon 
paper GDLs has been experimentally investigated for the 
first time [1]. For this investigation a novel electrochemical 
diffusimetry method was applied and further developed 
[2]. The measured relationship between effective relative 
diffusivity and porosity was correlated with a unit cell 
model in order to abstract the results and support further 
optimization. The unit cell consists of two regularly 
spaced ellipsis representing fiber sections and in-plane 
(ip) and through-plane (tp) oriented flaps. For more 
complex materials a secondary porosity εs was 
introduced. The width was adapted to meet the porosities 
of the measurements at different compressions. The 
effective diffusivity of the unit cell was calculated with 
conformal maps [3]. Finally there were three fit 
parameters. These parameters could be attributed to GDL 
structural properties. HB was associated with binder 
agglomerated in the corner of crossing fibers. HA was 
correlated to PTFE that is clogging the ip diffusion while 
the secondary porosity was interpretated as an intrinsic 
property of the binder. 

Results and Discussion 

The resulting unit cell geometries and the corresponding 
diffusivities are compared with the measured data in 
Figure 1. The fit parameters are indicated in the figure. 
The predicted curves match the measured data above a 
relative thickness of about 50%. At stronger compressions 
the unit cell quickly approaches a percolation threshold 
where the diffusion halts. In reality the percolation 
threshold porosity is lower than predicted by the unit cell 
model due to structural deformations.   

In order to fit the basic Toray GDL material without PTFE 
(TGP-H-060) the ip flap length HB was sufficient. With 
increasing PTFE content both ip and tp flap lengths are 
growing reducing diffusivity in both directions. 
Consequently an optimum PTFE content is expected. For 
SIGRACET® GDL25 with a high binder content, the 
secondary porosity was required. The small anisotropy of 
this material is given by the large amount of isotropic 
binder and similar ip and tp flap lengths. 

Conclusion 

The unit cell model provides a simple and useful tool for 
abstraction and correlation of measured diffusivities with 
GDL structures. It contributes to the understanding and 
further optimization of GDLs. 

 

 
Figure 1. Unit cell and measured diffusivities as a function of 
porosity. Dashdoted lines represent ip and dashed lines tp 
diffusivites of the unit cell. The insets show the real, 
uncompressed unit cell configuration. The gray lines are iso-
tortuosity levels. 
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J. Bernard1, S. Delprat1, T.M. Guerra1, R. Kötz, 
F.N. Büchi  
+41 56 310 2411 
felix.buechi@psi.ch 

In a Fuel Cell Hybrid Vehicle (FCHV), the fuel cell system 
is power assisted by an energy buffer (battery or 
supercapacitor). The hydrogen consumption and the 
vehicle dynamic performances therefore rely on the one 
hand on the power management strategy and on the other 
hand on the energy buffer specifications (specific energy, 
specific power, efficiency). To analyse these aspects, a 
test bench has been developed to emulate the energy 
flows in a FCHV and component properties on a reduced 
scale. 

Experimental setup  
The hardware-in-the-loop (HiL) test bench is split into two 
distinct sets as shown in Figure 1: 

1. Emulation: the vehicle is simulated by a computer and 
the motor power demand is reproduced by an 
electronic load and power supply. Simulation of 
“kinetic” energy recovery is also possible. 

2 Hardware: the core is a 1kW fuel cell system 
(PowerPac [1]); the energy buffer is either a battery or 
a supercapacitor.  

In the setup, the bus voltage is imposed by the energy 
buffer and the fuel cell system power is controlled with a 
DC/DC converter. For the vehicle emulation, the power 
demand simulated on the computer is scaled according to 
the power capabilities of the hardware. In addition to the 
vehicle simulation, the computer is also used for system 
monitoring (fuel cell system temperature, stack 
pressure…), data acquisition, and integrates high level 
controls such as the power management strategy. 

 
Figure 1. Experimental setup of the hardware in the loop test 
bench.  

                                                      
1 Laboratoire d’Automatique, de Mécanique et d’Informatique 
Industrielle et Humaine, UMR CNRS 8530, Université de 
Valenciennes et du Hainaut-Cambrésis, France 

Results 

A – Power management strategy 

The goal of the control strategy is to define an 
instantaneous power split between the fuel cell system 
and the energy buffer; it should fulfil the motor power 
demand while respecting the hardware constraints and 
minimizing the hydrogen consumption. The considered 
strategies are charge sustaining, i.e. the energy buffer is 
never recharged externally. The results shown in Figure 2 
were achieved with a predictive control strategy derived 
from optimal control theory [2, 3]. 
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Figure 2. Simulation of light duty vehicle (1600 kg) driving outer-
urban cycle. Scaled HiL powertrain: fuel cell 1 kW and 8 x 
2.5V/1200F supercapacitors (SC). 

B – Energy buffer 

Two different energy buffers were considered: i) 
8x2.5V/1200F supercapacitors and ii) a 12V/18Ah lead 
acid battery. The two technologies were intensively tested 
on urban, outer-urban and highway driving cycles with 
different control strategies.  

With respect to the hydrogen consumption, the results 
achieved with supercapacitors were better than those 
achieved with the battery. This is related to a better 
charge/discharge efficiency and a lower mass in the first 
case. However, the high energy capacity of the battery 
offers more flexibility in the power management strategy 
and in the management of the fuel cell system. 
Considering a battery with better specifications (efficiency, 
mass) may improve the results.  

Conclusions 

The hardware in the loop emulation is an interesting rapid-
prototyping solution for analysing components, energy 
flows control strategies and specifications of a FCHV with 
a fast and low cost set-up.  
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 INVESTIGATION OF THE PORE- 
STRUCTURE OF GAS DIFFUSION LAYERS 
BY MICRO COMPUTER TOMOGRAPHY 
R. Flückiger, M. Stampanoni, F. Marone,  
A. Wokaun, F.N. Büchi 
+41 56 310 4189 
reto.flueckiger@psi.ch 

In polymer electrolyte fuel cell (PEFC) research the 
understanding of mass transport limitations on all scales 
is of prime importance for the optimization of the involved 
structures. For collecting current over the channels and 
to provide access for the gases under the flow field ribs, 
porous structures, so called gas diffusion layers (GDL), 
are employed. The anisotropic porosity and high 
tortuosity of these materials [1] strongly affect and limit the 
mass transport through the porous structure, which in turn 
has a strong influence on the current distribution [2] and 
fuel cell performance.  

The GDL materials consist of carbon fibers of typically few 
micrometers diameter (6–8µm). They are sintered with a 
carbonaceous binder and have a pore size distribution in 
the range of tens of micrometers. Due to orientation of the 
fibers, the pore structure is highly anisotropic. The 
materials further contain PTFE to increase hydrophobicity, 
whose inhomogeneous structure and distribution also 
strongly affects the connectivity of the pores. An additional 
hydrophobic Microporous Layer (MPL) between catalyst 
layer (CL) and GDL improves the electric contact to the CL 
and enhances the water management of the cell. In the 
PEFC application GDL materials are compressed. 
Therefore the changes of the pore structure as function of 
the compression is of high scientific interest. 

Experimental 

Preliminary Micro Computer Tomography (µ-CT) 
experiments have been made in 2003 by Andreaus et al. 
[1]. Their main problem was insufficient resolution and 
contrast between the different phases. Recently published 
data with 10 µm resolution was not sufficient to identifiy 
single carbon fibers [2]. No high resolution measurements 
have been made investigating compression, PTFE and 
MPL influence so far. The goal of the present study is to 
determine the anisotropic pore structure of GDL materials 
and to correlate with effective transport properties. For this 
the X02DA TOMCAT beamline at the Swiss Light Source 
(SLS) was used. Synchotron radiation was required due to 
sub-µm structures.  

 

Magnification Field of view / mm2 Pixel size / µm 

1.25x  11.4 x 11.4 5.6 x 5.6 

2x  7.15 x 7.15 3.5 x 3.5 

4x   3.58 x 3.58 1.75 x 1.75 

10x  1.43 x 1.43 0.7 x 0.7 

20x  0.72 x 0.72 0.35 x 0.35 

Table 1. Resolutions and field of view at TOMCAT beamline. 

 
Table 1 shows the available resolution and field of view 
combinations. The resolution of 0.7μm was chosen, 
resulting in a maximum field of view of 1.43mm x 1.43mm. 
A special sample holder (inset in Figure 1) was designed 
to carry a sample with 1.3 mm diameter and allow for 
compression. The device had to be able to compress the 
samples with a specific force up to 10 MPa. Furthermore 
the overall X-ray transmission had to be around 0.3 for an 
optimum contrast. These requirements were met with 
TORLON 4203, a polyamide-imide with small x-ray 
absorption and high tensile strength. The compression 
was adjusted by a screw and a torque meter. Figure 1 
shows the endstation of the TOMCAT beamline where the 
sample holder is installed. 

The GDL samples were exposed to an X-ray beam of 
10keV while rotating by 180°. The transmitted radiation 
was received by a scintillator and recorded by a CCD 
camera. For one sample 2000 views were taken at 
different angles and reconstructed to in-plane and 
through-plane slices. From the 2D information 3D surfaces 
were generated using the visualization tool Amira®. For 
the reconstruction every pixel of a slice was asigned to 
pore-, fiber- or MPL-phase. 

Results and Discussion 

In Figures 2 and 3 the same section of the basic Toray 
TGP-H-060 GDL without PTFE is visible at two 
compression ratios. The comparison reveals that the 
blocks of binder between the fibers are mechanically 
stable and do not deform. Instead they shift into 
neighboring pores if present. This results in highly dense 
regions with porosity near zero. These regions prevent in-
plane mass transport which is essential under the rib. The 
fibers show an elastic behavior as no broken fibers were 
found in the compressed sample. Figure 4 shows the 
segmented 3D surface of an MPL-coated TGP-H-060 
paper. The thickness- inhomogeneity and intersection of 
the MPL with the GDL substrate is cleary visible. Hence 
the two layers can not be considered separately. In Figure 
5 the reconstruction results of the SIGRACET® GDL24 
without PTFE are shown. Toray materials contain a low 
fraction of solid binder with low porosity while GDL24 
contain a large amount of highly porous binder. It was 
possible to reproduce this binder with its thin structures. 
Due to its high porosity and inhomogeneity, continuous 
through-plane pores are visible in the top view. 
Furthermore the fiber distribution is less homogeneous 
than in Toray papers resulting in larger mean pore 
diameters of about 50μm as compared to 30μm for Toray 
material.

 
Figure 1. Endstation of X02DA TOMCAT beamline with sample 
holder, scintillator and CCD camera. The inset shows the specially 
designed sample holder. 
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Figure 2. 3D surface of Toray TGP-H-060 without PTFE at a 
relative thickness of 0.62. The uncompressed thickness was 
200 μm.(All figures in color on-line) 

 

 
Figure 3. 3D surface of TGP-H-060 from Toray without PTFE at a 
relative thickness of 0.35. The uncompressed thickness was 
200 μm. 

 

 
Figure 4. 3D surface of TGP-H-060 with 20% PTFE and MPL 
(orange phase) at a relative thickness of 0.48. The uncompressed 
thickness was 230 μm. 

 

 
Figure 5. 3D surface of GDL24 from SGL without PTFE at a 
relative thickness of 0.85 The uncompressed thickness was 172 
μm. 

Conclusion 

Micro Computer Tomography images of GDL materials 
have been successfully measured and analyzed. The 
important influence of compression, hydrophobic agent 
distribution and MPL-coating on the pore structure was 
investigated for the first time with the presented details. A 
pixel size of 0.7μm was sufficient to capture the smallest 
structures. However, to reduce the amount of data binning 
must be considered in future campaigns. 

This first campaign was a success as it opened up 3D 
structural insights into GDLs that could not have been 
obtained by other means. SEM and light microscopy only 
resolve the outermost structure. The inner pore-geometry 
is valuable information for determination of a multitude of 
effective transport parameters. The data is also of prime 
importance to GDL manufacturers for optimizations. 
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 PEFC: INFLUENCE OF FLOW FIELD 
GEOMETRY ON INTEGRAL 
PERFORMANCE AND THE CHANNEL-RIB 
CURRENT DISTRIBUTION  
M. Reum, F.N. Büchi 
+41 56 310 2127 
mathias.reum@psi.ch 

In PEFCs, the correlation of integral cell performance to 
the geometrical flow field structure has been investigated 
in numerous publications. It was found that sizing of 
channel and rib dimensions is connected to balancing 
losses from diffusion- and electrical resistance limitations 
[1]. At PSI, we are able to gain further insight into these 
relations by applying our recently developed method for 
measuring the sub-millimeter current distribution across 
the channel and rib domains of the flow field structure [2]. 
Integral cell performance is mainly fostered by a uniform 
current distribution, which is also coupled to a 
homogeneous compression of the GDL. 

Experimental 

12 cells (1.3 cm2) with different flow field geometries were 
operated at the same conditions (H2/O2, rhAn/Cath = 0.4, Tcell 
= 70°C, pcell = 1.5 barabs, 0.2 l/minconstant flow). The rib- and 
channel sizes were varied between 3.0 and 0.5 mm, 
respectively. The rib ratio is thereby defined as the fraction 
of cell area in a repetitive unit, which is covered by a rib. In 
the presented experiments, the values range from 20 to 
80%. Low values stand for wide channels, and high values 
stand for wide ribs; a value of 0.5 means that channel and 
rib have the same size. After measuring the U-I curves, 
the cells were operated at 0.6 V in order to compare the 
local current distributions at this point.  
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Figure 1. Correlation of channel-rib sizing and integral cell 
performance, H2/O2, rh = 0.4, 70°C, 1.5 barabs, 
a) integral cell performance as a function of the rib ratio, 
potentiostatic operation at 600 mV;   
b) U-I-curves for selected flow field geometries with reduced rib 
sizes (left diagram) and reduced channel sizes (right diagram). 

 

Results and Discussion 

Figure 1a) shows the integral cell performance for 12 flow 
field geometries under potentiostatic operation at 0.6 V. A 
positive linear correlation can be observed between cell 
performance and the rib ratio of a repetitive unit, implying 
a loss reduction when more cell area is covered by a rib. 
Inspection of the graphs in Figure 1b) confirms this finding 
for a wider load range. The U-I-curves show 5 selected 
cells with increasing rib ratio, it can be seen that cell 
performance rises with wider ribs and smaller channels, 
respectively. However, this holds true only for the potential 
range above 0.5 V. At high load, where mass transport 
limitation is the major overvoltage, the cells with smaller 
rib ratios reach higher limiting currents in most cases. To 
understand the behaviour at low and medium load, the 
local currents are compared at 0.6 V. Figure 2 shows that 
the difference between the current produced under 
channel and rib, respectively, is decreasing when the 
channel size is small compared to the rib size. 
Nevertheless, it can be noticed that the cell performance is 
better when the rib ratios are high, which coincides with 
more uniform current distributions for the respective 
geometries.  
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Figure 2. Locally resolved current distributions across two repetitive 
flow field units (1 channel and 2 adjacent half-ribs) for the 5 cells 
from Figure1b), the rib areas are marked with bars, potentiostatic 
operation at 600 mV. 

These results clearly show a relation between uniform 
compression and cell performance. By altering the 
channel- and rib dimensions, the diffusion pathway length, 
electrical resistance, and water management in the GDL 
are changed. Unexpectedly, shortening the diffusion 
pathways leads to a decrease of both, channel and rib 
currents. The reason for this may be found in the 
interference of water management and electrical 
resistance. With a wide channel, the cell is likely to dry out 
due to increased water removal. In fact, long diffusion 
pathways towards the reaction layer are avoided, which 
explains the promotion of channel currents in the case of 
low rib ratios. The higher ionic resistance may on the other 
hand cause losses in integral performance. Additionally, 
the electric resistance in cells with a high relative area of 
rib-compressed GDL is decreasing. However, this effect 
alone can not explain the observed improvements. 
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 MEASURING THE MEMBRANE 
RESISTANCE IN PEFCS WITH CHANNEL-
RIB RESOLUTION 
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The recently developed method for measuring the local 
current distribution on the channel-rib scale using filigree 
voltage probes [1] allows for obtaining additional 
information by analyzing the transient cell behaviour. 
When the distribution of local current is known during an 
intergral current pulse, locally resolved membrane 
resistance can be obtained from the ratio of the immediate 
change in cell voltage and the locally observed shift of the 
current distribution. 

Principle and Experimental 

When a cell is operated under stationary conditions, the 
distribution of local potential (probe signal) φ(x) is 
averaged over time and denoted as φ(x)t1. As a current 
step Δj is applied, the answer of the potential distribution 
φ(x)t2 as well as the immediate cell voltage change ΔUcell is 
measured (see Fig.1). In order to fully avoid the regime of 
other overvoltages than ohmic drop, the rate of the 
measurement needs to be in the order of few micro-
seconds [2].  
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Figure 1. Principle of local resistance measurement: 
a) the cannel-rib potential distribution is recorded during a 
perturbation of cell current, b) the distribution before and after the 
step is identified and the current is calculated, c) the resistance 
distribution Ri s obtained from ΔUcell  and the local Δji during the 
step. 

According to the formerly introduced principle of the sub-
mm current measurement, both potential distributions at 
φ(x)t1 and φ(x)t2 are transferred into current density 
distributions (Fig.1b). If the measurement is fast enough, 
the difference Δji at a coordinate i stems solely from the 
local ohmic resistance. The resistance distribution is finally 
obtained from division of ΔUcell by the local Δji (see Fig.1c). 
The integral resistance obtained from the sum of the 
parallel resistors Ri has to match the integral resistance 
obtained by dividing ΔUcell by the integral current step Δj. 

Resistance distributions were measured for a number of 
operating conditions. The sampling rate of the 
measurement setup allows for a time resolution of less 
than 10 μs. However, with the present set-upthe limiting 
factor is the current switch time of the electronic load, 
resulting in a time delay of 50-70 μs between t1 and t2. The 
measurement is therefore considered rather “slow” and 
may lead to slightly overestimated resistances. 

Results and Discussion 

A cell with a Nafion®112-membrane was operated with 
H2/Air at different gas humidities (rh = 0.0, 0.1, 0.4, 1.0). 
Figure 2 shows that the integral cell resistance drops from 
0.3 to less than 0.1 Ωcm2 when the humidity is increased 
from dry to saturated gases. The corresponding resistance 
distributions show that the observed changes stem 
predominantly from the channel area. In the case of dry 
gases (rh = 0.0), a significant maximum is observed under 
the channel. Operation on moist or saturated gases on the 
other hand seems to promote the humidification of the 
ionomer at this location, leading to a lowered resistance 
compared to the rib areas. 
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Figure 2. Integral ohmic resistance and local resistance 
distributions (insets, ribs pointed out by black bars) for different 
humidities of both electrodes; cell operated on H2/Air, 70°C, 1.5 
barabs. 

These results show that despite certain drawbacks in 
measurement accuracy, the current step technique can 
reproduce the behaviour of membrane resistance for 
Nafion® found in literature [3]. Furthermore it provides 
information on the spatial origin of resistance limitations, 
i.e. that ionic resistance increases predominantly in the 
channel area under operation with dry gases. 
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 LOCAL ONLINE GASANALYSIS IN PEFCS 
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Even though some remarkable polymer electrolyte fuel cell 
(PEFC) durability test results have been published i.e. in 
[1], degradation is still a major problem for the 
commercialization of the technology. One critical part of 
PEFC fuel cells in terms of degradation is the membrane. 
It is known, that gas permeation lowers membrane 
lifetime, but the mechanisms are still not fully understood 
[2,3]. Besides emission rate measurements of membrane 
constituents, gas permeation data is an indicator of the 
actual state of the membrane. A novel gas analysis test rig 
was built for measuring online and in-situ the local 
composition of the fuel cell gas streams. Helium is used as 
an indicator for the membrane hydrogen permeation 
characteristics. 

Experimental 

The cell for local gas analysis has an active area of 
200cm2 and linear graphitic flow field plates. Nafion 112 
and E-Tek A6 Elat V2.1 electrodes were used for the 
membrane electrode assembly. The cell is equipped with 
3 heated gas extraction ports along the flow field channels 
to access the gas at the inlet, mid and outlet of the active 
area on the cathode side. The extracted gas is conducted 
through fully heated capillaries and fed to the vacuum 
chamber of a Pfeiffer Prisma mass spectrometer system. 
5.2 % Helium is added to the anode side gas stream in 
order to characterize online the local permeation 
characteristics of the membrane by analyzing the helium 
concentration on the cathode side. Figure 1 shows the gas 
species concentration along the cathode flow field. Air is 
fed at port 1 position on the cathode side, while hydrogen 
flows on the anode side from port 3 to port 1 in 
counterflow mode. 

Results 

The concentrations of the cathode side gas species is 
shown in Figure 1. The dashed lines show reference 
measurements with air at open circuit conditions. The solid 
lines show the decrease of oxygen, the associated 
increase of the nitrogen content and the fraction of argon 
along the flow field channel under load conditions. Figure 
2 illustrates the helium permeation through the membrane 
under different operating conditions. The dashed curve 
marks the cathode side helium background without helium 
addition on the anode side. The solid lines are 
measurements with 5.2% helium addition to the fuel gas 
under open circuit and load conditions. The helium 
accumulation from cathode inlet to the cathode outlet is 
visible. Under 20A load the helium permeation increase is 
40% in comparison to the open circuit case. Reference 
hydrogen permeation rates of Nafion 112 membranes 
were electrochemically measured in cells with serpentine 
flow fields of the same dimension under comparable 
operating conditions. These measurements showed a 
hydrogen permeation rate of 0.9 mA/ cm2 for new 
membranes under the given operating conditions. This 
reference value for hydrogen permeation and the given 
stoichiometries result in an expected virtual hydrogen 
concentration of 110 ppm at the cathode outlet. If we 
neglect differences in membrane permeation 
characteristics of hydrogen and helium, the measured 
helium permeation rate can serve as an indicator of the 
hydrogen permeation. The local gas analysis shows a 

background corrected helium concentration at the cathode 
exit of 114 ppm in open circuit and 168 ppm under 20A 
load condition (see Figure 2). These results show that the 
online measured helium permeation can serve as a good 
indicator of the local membrane permeation characteristics 
and thus for the membrane degradation state. 
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Figure 1. Species concentration along the cathode channel 
determined by in-situ mass spectrometry. Cathode: air, Tdp=60°C, 
λ=2, p=1.5 bar; Anode: hydrogen, Tdp =60, λ=1.5, p=1.5bar; Tcell 
=75°C. 
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Figure 2. Helium concentration along the cathode channel 
determined by in-situ mass spectrometry. Anode side helium 
addition 5.2%. Cathode: Tdp=60°C, λ=2, p=1.5 bar; Anode: Tdp=60, 
λ=1.5, p=1.5bar; Tcell =75°C, 5.2% dry helium addition. 

Conclusions 

Using a new gas analysis test rig the correlation between 
helium and hydrogen permeation through Nafion 112 
membranes is demonstrated. In-situ and online local 
Helium permeation can serve as a useful indicator of the 
membrane permeation and therefore of the membrane 
degradation state. More detailed measurements are 
planned to investigate the influence of operating 
conditions on the permeation and the subsequent 
membrane degradation behaviour. 
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Today lithium-ion batteries are the power sources of 
choice for popular portable electronics, such as cellular 
phones and notebooks [1]. However, despite their 
outstanding commercial success, these batteries are still 
open to improvements. In particular, improvements on the 
positive electrode are critical for the progress of lithium-ion 
batteries. Indeed, considerable efforts are presently 
directed to the replacement of the high cost, partially toxic 
LiCoO2 with more affordable and sustainable materials. 

Vanadium oxides such as V2O5, V6O13, and LiV3O8, 
appeared to be promising candidates as positive electrode 
materials due to the advantages of higher capacity, lower 
cost, and better safety features [2-4]. However, for use in 
lithium-ion batteries, these materials are not suitable, 
since they contain no extractable lithium-ions during the 
first charge. Chemical lithiation of vanadium oxides for 
producing viable positive electrodes at an economical 
scale is indeed a scientific challenge. Previous methods 
based on lithiation with LiI (in acetonitrile) [5] and n-BuLi 
(in hexane) [6] have proven to be economically not 
attractive.  

Herein, we report on an industrially scalable method for 
producing Li4V3O8 via the spray-drying method [7] followed 
by chemical lithiation with Li2S [8]. Systematic 
characterization of the lithiated vanadates in terms of their 
physical properties as well as their electrochemical 
performance will be discussed in detail here. 

Experimental 

Li4V3O8 was prepared via reduction of a Li1.1V3O8 
precursor compound by Li2S (Alfa-Aesar) in an argon-filled 
glove box (H2O < 1 ppm, O2 < 1 ppm). The reactants, with 
molar ratio of Li/V (1.45/1) were refluxed in anhydrous 
acetonitrile (Merck, Germany) at 80 °C for 24 hrs [8]. The 
by-product, S, was afterward washed out by a warm, 
ethanol/toluene solvent mixture. The Li1.1V3O8 precursor 
compound was synthesized via a spray-drying process in 
air using a Mobile Minor 2000 type device, followed by 
heat treatment in air at 320 °C for 1 hr [7]. 

The as-synthesized Li4V3O8 compound was analyzed for 
lithium content using the atomic absorption spectroscopy 
(AAS) technique in the emission mode. The vanadium 
content was determined by a potentiometric titration 
technique [8]. Scanning electron microscopy (SEM) 
images were obtained using a JEOL JSM 6400F 
microscope.  

The Li4V3O8 positive electrodes were prepared by a 
solvent route where acetonitrile (99.9 %, Aldrich) was 
used as the dispersing medium. The Li4V3O8 active 
material, carbon black (CB), and polymeric binder mixture 
(PVdF-HFP and PEO) were dispersed in the solvent under 
magnetic stirring for 1 hour. The solvent quantity was 4 mL 
for every 500 mg of the composite materials. The as-
prepared slurry was doctor-bladed on an aluminium foil 
and dried in the argon-filled glove box. After drying, 
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electrode disks (1.3 cm2) were punched for test cell 
assembly. The working electrodes now consist of 50 wt.% 
Li4V3O8, 43 wt.% carbon black (Super P, TIMCAL), and 7 
wt.% of a polymeric binder mixture (1:1 by weight) of 
PVdF-HFP (Kynar 2801, Atochem) and PEO (Mw = 
300000, Aldrich). The mass loading of the positive 
electrodes was typically 4-6 mg of active material per cm2. 
Hermetically sealed laboratory test cells were used in 
which the working and counter electrodes (the latter from 
metallic lithium for a half-cell, and from LBG1025 graphite 
for a full cell) were slightly pressed together against a 
glass fiber separator soaked with a standard battery 
electrolyte (1M LiPF6 in EC:DMC (1:1), Ferro).  

The electrochemical cycling was performed between 2.0-
4.0 V (half-cell, vs. Li metal) or 1.6-4.0 V (full cell, vs. 
LBG1025 graphite) in the galvanostatic mode immediately 
followed by a potentiostatic mode until the specific current 
decreased to 10 % of the current used in the galvanostatic 
mode. For determining the C-rate, a theoretical specific 
capacity of 350 mAh g-1 of the oxide was assumed for all 
cases. For the air sensitivity tests, the exposure time was 
calculated based on the duration of time for the doctor-
bladed electrode exposed under ambient air. For the long 
term cycling tests, the charge and discharge rates in the 
galvanostatic mode were equal to C/3 rate. For the rate 
capability tests, the specific current was varied from C/10 
to 8C rates. For each C-rate an average value was 
calculated for the first 10 cycles.  

Results and Discussion 

The determined Li/V ratio was 3.80(5)/3.00(5) for the as-
synthesized Li4V3O8 compound, which is in good 
agreement with the nominal value (4/3) when considering 
the accuracy of the analytical method for each element. 
Figure 1 shows the SEM image of the as-synthesized 
Li4V3O8 compound, which is mainly dense, macro-sized 
(up to 20 μm), spherical agglomerates consist of rod-like 
nanostructures (100-150 nm wide) as their building blocks 
(see inset of Figure 1). 

 
Figure 1. SEM image of the as-synthesized Li4V3O8 material, with 
the inset showing the presence of rod-like nanostructures as the 
building block for the spherical agglomerates.  

In order to test the stability of the as-synthesized Li4V3O8 
compound when exposed to ambient air, the Li4V3O8 
positive electrodes were dried in air after doctor-blading 
for various duration of time. Figure 2 shows that the 
Li4V3O8 positive electrodes could maintain almost 100 % 
of its average charge capacities over 10 cycles (at C/3 
rate) when exposed to ambient air for approximately 5 hrs. 
This should provide ample of handling time for practical 
industrial applications in ambient atmosphere. 
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Figure 2. The average (over 10 cycles) and percentage of 
retained charge capacities of the Li4V3O8 electrodes after 
exposure to ambient air for various lengths of time, where cycling 
took place between 2.0 and 3.3 V at the C/3 rate. The solid 
columns represent the galvanostatic part of the total capacities, 
while the patterned columns indicate the contribution from the 
potentiostatic part of the total capacities. 

 

 
Figure 3. The average (over 10 cycles) specific capacities of the 
Li4V3O8 electrodes cycled between 2.0 and 4.0 V at different 
specific currents (C-rate). Note that 1C rate is assumed to be 350 
mA g-1 in all cases. 

Meanwhile, as demonstrated in Figure 3, when applied in 
half-cell (vs. Li metal), the Li4V3O8 positive electrode 
exhibited rather high average specific capacities, retaining 
279 mAh g-1 (Li+ extraction) and 283 mAh g-1 (Li+ 
insertion), respectively, at a reasonable specific current of 
117 mA g-1 (C/3 rate). Furthermore, the Li4V3O8 positive 
electrode also demonstrated excellent rate capabilities, 
matching those of the Li1.1V3O8 precursor material, 
retaining an average specific charge capacity of 205 mAh 
g-1 at 2800 mA g-1 (8C rate), when cycled in the potential 
range of 2.0-4.0 V vs. Li metal. The capacity contribution 
from the galvanostatic part decreased significantly with 
increasing C-rate during insertion of Li-ions. This could be 
attributed to the slower Li+ migration from the surface to 
the inside of the electrode when the concentration of Li+ 
on the electrode-electrolyte surface is high at higher C-
rate. 

 

 
Figure 4. Cycle life behaviour of the Li4V3O8 cathode in a full cell 
(vs. graphite LBG1025), where cycling took place between 1.6 
and 4.0 V at 117 mA g-1. 

When applied in a non-optimized full cell system (vs. 
LBG1025 graphite), the Li4V3O8 positive electrode showed 
promising cycling behaviour (see Figure 4), retaining 
specific charge capacity above 130 mAh g-1 beyond 50 
cycles, when cycled in the voltage range of 1.6-4.0 V, at a 
specific current of 117 mA g-1 (C/3 rate). The lower 
specific capacity shown by the full cell system was due to 
the excess mass of the graphite negative electrode.  

Conclusions 

Li4V3O8 compounds have been successfully prepared via 
chemical lithiation of spherical-shaped Li1.1V3O8 precursor 
materials obtained from the spray-drying technique with 
Li2S. The Li4V3O8 materials are stable in air up to 5 hours, 
with almost no capacity drop. We believe that with further 
synthetic optimization and better balancing of the 
electrodes' masses, Li4V3O8 should be a viable candidate 
as high capacity positive electrode material in commercial 
lithium-ion batteries. 
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Recent developments in the field of hybrid electric vehicles 
have been the main driving force behind the search for 
lithium-ion batteries with high energy density and power 
density, without compensating on the safety aspects [1]. 
Graphitic carbons are currently the most often employed 
material for the negative electrode due to their low cost, 
excellent cyclability and reliability, and non-toxicity [2].  

One of the key areas where improvement on the graphite 
is of great importance is with regards to the reduction of 
the irreversible capacity measured during the first 
electrochemical Li+ insertion. This irreversible capacity is 
attributed to the electrolyte decomposition on the graphite 
surface during the first reduction cycle, forming a 
passivation layer, also known as the solid electrolyte 
interphase (SEI). On the contrary, this SEI layer also 
avoids electrochemical exfoliation of the graphite [2-5]. 
Therefore, more research works are needed in order to 
identify key parameters influencing the SEI formation and 
its corresponding efficiency. 

Herein, we report on the role played by the active surface 
area (ASA) [6], and also by the surface functional groups 
on graphite towards the SEI formation efficiency and 
tendency to exfoliate, which will result in different first 
cycle irreversible capacity for the surface-modified 
graphite. Note that only physical treatments on the 
graphite surface are studied here. 

Experimental 

The highly crystalline, synthetic graphite material, 
TIMREX® SLX50 (TIMCAL SA, Bodio, Switzerland) is 
used as the parent material in the negative electrode for 
this study. Variation of the graphite surface properties can 
be easily obtained after thermal modifications under 
various gas atmospheres without significantly changing 
the bulk properties (especially the total surface area) and 
the particle size distribution of the treated-samples. The 
graphite surface modification treatments are summarized 
in the footnote of Table 1. For example, in the "SLX50 - 
Vacuum" case, the as-received SLX50 graphite was 
heated at 950 °C. After the heat treatment, the graphite 
sample was cooled to 25 °C in vacuum, and finally, was 
exposed to air.  

The active surface area (ASA) measurement was adapted 
from the method developed by Walker and his co-workers, 
which is based on di-oxygen chemisorption [7-8]. The 
graphite samples are first outgassed under vacuum (10-4 
Pa) at 950 °C for 2 hrs to release the active sites. 
Subsequently, oxygen is chemisorbed at 300 °C over a 
period of 15 hrs (with an initial oxygen pressure of 66.5 
Pa), leading to the formation of surface oxygenated 
complexes. The amount of oxygen complexes formed was 
determined by mass spectrometry by measuring the 
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amount of CO and CO2 resulting from the decomposition 
of the oxygen complexes at temperatures higher than their 
formation by performing a temperature-programmed 
desorption (TPD) step between 300 and 950 °C. Knowing 
the number of each mole for each gas desorbed, and 
taking the area of an edge carbon site that chemisorbed 
an oxygen atom as 0.083 nm2, the surface area occupied 
by chemisorbed oxygen can be determined. Detailed 
information can be found elsewhere [6, 8]. 

Graphite negative electrodes were prepared by doctor-
blading slurries consisting the graphite active material (90 
wt.%) and the poly(vinylidene fluoride) binder (10 wt.%, 
SOLEF 1015, Solvay SA) in a N-methylpyrrolidinone 
(NMP) solvent, onto the copper foil. The electrodes were 
vacuum dried at 120 °C for overnight. After drying, 
electrode disks (1.3 cm2) were punched for test cell 
assembly in the argon-filled glove box. The mass loading 
of each working electrode was typically 4-5 mg of active 
material per cm2. Hermetically sealed laboratory test cells 
were used in which the working and counter electrodes 
(the latter from metallic lithium) were slightly pressed 
together against a glass fiber separator soaked with a 
standard battery electrolyte (1M LiPF6 in EC:DMC (1:1), 
Ferro). Both the oxygen and water contents were less than 
1 ppm in the argon-filled glove box.  

Galvanostatic measurements were performed at a specific 
current of 10 mA g-1 (of graphite) in order to complete the 
SEI formation in the first electrochemical Li+ insertion. 
When a potential of 5 mV vs. Li/Li+ was reached, the 
discharge step was continued until the current dropped 
below 5 mA g-1. The charge step was performed at a 
constant specific current of 10 mA g-1 until a cut-off 
potential of 1.5 V vs. Li/Li+ was reached. All 
measurements were carried out at room temperature. 

Results and Discussion 

From our previous study [6] on the importance of ASA 
during the first electrochemical Li+ insertion in a 1 M LiPF6, 
EC:DMC (1:1) electrolyte system, we could summarize 
that the SLX50 graphite materials tend to exfoliate when 
the ASA value is much lower than 0.10 m2 g-1. This has 
led to a very high first cycle irreversible capacity (> 50 %), 
as shown in Figure 1. 

 

 
Figure 1. Irreversible capacities (Cirr) for the first electrochemical 
Li+ insertion into TIMREX® SLX50 negative electrodes as a 
function of the active surface area (ASA) measured at 10 mA g-1

in a 1 M LiPF6, EC:DMC (1:1) electrolyte. Experimental data 
points and modified SEM images were obtained from Ref. [6]. 
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Table 1. The active surface area (ASA), amount of CO gas 
desorbed (from TPD measurements), and the first cycle 
irreversible capacity of various surface-modified TIMREX® SLX50 
graphite materials. 

Graphite Samples ASA 
(m2 g-1) 

CO Gas 
Desorbed 
(μmole g-1) 

1st Cycle 
Irreversible 

Capacity (%)

SLX50 - As - received 0.20 12.2 14 
SLX50 - Argon 0.06 1.8 57 
SLX50 - Vacuum 0.30 30.6 15 
SLX50 - O2 0.40 54.2 14 
SLX50 - H2 0.20 2.2 25 

"SLX50 - As - received": TIMREX® SLX50 graphite material 
provided by TIMCAL; "SLX50 - Argon": as-received SLX50 
sample heat-treated at 1300 oC for 1 hr under an argon flow; 
"SLX50 - Vacuum": as-received SLX50 sample heat-treated at 
950 oC followed by cooling to 25 oC in vacuum, and finally, 
contact with air; "SLX50 - O2": as-received SLX50 sample heat-
treated at 950 oC, followed by cooling to 500 oC in oxygen (1 Torr) 
for 15 mins, and finally, contact with air; "SLX50 - H2": as-received 
SLX50 sample heat-treated at 950 oC under hydrogen flow, 
followed by cooling under hydrogen flow, and finally, contact with 
air. 

When comparing the "SLX50 - Argon" sample with the 
"SLX50 - Vacuum" sample, although they have huge 
difference in their ASA values (0.06 vs. 0.30 m2 g-1), both 
exhibited a similar specific functional group (see Figure 2, 
with a peak between 350 - 400 °C) after air contact. 
However, from their electrochemical performance, we can 
conclude that ASA played a more important role in the 
tendency to exfoliate when the ASA value is much lower 
than 0.10 m2 g-1. 

When the ASA value of the treated graphite is much 
higher than 0.10 m2 g-1, as in the case of "SLX50 - 
Vacuum" where the ASA value is 0.30 m2 g-1, only slight 
increase in the first Cirr is observed in comparison to the 
oxygen-treated sample. One of the possible reason for the 
slight increase in Cirr for the vacuum-treated graphite is 
due to slight exfoliation (see inset of Figure 3). 

 
Figure 2. Desorption rate of CO gas as a function of temperature 
measured after oxygen chemisorption by temperature-
programmed desorption (TPD) experiments for graphite samples 
of "SLX50 - As - received", "SLX50 - Vacuum", and "SLX50 -
Argon". An enlarged plot of the circled dashed line is shown in the 
inset. A specific surface functional group is observed at 350 oC for 
all treated samples. 

 
Figure 3. First electrochemical Li+ insertion/de-insertion into 
TIMREX® SLX50 negative electrodes measured at 10 mA g-1 in a 
1 M LiPF6, EC:DMC (1:1) electrolyte. An enlarged plot of the 
circled dashed line is shown in the inset. Exfoliation was observed 
for both hydrogen- and vacuum-treated graphite samples. 

As can be seen in Figure 3, no exfoliation is observed with 
graphite electrodes having a surface chemistry enriched 
with oxygen functional groups. Therefore, oxygen 
functional groups seem to be of prime importance for the 
SEI formation since they could act as nucleation sites for 
an effective SEI formation during the first reduction 
process. This importance is confirmed by testing a 
hydrogen-treated graphite electrode. In this case, the 
oxygen functional groups were removed by the heat 
treatment and were replaced by C-H bonds formed during 
the hydrogen treatment. As can be seen from Figure 3, the 
presence of the C-H bonds is detrimental to the SEI 
formation, which led to the exfoliation of graphite. 

Conclusions 

We have successfully shown that by controlling the active 
surface area (ASA) of the surface-modified graphite to a 
certain extent (in this case >> 0.10 m2 g-1), it was possible 
to minimize the tendency for the graphite to exfoliate. In 
addition, we have found that oxygen functional groups are 
in favour of a stable SEI formation, whereas the 
passivation of the surface by C-H bonds is detrimental for 
the SEI formation. Finally, the nature of specific functional 
groups that are present at specific temperature range 
should be identified and quantified in future works. 
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LiMn2O4 spinel material has become an attractive 
alternative to LiCoO2 because of its safer performance, 
low cost, and low toxicity due to intensive research efforts 
over the past two decades [1-2]. Use of nano-sized 
cathode materials has shown promise when higher power 
densities are required [3]. Flame spray pyrolysis (FSP) is a 
rapid and industrially scalable route to produce lithium 
manganate nanoparticles for use in lithium-ion batteries 
[4]. 

Experimental 

The experimental setup of FSP is described elsewhere in 
literature [5].  Specific surface area of the FSP-made 
particles is controlled by the oxidant flow rate and the 
precursor/fuel composition. The flexibility of FSP for 
producing various transition metal oxides is rooted in the 
variety of precursors which can be prepared; if the 
transition metal can be dissolved into the liquid precursor, 
then a metal oxide containing that transition metal can 
usually be synthesized.  For the synthesis of LiMn2O4 
powder, 1.0 M solution of Li-t-butoxide in tetrahydrofuran 
and Mn(III)-acetylacetonate (Aldrich) are mixed into xylene 
to form the flammable precursor with a Li:Mn 
stoichiometric ratio of 1:2. For electrochemical cycling, 
LiMn2O4 powders are prepared into electrodes with mass 
ratios of 7:2:1 for LiMn2O4 nanoparticles : carbon black : 
polymer binder. 

Results  

A powder with a Brunauer-Emmett-Teller specific surface 
area (BET SSA) of 142 m2 g-1 is synthesized by FSP. For 
monodisperse spherical particles, a particle diameter of 10 
nm is calculated (dBET). Analysis of a transmission electron 
micrograph (TEM, Figure 1) confirms this is a good 
calculation of particle diameter and the powder is 
crystalline. 

 
Figure 1. TEM of FSP-produced LiMn2O4 nanoparticles. 
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The same powder is annealed for 10 hours at 700°C, 
decreasing the BET SSA to 25 m2 g-1, corresponding to a 
dBET of 56 nm. Figure 2 displays the cycling capacity of the 
two powders at various C-rates. 
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Figure 2. Galvanostatic cycling capacity of the FSP-produced 
LiMn2O4 nanoparticles at various C-rates between 3.5 and 4.3 V vs 
Li. Capacity is expressed per kg of LiMn2O4.  1C = 148 A kg-1. 

The annealed powder has a higher discharge capacity 
than the as-synthesized material, particularly for currents 
greater than or equal to 5 C. This result contradicts the 
maxim that smaller particles means higher power [3], but 
particle size is not the sole parameter for electrochemical 
energy storage. The increase in crystallinity caused by 
annealing likely improves lithium insertion into the crystal 
structure. Furthermore, carbon black / LiMn2O4 powder 
contact may be optimized for the larger nanoparticles.  

Annealing improves electrochemical performance of the 
material and is closer to performing as well as a 
commercial material does [2]. Further optimization by 
particle coating or use of dopants or electrode engineering 
– or all three – may allow for LiMn2O4 nanoparticles to 
become a commercial replacement of LiCoO2 powders for 
use in high-powered, lithium-ion batteries.  
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Metal oxides are used as positive electrode materials in Li-
ion batteries. As the electronic conductivities of these 
oxides are low, conductive additives are needed. Graphite 
is a common material for this purpose. During the charging 
process at high potentials, anions, e.g., PF6

- from the 
electrolyte can intercalate into the graphite additive. This 
might be accompanied by changes in the graphite 
structure and properties, which can also have an influence 
on the contact between graphite and oxide particles and, 
thus, may determine the overall electrode stability. It was 
reported that in sufficient oxidative stable electrolytes like 
ethyl methyl sulfone, PF6

- intercalates and deintercalates 
reversibly in graphite in staged phases similar to Li+ ions in 
the negative electrode [1]. To get information about the 
influence of the solvent on the reversible anion 
intercalation we investigated the high potential cycling of 
graphite with different electrolyte mixtures. 

Experimental 

The electrodes for the electrochemical experiments were 
prepared by a mixture of 90% (w/w) TIMREX® SFG6 
graphite (TIMCAL) and 10% binder (SOLEF PVDF 1015, 
Solvay), both suspended in N-methylpyrrolidone (NMP, 
Fluka). The slurry was applied onto a titanium current 
collector, vacuum dried at 80 °C to remove the NMP, and 
finally heated at 120 °C for 12 h in vacuum. Mass loading 
was 8-9 mg/cm2 active material. Standard laboratory cells 
described elsewhere [2] were used for the experiments. 
Lithium foil (Alfa Aesar) was used as counter electrode. 
The two electrodes were separated by a glass fiber 
separator soaked with electrolyte and pressed against 
each other with a spring (pressure 2 kg/cm2). Electrolyte 
mixtures were made from ethylene carbonate (EC, Ferro),   
propylene carbonate (PC, Ferro), dimethyl carbonate 
(DMC, Ferro), ethyl methyl carbonate (EMC, Merck) and 
ethyl methyl sulfone (EMS, TCI), all used as received. 
Each mixture contained 1 M LiPF6 as conducting salt.   

Results  

An electrochemical charging/discharging curve from 3.0 to 
5.5 V vs. Li/Li+ in EC:DMC electrolyte is shown in Figure 1. 
In the high potential region, potential plateaus can be 
observed during the charging step. This points to staged 
intercalation of PF6

- in graphite similar to Li+ ions in the 
negative graphite electrode at low potentials. The higher 
charge in the charging step compared to the discharging 
step is most probably due to some electrolyte 
decomposition.  

A comparison of different electrolytes in the 
electrochemical cycling process at high potentials shows 
that in EMS the specific charge remains constant 
throughout 10 cycles (Figure 2) and is in the range of the 
theoretical calculated value of 140 Ah/kg [1].  
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Figure 1. Electrochemical cycling of graphite in 1 M LiPF6,  
EC:DMC (1:1) electrolyte. 
 
Cycling in EC:DMC exhibits a lower specific charge. An 
increase can be observed in the 8th and 9th cycle which 
points to enhanced electrolyte decomposition, 
nevertheless the potential plateaus were observed 
throughout all cycles and thus, PF6

- can be intercalated 
and deintercalated even in this electrolyte. The other 
investigated electrolytes show a very large first charge 
value indicating massive electrolyte decomposition. In 
tendency, the higher the first charge, the lower is the 
specific charge in the subsequent cycles, except for EMS.  
For all electrolytes the discharge values were observed to 
be lower than the charge values which points to partial 
electrolyte decomposition even in the more stable 
solvents. 
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Figure 2. Cycling behavior (charging steps only) of graphite in the 
high potential region (3.0 – 5.5 V vs. Li/Li+) in different electrolytes. 

PC containing electrolytes show less stable behavior than 
EC based ones and DMC is superior than EMC related to 
oxidation stability. Most probably the less oxidation stable 
the electrolyte, the more the graphite structure is 
deteriorated during the high potential cycling, preventing 
the anions from reversible intercalation/deintercalation. 
Possibly this occurs by solvated cointercalation 
accompanied with solvent oxidation, leading to exfoliation 
of the graphite.  
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Rechargeable lithium-ion batteries utilizing a lithium metal 
oxide as positive electrode are nowadays commonly used 
in mobile applications such as cameras, laptop computers, 
and mobile phones. The alternative electroactive material 
to the currently used layered LiCoO2 could be the nontoxic 
cheaper spinel LiMn2O4 (space group Fd3m).  

LiMn2O4 can be synthesized by different methods, e.g., 
spray pyrolysis [1], and in the form of thin films by pulsed 
laser deposition (PLD) [2-4]. The advantage of thin films 
as cathode materials is the possibility to study the lithium 
insertion process and the electrode/electrolyte interface 
reactions during cycling of pure LixMn2O4. This means 
that, differently to powder based electrodes, additives 
such as conductive carbon and binder materials are not 
present.  

Pulsed laser deposition has one disadvantage, consisting 
in the control of the composition, which is difficult for 
volatile light elements [2], such as lithium. It was 
suggested by Julien et al. to overcome the loss of lithium 
by applying targets with lithium excess [4].  

Experimental 

Thin films of Li1+xMn2O4-δ on stainless steel substrates (T ~ 
500 °C) were prepared by PLD (KrF laser, Lambda 
Physik, 248 nm, 20 ns, 10 Hz, 4.0 – 4.3 Jcm-2, 18000 
pulses, dt-s = 4 cm, pO2 = 0.2 mbar). Different target 
compositions (Li1.03Mn2O4 + x Li2O, x= 0, 2.5, 7.5, 12.5 
Mol%) were used. The targets (Li1.03Mn2O4 + x Li2O) were 
prepared by mixing Li1.03Mn2O4 (99.7 % purity, Honeywell, 
Li/Mn = 0.515) and Li2O (99.5 % purity, Alfa Aesar) 
powders and subsequent pressing and sintering.  
 
The thin films were cycled in the potential range of 3.5 - 
4.4 V versus Li/Li+ (cyclic voltammetry at 0.05 mV s-1) 

using Li foil (Aldrich) as anode and a solution of 1 M LiPF6 
(Ferro) in 1:1 EC:DMC (Ferro, EC: ethylene carbonate, 
DMC: dimethyle carbonate) as electrolyte.  

Results and discussion 

The prepared polycrystalline thin films showed a 
dependency between the used target composition and the 
film composition. The oxygen content is below the 
stoichiometric content of 2 which most probably results in 
the formation of oxygen vacancies in the spinel. The target 
with 7.5 Mol% of added Li2O results in films with the 
desired lithium content of ca. 1.04. The loss of lithium, 
comparing the target and the film compositions, is 
decreasing from 24.3 % to 11.7 % with increasing lithium 
content in the target. This could be due to a higher 
probability for lithium to reach the substrate without 
collisions. The depth profile showed a homogenous 
distribution of Li, Mn, and O in the film.  
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The measured cyclic voltammograms of the thin films (see 
Figure 1) show the characteristic two redox peak pairs of 
LiMn2O4. 

 

 
Figure 1. Typical cyclic voltammograms at 0.05 mV s-1of thin films 
of Li0.87Mn2O3.47 after 20 (top) and 140 (bottom) cycles; 20 cycles 
are shown. 

After 120 cycles the normalized current density is 
decreasing, which is most probably due to degradation of 
the films during cycling. A significant shift of the redox 
peaks with the cycle number is not observed, suggesting 
that the insertion and deinsertion mechanism does not 
change. 

Conclusion  

The present work confirms that the preparation of 
polycrystalline thin Li-Mn-O films with PLD with a desired 
lithium content is possible. The target with a composition 
of Li1.03Mn2O4 + 7.5 Mol% Li2O yielded films with the 
desired Li/Mn ratio of about 1.04. All prepared thin films 
exhibit a good electrochemical cycle stability confirming 
their applicability for detailed studies of the lithium 
insertion/deinsertion processes.  
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P. Ruch, A. Foelske, R. Kötz, A. Wokaun 
+41 56 310 4131 
patrick.ruch@psi.ch 

Activated carbon electrodes in supercapacitors exhibit 
complex structural properties on the nanometer-scale 
regarding both crystallinity and porosity. These 
parameters dictate the electrochemical charge storage 
performance of supercapacitors. 

As a step towards understanding the charging behaviour 
of activated carbon in supercapacitors, single-walled 
carbon nanotubes (SWCNTs) were investigated as a 
model electrode with well-defined structural and chemical 
properties. 

Experimental 

SWCNTs prepared by the HiPco® process were obtained 
from Carbon Nanotechnologies Inc. The as-received 
powder was used as a working electrode in 
electrochemical cells enabling the in situ measurement of 
Raman spectra [1] and height change [2], respectively. 
The counter and reference electrodes consisted of PTFE-
bound activated carbon, and the electrolyte used was 
1M Et4NBF4 in acetonitrile (AN). All materials were dried at 
120°C under a vacuum better than 3⋅103 Pa for at least 24 
hours and then assembled in the sealed cells in an argon-
filled glove-box with < 1 ppm O2 and H2O. 

The SWCNT electrode was cycled between 0 and ±1.5 V 
vs. carbon, respectively, at a sweep rate of 1 mV/s. The 
Raman spectra of the SWCNTs were obtained using a 
Labram series Raman microscope (Jobin Yvon SA) with a 
HeNe-laser (Elaser = 1.96 eV). 

Results  

The height change of the SWNT electrodes during 
electrochemical cycling is plotted in Figure 1, showing an 
initial irreversible swelling followed by reversible height 
changes. 
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Figure 1. In situ dilatometry of SWCNTs during potential sweeps.

The SWCNTs are capped at the ends and form bundles 
containing many individual SWCNTs [3]. Any observed 
expansion must therefore be due to a widening of the pore 
channels between the SWCNTs. 

The pronounced expansion upon the first charging 
process indicates that bundles are irreversibly loosened. 
The attractive forces between ions and charged SWCNTs 
thus appear sufficiently strong to overcome the forces 
which hold together individual SWCNTs. The reversible 
swelling observed is due to changes in ion concentration 
within the pore channels during charging and discharging. 
The difference in magnitude of the swelling can be 
explained by the different sizes of the corresponding 
counter-ions involved in balancing the charge on the 
SWCNT network. 

The band intensities of the radial breathing modes (RBM) 
of the SWCNTs are shown in Figure 2. The inset shows 
the four most prominent RBM bands observed in the 
Raman spectrum. These are associated with SWCNTs of 
specific diameters and chiralities which are in resonance 
with the laser energy [4]. 

Figure 2. Intensity variation of RBM bands during cycling. 

Upon positive or negative charge injection into the 
SWCNT network, it can be seen that bands 1 and 2 
experience a decrease in intensity due to reduced 
transition probabilities between occupied and empty 
electronic states. These bands can be assigned to metallic 
SWCNTs. The intensity maximum corresponds to the half-
filling potential between the valence (π) and conduction 
(π*) bands [5]. 

Bands 3 and 4 are expected to belong to semi-conducting 
SWCNTs. Indeed, Figure 2 reveals intensity plateaus for 
these bands due to the fact that no charge injection can 
take place within the band gap. These results provide a 
basis for the electrochemical charging behaviour of a sp2-
hybridized, aromatically bound carbon system in which no 
ion intercalation can take place. 
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 A NOVEL ELECTROCHEMICAL CELL FOR 
IN SITU NEUTRON DIFFRACTION 
STUDIES OF ELECTRODE MATERIALS 
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Lithium-ion batteries (Li-ion) are the most widely used 
energy source for many daily applications, from consumer 
electronics to power tools. Their strengths mainly lie in the 
high energy density, highly reversible nature of their 
cycling and the long shelf life. Nonetheless, in order to 
improve these systems to make their use possible in more 
advanced applications like in hybrid vehicles, further 
enhancements are necessary. 

Li-ion batteries work on the principle of reversible insertion 
("intercalation") and extraction ("de-intercalation") of 
lithium ions from host insertion materials. In general, the 
negative electrodes are based on carbonaceous materials, 
while the positive electrodes use various transition metals 
compounds such as layered oxides (e.g. LiCoO2), olivine 
type phosphates (e.g. LiFePO4) or spinel type oxides (e.g. 
LiMn2O4). In order to improve the energy density of Li-ion 
batteries, it is needed to find new materials that would 
enable either higher reversible capacity or wider potential 
windows: the practical charge that can be extracted from 
the cathode is roughly the half of the one of the anode 
(~150 mAh/g vs. ~350 mAh/g) and additionally many 
compounds show a high reactivity with the electrolyte at 
potentials positive to 4.3 V vs. Li+/Li. 

The development of these much needed innovative 
materials triggers the need for advanced analysis 
techniques, among which powder diffraction is a key 
player: both X-ray and neutron diffraction offer a powerful 
and well established platform to study phase transitions 
and other transformations occurring in the electrode 
materials. Different information can be derived from the 
use of these radiations, among which the most important 
for Li-ion studies is the ability of neutrons to directly 
investigate lithium atoms in the crystalline structures. 
Furthermore, given the metastable nature of electrode 
materials in their charged states and their sensitivity to 
oxygen and moisture, the need for in situ techniques is 
extremely important in this field of application. 

In situ X-ray diffraction is a well established technique, 
both at conventional laboratory sources [1] and at 
synchrotron facilities [2]. Neutron diffraction, on the other 
hand, is still in its pioneering stage, and only one attempt 
to create an electrochemical cell that would effectively 
couple electrochemistry and diffraction has been 
undertaken until now [3]. It has to be noted that the use of 
neutrons for diffraction represents a quite hostile 
environment that poses additional challenges when 
planning the geometry of the device. For example, given 
the low interaction of neutrons with matter, it is needed to 
have a large amount of active material in the sample: this 
leads to thick electrodes and high currents that can result 
in large overpotentials and inhomogeneities in the 
electrode. Furthermore, many elements can absorb the 
radiation and become radioactive: among the most 
dangerous is cobalt, often a key component in positive 
electrode materials. Additionally, today's electrolytes are 
based on organic solvents that contain many hydrogen 
atoms: these have to be substituted with deuterium in 

order to avoid the strong incoherent scattering that would 
dramatically lower the signal to noise ratio of the diffraction 
experiments. 

After considering all these possible sources of difficulties, 
a new cell for in situ neutron diffraction experiments on 
electrode materials for Li-ion batteries was designed and it 
is hereby presented. 

Experimental 

A schematic representation of the in situ cell is shown in 
Figure 1. 

 
Figure 1. Schematic view of the in situ electrochemical cell. The 
elements of the device are: 1. Cell top, 2. Spring, 3. Negative 
current collector, 4. PEEK cell body, 5. Cavity for the electrode 
material, 6. Positive current collector. 

Six elements constitute the device: the cell top (1.) is 
made out of aluminum and contains two springs (2.) that 
push on the copper negative current collector (3.) in order 
to achieve the best possible contact between the 
electrodes. The cell body is made out of 
polyetheretherketone (PEEK, 4.), a polymer inert to the 
solvents present in the electrolyte. The cavity in which the 
electrode material is pressed (5.) is machined in the 
aluminum positive current collector (6.) that serves as 
sample holder. 

The electrode assembly is shown in Figure 2 and 
demonstrates in detail the various layers that form the 
lower part of the device. 

 
Figure 2. Schematic view of the electrode assembly. 1. Copper 
current collector, 2. Metallic lithium strip, 3. Glass fiber separator, 4. 
Polymeric separator, 5. Glass fiber separator, 6. Active material 
powder, 7. Positive current collector. 

Under the negative current collector (1.) the anodic 
material is placed (metallic lithium strip, 2.). This sits on a 
glass fiber separator (3.) that can easily be soaked with 
electrolyte. Underneath there is a thin polymeric separator 
(4.) providing protection against lithium dendrite formation. 
Going further down another glass fiber separator (5.) is 
placed on the active material powder (6.) contained in the 
positive current collector (7.). The positive electrode is 
prepared by dry mixing of active material powder and 
carbonaceous materials, used as filler for the cavity and to 
enhance the electronic conductivity of the whole electrode. 
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Results  

In order to test the performance of the cell for both 
electrochemical and diffraction suitability LiNiO2 was 
chosen as model material. This choice was not dictated by 
the particularly interesting properties of this material but 
because it is well known and has been extensively studied 
before [4]. Additionally, nickel is stable when irradiated 
with neutrons, allowing for a safe removal of the cell 
prototypes after the tests. 

In order to test the electrochemical performance, a LiNiO2 
electrode was cycled between 4.5 V and 3.0 V vs. Li+/Li, 
and then compared to a similar electrode included in a 
normal coin-like cell used for routine experiments. The 
resulting potential profiles are shown in Figure 3. 

  
Figure 3. Comparison between the electrochemical performance 
of the neutron cell (dashed line) and a coin-like cell (solid line). 
Both cells were cycled at a C/50 rate against a metallic lithium 
counter electrode. The electrolyte was a 1:1 (wt.%) mixture of 
ethylene carbonate and dimethylcarbonate with 1M LiPF6. 

The curve obtained for the neutron cell shows similar 
features ("plateaus") to the one relative to the conventional 
cell. A well defined overpotential in the order of 150 mV is 
also observable. 

To verify the suitability of the cell to obtain clear powder 
diffraction data, the device was tested at the HRPT 
powder diffractometer at the SINQ neutron source at PSI. 
A cell was assembled as described and the positive 
electrode was a mixture of 2:1 in weight between LiNiO2 
and carbonaceous materials. 

The resulting diffraction pattern is shown in Figure 4. 

 
Figure 4. Neutron diffraction pattern of a LiNiO2 electrode 
measured in the in situ cell. The measurement was performed at 
a wavelength of 1.5 Å. 

Along with the LiNiO2 pattern it is possible to observe the 
peaks relative to the aluminum current collector and those 
relative to the graphite contained in the electrode. 

From the results it is clear that the new cell satisfies in 
both, electrochemical and diffraction experiments. Thus, in 
situ experimental campaigns at various neutron sources 
are now possible. 

Conclusions 

A new electrochemical cell allowing for in situ neutron 
diffraction measurements was presented. The cell was 
tested for both electrochemical and diffraction capabilities: 
it demonstrated its suitability to sustain full charge-
discharge cycles and to obtain diffraction patterns with 
very high signal to noise ratio. 
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The lithium-ion battery possesses the greatest energy 
density of all known rechargeable battery systems and has 
a power density close to the nickel-cadmium battery [1]. 
The major challenge of lithium-ion battery research is to 
develop systems with even higher power and energy 
densities. 

The oxide family with the general formula 
Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 called NMC is believed to be 
among the most promising positive electrode materials to 
substitute the current industrial standard, LiCoO2. 

NMC compounds show higher thermal stability [2,3], a 
good cycling stability, and a higher specific charge with 
respect to LiCoO2 [4] (ca. 150 mAhg-1 for the NMC 
compound with x = 0 when cycling in the potential window 
from 2.5 to 4.4 V vs. Li/Li+). A voltage “plateau” is 
observed on the first galvanostatic charging curve in the 
high voltage region (>4.5 V vs. Li/Li+) for overlithiated 
NMC compounds [5]. Dahn’s group suggested to explain 
this plateau with structural changes associated with 
oxygen loss from the oxide and a simultaneous Li+ 
extraction [2]. 

Two representative NMC compounds with nominal values 
of overlithiation degree x = 0 and x = 0.1, respectively, 
were therefore synthesized and compared. We confirmed 
the differences between the two compounds in the 
charge/discharge curves at high potentials, as reported in 
the literature. The high voltage region was then examined 
for both NMC compounds with Differential Electrochemical 
Mass Spectrometry (DEMS). 

 
Figure 1. Cell design for Differential Electrochemical Mass 
Spectrometry experiments. 

Experimental 

NMC oxides with different degree of overlithiation were 
obtained by soft chemistry synthesis in an aqueous-
ethanol solution.  A subsequent thermal treatment at     
850 °C was necessary to obtain the desired oxide. 

The Differential Electrochemical Mass Spectrometry 
(DEMS) experiments were performed at 25 °C in a 
separator-free cell accommodating metallic lithium counter 
and oxide working electrode, respectively, on titanium 
current collectors (see Figure 1). Cyclic voltammetry was 
performed between 5.3 and 2.5 V at a sweep rate of 0.2     
mV s-1 in a 1:1 by wt. mixture of ethylene carbonate (EC) 
and dimethyl carbonate (DMC) containing 1 M LiPF6. 

Results  

Figure 2 shows the differential plot of dQ/dE vs. E of the 
galvanostatic experiments for the first cycle. It revealed 
that at high potentials (above 4.5 V) the stoichiometric 
NMC (x = 0) shows a small irreversible oxidative peak, 
while the overlithiated sample (x = 0.1) shows an intense 
irreversible oxidative peak, which disappears in the 
following cycles (see Figure 3). 
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Figure 2. Differential plot for the Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 (x = 0 
and x = 0.1, respectively) materials in the high voltage 
experiment in EC:DMC, 1 M LiPF6 (1st cycle). 
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Figure 3. Differential plot for the Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 (x = 0 
and x = 0.1, respectively) materials in the high voltage 
experiment in EC:DMC, 1 M LiPF6 (2nd cycle). 
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The high voltage region was further investigated with the 
DEMS technique, which analyzes on-line the 
electrochemically generated gases and volatile 
compounds. Structural changes were anticipated for the 
overlithiated NMC compounds in this voltage region. 
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Figure 4. Plot of mass signal intensities Im/z [A g-1] for 
Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 (x = 0 and x = 0.1, respectively) 
normalized in respect to the oxide mass; E is the potential  vs. 
Li/Li+ [V]. 

Figure 4 compares the intensities of the relevant mass 
signals Im/z from electrodes containing the two NMC 
materials. On the top the applied potential E (vs. Li/Li+) is 
also given. The m/z = 32 signal is assigned to oxygen and 
m/z = 44 to CO2, respectively. Clearly, for the 
stoichiometric sample no oxygen evolution is detected 
while CO2 is evolved during the first and further cycles in 
the high voltage region. The CO2 evolution is due to the 
electrolyte oxidation, as evidenced by us for a number of 
electroactive oxides elsewhere [6,7]). In contrast, for the 
overlithiated NMC oxide, both CO2 and O2 evolution is 
observed in the high voltage region but only during the first 
cycle. 

This result strongly supports the hypothesis that, (i) during 
the first delithiation the overlithiated NMC compounds 
irreversibly lose oxygen at high potentials (as proposed by 
the Dahn’s group [6]) and (ii) in the case of the 
overlithiated NMC materials, the oxidation of the 
electrolyte (evidenced by the CO2 evolution) is somehow 
inhibited, in contrast to the stoichiometric material. A 
surface film composed of electrolyte oxidation products 
and/or changed surface properties of the NMC oxide due 
to the oxygen loss is believed to block the further oxidation 
of the electrolyte and consequently the CO2 development 
in the second cycle. 

Conclusion 

Using the DEMS technique we observed oxygen 
development from the overlithiated NMC oxide in the first 
cycle at potentials positive to 4.5 V vs. Li/Li+, which proves 

a previous hypothesis assuming oxygen loss from the 
positive electrode material’s crystal lattice. 

References 
[1] M. Winter, J.O. Besenhard, M.E. Spahr,  
 P. Novák, Adv. Mater. 10, 725-763 (1998). 

[2] Z.H. Lu, D.D. MacNeil, J.R. Dahn, Electrochem. Solid  State 
Lett. 4, A191-A194 (2001). 

[3] N. Tran, L. Croguennec, C. Labrugere, C. Jordy,  
P. Biensan, C. Delmas, J. Electrochem. Soc. 153,  
A261-A269 (2006). 

[4] T. Ohzuku, Y. Makimura, Chem. Lett. 642-643 (2001). 

[5] Z.H. Lu, J.R. Dahn, J. Electrochem. Soc. 149,  
A815-A822 (2002). 

[6] A. Würsig, W. Scheifele, P. Novák,  
J. Electrochem. Soc. 154, A449-A454 (2007). 

[7] J. Vetter, M. Holzapfel, A. Würsig, W. Scheifele, J. Ufheil, P. 
Novák, J. Power Sources 159,  
277-281 (2006). 

 

44



 VIBRATIONAL SPECTRA OF NITROXIDE 
MATERIALS FOR ORGANIC RADICAL 
BATTERIES 
P. Maire, P. Nesvadba1, T. Hintermann1,  
P. Novák 
+41 56 310 5810 
pascal.maire@psi.ch 

Lithium-ion batteries are widely used in portable electronic 
devices and are promising power sources for future hybrid 
electric vehicles. They combine high energy density and 
power density with long cycle life. A drawback is the fact 
that the cathode materials of these batteries consist of late 
transition metal compounds. These metals - cobalt is the 
most often used among them - are expensive, toxic, and 
of limited availability. There is thus a need to develop 
alternative cathode materials, e.g. on the basis of organic 
molecules. Nakahara and co-workers [1] were the first to 
describe cathodes for lithium-ion batteries made from 
polymeric nitroxide material (Figure 1). Upon charging of 
battery, the nitroxide group is oxidized at a potential of 
3.7 V vs. Li/Li+, while lithium is intercalated into the anode 
material.  

 

Figure 1. Reversible one-electron oxidation of PTMA at a 
potential E = 3.7 V vs. Li/Li+ leading to oxoammonium cation. 

To get more insight into the processes in organic radical 
batteries, an electrochemical cell allowing in-situ 
characterization of the cathode material by infrared 
spectroscopy was developed.   

Experimental 

Poly(4-methacryloxy-tetramethylpiperidine-N-oxyl) (PTMA) 
prepared by group transfer polymerization was used as 
model electrode material [2]. Cathodes were made by 
pressing a mixture of active nitroxide material (PTMA, 
74%), vapour grown carbon fibres as conductive agent 
(VGCF, 13%) and polyvinylidene difluoride binder (PVDF, 
13%) onto an aluminium mesh. Li4Ti5O12 was used as 
counter/reference electrode.  A solution of 1M LiClO4 in 
acetonitrile was used as electrolyte, ensuring a large free 
spectral window. Cells were assembled in polypropylene 
casing on top of a diamond ATR unit. A hole in the casing 
permits to press the cathode material directly onto the 
ATR prism (Figure 2).  

Results  

Infrared spectra of a cathode made from organic active 
material were acquired while the cell was charged and 
discharged (Figure 3). The initial spectrum of the 
uncharged electrode (on top) shows the expected bands 
for alkyl C-H stretching vibrations (2950 cm-1), C≡N 
stretching of the electrolyte solvent (2249 cm-1) and the 
C=O function  
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Figure 2. In-situ infrared cell on diamond ATR device. 

of the ester linkage between TEMPO and the polymer 
backbone (1725 cm-1). The N-O• vibration would be 
expected around 1360 cm-1, but the band is usually weak 
and is not clearly resolved in this case. Upon charging of 
the cell a new signal at 1625 cm-1 emerges, which is 
assigned to the stretching vibration of the newly formed 
N=O double bond. The reaction depicted in Figure 1 is 
thus confirmed by these spectra. This redox process 
involves no major structural changes of the nitroxide, 
which is a prerequisite for fast electron transfer, and 
explains the high rate capability of organic radical batteries 
[3]. 
 

 
 
 
 

Figure 3. Infrared spectra of a cathode made from PTMA as a 
function of state of charge. 

Future work aims at increasing the energy density of 
organic radical batteries. Nitroxides with lower molecular 
mass and more positive redox potential are now being 
tested, but their long term stability is not yet sufficient. In-
situ infrared spectroscopy could help revealing 
degradation mechanisms and thus lead the way to 
improved battery materials.         
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Today’s lithium-ion batteries still suffer from capacity 
fading upon prolonged storage and intense cycling. Much 
effort has been devoted to the understanding of this 
capacity fading [1], and loss of mobile lithium has been 
proposed as a main reason [2]. Besides loss of active 
lithium, an uneven distribution of lithium in the active 
materials was also reported to affect cycle life of lithium-
ion cells. This has been observed in graphite anode 
materials [3], as well as in metal oxide cathode materials. 

Graphite is known to undergo a color change upon 
intercalation of lithium from black in the pristine state to 
golden yellow in the fully lithiated material of composition 
LiC6. Intermediate compounds are of dark blue and 
reddish color. Colorimetry might thus be a straightforward 
method to determine the state of charge of a graphite 
electrode. 

Experimental and Results 

To correlate the state of charge with color, a series of 
model graphite electrodes were fully charged in coin cells 
and then discharged to a defined state of charge (SOC). 
The coin cells were opened in the inert atmosphere of a 
glove box. The color of the electrodes clearly indicates the 
state of charge as shown in Figure 1. 

 
Figure 1. Graphite electrodes harvested from coin cells after 
intercalation of different amounts of lithium.  

The charge/discharge curves obtained for lithium 
intercalation in graphite show distinct plateaus indicative of 
different staging states. As a consequence, the open 
circuit voltage for cells charged to 90%, 80% and 70% 
respectively is almost equal, i.e. about 93-94 mV.  

The surface color composition of the anodes was 
measured using a commercial color analyzer. The color, 
expressed in values of red, green, and blue was plotted 
vs. SOC. Figure 2 shows the strong correlation between 
red and green color components and the state of charge. 
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Figure 2. Calibration curves for electrodes made from graphite 
LBG1025 (90%) and PVDF (10%). 

Commercial high power cells for consumer applications 
were cycled at a rate of 6C. After the capacity had 
dropped to 60% of the initial value, the cells were fully 
charged to 4.2 V, and opened in an argon filled glove box. 
Figure 3 shows one of these anodes with bright yellow, 
lithium-rich regions close to darker, lithium deficient areas. 

 
Figure 3. Anode of a commercial high-power cell after 1500 
cycles at 6C rate. 

The inhomogeneous distribution of active lithium is likely 
to lead to an accelerated degradation of cell performance 
due to local overcharge or overdischarge of active 
materials and lithium plating on the anode side. This 
problem seems to be of particular importance for high 
power cells, designed for fast charging rates. 
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Supercapacitors (SC) are characterized by a rather small 
single cell voltage of 2.7 V. For many applications where 
higher voltages are required, such as for the drive train of 
an electric vehicle, several single cells have to be 
connected in series. In such a SC module, only the overall 
voltage is controlled by the power electronics and thus 
individual SC cells may acquire a voltage above the 
nominal voltage. Therefore, manufacturers recommend 
the use of active or passive voltage balancing devices. 

Basically, the imbalance of single cell voltages within a 
module is caused by two effects: a distribution of (i) the 
capacitance Ci and (ii) leagake resistance Ri. 
Manufacturers typically guarantee a 10 % accuracy of 
these parameters. A sketch of a number of capacitors in 
series is shown in Figure 1. 

 
Figure 1. Sketch of a series connection of supercapacitors. 

After Okamura [1] the spread in capacitance can be 
overcome by a so-called initialization process where all 
capacitors are adjusted to the same voltage at the upper 
operation voltage of the module. While the distribution of 
capacitance is important during dynamic charge/discharge 
processes, the different values of parallel resistances 
causing different degrees of self-discharge play an 
important role also during floating voltage periods of the 
module. 

Model Calculation 

In order to understand the evolution of single cell voltages 
in a SC module, a model calculation was performed based 
on an iterative discharge of the capacitors through the 
parallel resistors and a subsequent recharge of the 
capacitors to keep the module voltage constant in 
infinitesimal steps.  

 
Figure 2. Evolution of single cell voltages in a SC module with 50 
capacitors in series; Ci = 350 ± 70 F, Ri = 2500 ± 500 Ω. Ri is 
assumed to be constant. 

The voltage evolution for 50 capacitors in series with a 
capacitance of 350 F and a parallel resistor with 2.5 kΩ 
after an initialization at 2.5 V is shown in Figure 2. For 
both, the capacitance and the parallel resistance, a normal 
distribution of 20 % was assumed.  

With the above assumptions the highest voltage in the 
module approaches 3.3 V after 250 hours. Such a high 
voltage is detrimental for the respective capacitor and 
would require voltage balancing measures. 

However, the result of Figure 2 is in clear contradiction to 
the experience made in the HY-LIGHT project [2], where a 
SC module in a hybrid fuel cell vehicle was used without 
any voltage balancing measures for more than two years 
without problems. 

To understand this contradiction we investigated the 
leakage current of BCAP350 supercapacitors from 
Maxwell Technologies in more detail. It turned out that the 
parallel resistances are not constant, but decrease 
exponentially with increasing cell voltage. Typically, for an 
increase in cell voltage of 600 mV the leakage current 
increases 10-fold. Recalculation of the voltage evolution 
under these conditions results in a significantly different 
behaviour (Figure 3). 

 
Figure 3. Evolution of single cell voltages in a SC module with 50 
capacitors in series; Ci = 350 ± 70 F, Ri = 2500 ± 500 Ω. Ri is a
function of the cell voltage. Same scale as Figure 2. 

In contrast to Figure 2, the highest voltage in the module is 
now below 2.6 V, which corresponds to a <100 mV 
deviation from the nominal voltage. Obviously, the 
exponential dependence of the leakage currents on the 
cell voltage has a self-regulating effect. A voltage 
deviation <100 mV which will reduce the lifetime of the 
capacitor by less than a factor of 2 can be tolerated for 
many applications. 

Conclusions 

Voltage balancing measures, which introduce weight, 
volume and additional unreliability to the SC module, are 
not absolutely necessary to guarantee stable behaviour of 
a SC module. Monitoring of the individual cell voltages, 
however, is strongly recommended to detect 
malfunctioning cells in due time. 
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Recently, surface modifications of a commercial Ni/Al2O3 
catalyst during the production of methane from synthesis 
gas [1] were investigated by quasi in-situ X-ray 
photoelectron spectroscopy (XPS). The effect of the 
synthesis gas on the surface properties of the catalyst and 
on its activity under methanation conditions was studied 
on an atomic level [2]. The conclusion was that the 
stability of different Ni clusters on the γ-Al2O3 support can 
be influenced by the type of deposition, which influences 
size and distribution of metal particles. Supplementary 
experimental and theoretical studies of nickel deposition 
on γ-Al2O3 have been used to help understanding further 
details about surface modifications during methanation 
and possible reasons of nickel particles detachment. . 

Technical details 

The metal deposition and XPS characterisation of model 
catalyst were carried out in a VG ESCALAB 220i XL (VG 
Scientific) setup, which is equipped with an additional 
preparation chamber and a home-made Metal Evaporator 
(ME). In parallel, the molecular structure of the model Ni/γ-
Al2O3 catalyst used during methanation of synthesis gas 
was investigated using the DFT method (program code 
StoBe) with a cluster model and non-local functional 
approximation (RPBE). The cluster Al15O40H35 has been 
selected for the investigation, representing the 
predominantly naturally-formed (100) surface of the γ-
Al2O3 support. Ni clusters with different sizes were cut 
from Ni (100) surface and deposited at the Al15O40H35 
cluster in order to validate the deposition model 
determined by XPS analysis.  

Nickel deposition (three different clusters Nix, x=2,7,9) on 
Al15O40H35 clusters is shown in Figure 1.  

 

 
Figure 1. Nix model clusters: (a) Ni2, (b) Ni7, (c) Ni9 deposited at 
(100) γ-Al2O3 represented by Al15O40H35 cluster.    

Results and Discussion 

Our experimental studies suggest that in case of room-
temperature deposition of Ni on the Al2O3 support a kind of 
“modified” Stranski-Krastanov growth model can explain 
our observations. Firstly, a fraction of a Ni metal mono-
layer (ML), presumably 0.5 ML with every second row 
missing, is deposited and, secondly, on top of this layer 
three-dimensional islands of Ni metal are growing (see 
Figure 2). 

 

Figure 2. Suggested model of nickel deposition at the γ-Al2O3 
support with the “missing row” first layer 
Taking into account theoretical predictions of intensity 
together with the observed changes in Ni2p3/2/Al2s ratio as 
well as Ni2p3/2 binding energies (Figure 3), it becomes 
evident that up to about 0.5 ML the deposited nickel atoms 
are strongly bound to the oxygen of the γ-Al2O3 support 
(binding energy typical for NiO).  
 

 
Figure 3. Changes of BE Ni 2p3/2 during nickel deposition on 
Al2O3 model catalysts: XPS studies. 

Our DFT calculations indicate that at first nickel adsorbs in 
hole positions of the γ-Al2O3 (100) surface between 
surface oxygen centres stabilised by -0.9 eV/Ni atom and 
influencing the electronic properties of the newly formed 
surface by modification of both oxygen and aluminium 
centres. The visible asymmetry suggests that Ni prefers 
being localized in AlO4 tetrahedrons between rows of 
AlO5, which quite accurately corresponds with the 0.5 ML 
coverage of nickel found experimentally as maximum of 
the first deposition stage.  

Conclusions 

Nickel is stabilized at the γ-Al2O3 surface and influences 
the electronic properties of the newly formed surface. Our 
DFT results correspond astonishing well with the 0.5 ML 
coverage found experimentally as maximum of the first 
deposition stage.  
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The electrochemical intercalation of lithium ions into 
graphite has been extensively studied for many years as 
this process is responsible for charging and discharging of 
lithium ion batteries (LIB) [1]. 

Like LIBs, Supercapacitors (SC) utilize carbon electrodes 
and non-aqueous electrolytes with the important 
differences that the carbons used in SCs provide a very 
high surface area and that the electrolyte contains 
quaternary ammonium salts like tetraethylammonium 
tetrafluoroborate (Et4NBF4) for charge storage. So far film 
formation and intercalation processes which might affect 
the aging of these devices were hardly investigated using 
surface analytical tools. Herein, we report on Fermi and 
core level shifts that have been observed after 
intercalation of the ions into a graphitic host structure 
using X-ray Photoelectron Spectroscopy (XPS). 

Experimental 

Highly oriented pyrolytic graphite (HOPG) was used as a 
working electrode in an electrochemical cell in which the 
counter and reference electrodes consisted of PTFE-
bound activated carbon. The electrolyte used was 
1M Et4NBF4 in propylene carbonate (PC). All materials 
were dried at 120°C under a vacuum better than 3⋅103 Pa 
for at least 24 hours, then assembled in the sealed cells 
and, subsequently, electrochemically prepared in an argon 
filled glove box with < 1 ppm O2 and H2O. The HOPG was 
cleaved with adhesive tape prior to each electrochemical 
experiment. 

After electrochemical preparation, the HOPG electrode 
was removed from the electrochemical cell under potential 
control, rinsed with PC and blown dry with N2 gas, and, 
subsequently, investigated by X-ray Photoelectron 
Spectroscopy (VG ESCALAB 220iXL). 

Results  

The typical current density potential curves of HOPG in 
1M Et4NBF4 / PC electrolyte are shown in Figure 1.  

Figure 1. Current density potential curves of HOPG in 1M
Et4NBF4/PC; dE/dt = 10mV/s, anodic and cathodic scans were
recorded separately, scan direction as indicated 

The processes that correspond to the cathodic (C1/C2) 
and in the anodic (A1/A2) redox couples can be mainly 

attributed to intercalation and deintercalation which has 
been recently proven by in situ XRD measurements [2]. In 
the negative potential range, however, the current density 
is one order of magnitude lower, than in anodic direction, 
which may be due to a low diffusion coefficient of the large 
cation in HOPG inhibiting the intercalation process into the 
bulk material. In order to compare both, the charged and 
the discharged state of the positive and the negative 
electrode, two experiments have been performed at Epos = 
+2.0 V and at Eneg = -2.5 V, respectively. In the first 
experiment the electrode has been removed after 30 min 
at the corresponding potential, and in the second 
experiment it has been removed after scanning back from 
that potential to 0 V.  

For the positively polarized electrode which is intercalated 
by the BF4

- anions one would expect a positive shift of 
binding energy of the C 1s signal and no shift of the 
signals resulting from anionic species. Interestingly, 
however, the C 1s, B 1s and F 1s XP-spectra of the 
intercalated sample all show a shift to lower binding 
energies (BE) in comparison with the discharged sample, 
which is shown in Figure 2 for the C 1s and F 1s spectra. 
The C 1s signal is shifted by ΔE = 0.7 eV, and the B 1s 
and F1s peaks are both shifted by ΔE = 2.0 eV. 

Figure 2. Comparison of the XP spectra obtained from the 
positive electrode in its charged and discharged state. a) C 1s 
signal ΔE = 0.7 eV; b) F 1s ΔE = 2.0 eV 

Similar shifts have already been measured for perchlorate 
intercalation into HOPG in aqueous electrolyte [3] and 
explained by displacement of the Fermi level of the 
intercalated layers according to Wertheim et al. [4]. 
According to these models the binding energy of the B 1s 
and the F 1s level is constant as the anion does not 
change its valence state. The work function of the BF4

- 
intercalated graphene layers, however, is increased by the 
measured energy shift of ΔE = 2.0 eV which means that 
the Fermi level is shifted by the same value. The resulting 
shift of the C 1s core level amounts 1.3 eV in comparison 
to the discharged sample. Deconvolution of the B 1s and F 
1s signals verifies that after discharging of the sample 20-
25 % of the graphene layers are still intercalated.  

For the negatively polarized HOPG electrodes the 
screening effects described above are less pronounced. 
The main reason might be that much less intercalation 
takes place which leads to in a significant decrease of this 
effect. 
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The sluggish kinetics of the oxygen reduction reaction at 
Pt/C electrocatalysts limits the efficiency of PEFCs. 
According to the DOE goals for 2010, the activity for 
oxygen reduction catalysts should increase by a factor 4, if 
a Pt/C catalyst serves as benchmark [1]. Commercial 
PtCox/C catalysts already show a mass activity, which is 
about twice as high [1, 2]. An explanation of this effect is 
the facilitated desorption of oxygen species from the 
catalyst particles [3]. PtCox/C catalysts usually consist of 
alloy nanoparticles supported on carbon black. One 
attempt to further increase the mass activity are PtCox 
core-shell nanoparticles, which consist of a Co-core and a 
Pt-shell.  

Experimental 

The reaction scheme for the preparation of PtCo3/C core-
shell catalysts is given in Figure 1. Thermolysis of Co-
precursors leads to the formation of Co-nanoparticles, 
which are supported on carbon black. Subsequential 
treatment and reduction of Pt-precursors lead to the 
formation of core-shell PtCo3/C. 

 
Figure 1. Preparation of core-shell PtCo3/C catalysts 

Results  

The mean particle size of core-shell PtCo3/C is about 
4.3nm (Figure 1, Table1). Few particles are larger than 10-
20nm, a fact also observed with commercial PtCox/C 
catalysts. Core-shell particles, however, should not 
contain Pt inside these large particles. Therefore, in core-
shell particles less Pt would be lost for the catalytic 
reaction. 

 
Figure 2. TEM image of core-shell PtCo3/C 

Cyclic voltammograms show that commercial Pt/C and 
PtCo0.4/C have higher Hupd areas than the core-shell 
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PtCo3/C catalyst. Therefore the electrochemically active 
surface area seems to be lower.  On the other hand the 
Pt-O reduction peak of the core-shell PtCo3/C is more 
positive than PtCo0.4/C and especially Pt/C. This indicates 
a facilitated oxygen desorption, which is preferable for 
oxygen reduction. The mass activity of core-shell PtCo3/C 
is slightly better than PtCo0.4/C, both are clearly higher 
active than Pt/C (Table 1). 

Figure 3. Cyclic voltammogramms of commercial and PtCo3/C 
core-shell catalysts;  Ar-saturated 0.1M  HClO4, v=100mV/s, RT. 

For PEFC applications high catalyst stability under varying 
load conditions is crucial. This was investigated with an 
accelerated ageing test. Catalysts were cycled 4000 times 
within the potential range from 0.6 to 1.2V (RHE). The 
core-shell PtCo3/C shows 37% activity loss, which is 
significantly higher than the activity loss of the commercial 
catalysts. Sintering effects may explain the ageing of Pt/C, 
since the particle size increases. Cobalt leaching may 
explain the ageing of the PtCox/C catalyst, since sintering 
is not observed (Table 1).  

 Mass 
activitya 
BOLb 
 
[A/mgPt] 

Mass  
activity  
loss 
EOLc 
[%]  

Particle 
sized 
BOLb 
 
[nm] 

Particle 
sized 
EOLc 
 
[nm] 

Pt/C (ETEK) 0.087 22 3.4 4.1 

PtCo/C(ETEK) 0.140 23 4.6 4.4 

PtCo3/C  0.146 37 4.3 3.9 

Table 1 Catalytic activity and stability of catalysts for oxygen 
reduction. a: determined by rotating disc electrode 
measurements, 0.9V (RHE), O2-saturated 0.1M HClO4, 
v=5mV/s,1600rpm, RT; b: beginning of life, c: end of life (after 
4000 cycles from 0.6 to 1.2V(RHE), v=50mV/s, RT); d: 
determined by TEM. 
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The transformation of methane (CH4) into other useful 
chemical species is currently subject to a growing interest. 
The enormous reserves of methane and its ease of 
purification make of this gas a very interesting feedstock 
for the production of a large variety of chemicals.  

CH4 activation, commonly admitted to be the rate limiting 
step for the conversion of methane, and the formation of 
surface methyl groups is therefore pivotal. For that, we 
plan to overcome the activation barrier of CH4, i.e. the 
abstraction of one hydrogen atom to form a methyl radical, 
by using highly energetic photons produced by an excimer 
lamp [1]. 

In order to ensure controlled preparation conditions and 
the unhampered application of surface science techniques 
like XPS, AFM, SEM, TPD and LEED, these experiments 
must be carried out in UHV. However, as no UHV suitable 
excimer lamp is commercially available, a unique setup 
fitting our needs had to be developed at PSI. The main 
features of this lamp are its narrow emission band centred 
at 172 nm (~ 7 eV, Figure 1), an internal water cooling and 
a small size allowing an installation at a DN63CF port. 

Experimental 

The lamp was entirely built at PSI. The xenon 
compartment is made of two concentric tubes, the outer 
one being special high grade quartz called Suprasil®, 
which is partially transparent to 172 nm and the inner one 
a VUV resistant, opaque quartz (Figure 2).  

After a well defined cleaning procedure the tube was filled 
with xenon 5.0 on a filling station. The tube is then sealed, 
detached from the filling station, and installed on the 
support as well as equipped with the electrodes.  

The lamp is operated by a HPG-2 power generator 
delivering tension from 0 to 10 kV at 125 to 325 kHz with a 
maximum power of 150 Watts. The radiation intensity was 
measured with a calibrated photodiode form Gigahertz-
Optik after filtration trough a 172 nm optical filter (ARC).  

Results  

The intensity of the lamp was found to increase with the 
xenon pressure in the gas compartment as shown in 
Figure 3. However, a small vacuum in the tube is needed 
for a convenient sealing of the lamp. A pressure of 
700 mbar was found to be a good compromise between 
lamp intensity and sealing problems. 

 
Figure 3. Lamp intensity versus xenon pressure 

 
Figure 4.  Lamp intensity versus frequency at 3 kV 

The optimum frequency was found to be 305 kHz as 
shown on Figure 4. This frequency corresponds to the 
maximum intensity of the lamp at 3 kV. 

Cooling of the lamp is a serious issue. A decrease of the 
intensity by quenching was observed as the temperature 
was building up. For this reason, the lamp has to run as 
cool as possible. Operated in a gaseous atmosphere, 
these lamps do not need water cooling as the small 
amount of heat produced can be dissipated by convection. 
This cooling mechanism does not exist any more in 
vacuum and an efficient cooling is therefore required. The 
most efficient cooling would be a direct water flow in the 
internal cavity of the tube, but attempts to do so failed due 
to tightness problems connected with the different 
expansion coefficients of the materials in contact. Quartz 
has indeed an expansion coefficient which is 20 to 50 
times lower than most metal and polymers (glues). On the 
other hand, an indirect cooling by inserting a water cooled 
copper rod in the internal cavity of the lamp showed not to 
be efficient enough. The reason is that the walls of the 
lamp are not perfectly cylindrical and the contact with the 
cooled copper rod is therefore not optimal. This problem 
was solved by melting a very soft and well conducting 
material between the quartz and the copper rod, indium in 
this case, in order to ensure a sufficient contact and 
therefore remove heat more efficiently. With this system 
the excimer lamp can be operated at low temperature with 
a stable intensity for extended time period.  

References 
[1]  U. Kogelschatz, Applied Surf. Sci., 54, 410-423 (1991). 

 
Figure 1. Emission spectrum and image of xenon excimer lamp 

 

 

 

 

Figure 2. Cross section of excimer lamp tube 
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