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EDITORIAL
“Learning from the past to master the future” was
the topic of our 25th One-Day-Symposium on
Electrochemistry, which took place on May 7,
2009. More than 100 participants from different
countries
expressed
their
interest
in
electrochemical research, attending the lectures
delivered by Profs. Dieter Kolb, Ulm University,
The metal-electrolyte interface: What do we
know?, Nenad Markovic, Argonne National
Laboratory, Electrochemical interfaces: Structural
and catalytic properties, Joachim Maier, MPI
Stuttgart, Ionic charge carriers at solid-solid
interfaces, Jean-Marie Tarascon, CNRS Amiens,
Recent advances, new trends and future
challenges within the Li-ion battery energy storage
system, Andreas Züttel, EMPA Dübendorf,
Aspects of energy storage, past and future, and
Manfred
Waidhas,
Siemens
Erlangen
Electrochemical technologies for future industrial
applications. Over the past more than 20 years,
this symposium has established itself as an
international meeting, attracting speakers from
around the world. Further, it demonstrates the
continuity of electrochemical research, particularly
addressed to energy conversion and storage, at
the Paul Scherrer Institut.

We will be delighted to welcome many of you on
th
the occasion of our 26 One-Day-Symposium on
May 5, 2010. On this day, various speakers from
our Swiss electrochemistry community will present
an overview on the many facets of Swiss
electrochemistry, ranging from fundamental
aspects of electrochemical interfaces to
technological applications in energy conversion
and storage, surface processes, and sensor
devices.
Please enjoy reading our Annual Report 2009.
Günther G. Scherer

Our laboratory’s effort is demonstrated in the wide
scope of topics documented in this Annual Report
2009 with 39 contributions from our research
groups. Again, we are happy to show
considerable progress achieved in our main
research areas fuel cells, batteries, and
supercapacitors. This is further documented in the
many peer reviewed publications, invited talks,
and other contributions to disseminate our
achievements to the scientific community, as
mentioned in the Appendix of this report.
Education is another continuous task in our
portfolio. During the past year, with success six of
our young colleagues graduated with a PhD from
the Swiss Federal Institute of Technology, Zürich.
Additionally, several diploma students, summer
students, and scientific guests experienced our
hospitality.
Our collaboration with Belenos Clean Power
Holding, Biel, to develop a “Swiss Fuel Cell Hybrid
Power Train” is continuously progressing and we
will report on this project in our next Annual
Report.
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Lifetime estimation of reactive oxygen species (ROS) in the polymer
electrolyte fuel cell (PEFC)
L. Gubler, S.M. Dockheer1, M.M. Menamparambath, A. Wokaun, G.G. Scherer
phone: +41 56 310 2673, e-mail: lorenz.gubler@psi.ch

possible reaction pathways for the formation of ROS as
well as identify reaction pathways involving the polymer.
The reaction mechanisms in PFSA membranes has
been studied to some detail, yet little is known about the
reactions of ROS in partially fluorinated or hydrocarbon
membranes.

One of the factors limiting polymer electrolyte fuel cell
(PEFC) durability is the susceptibility of the proton
exchange membrane (PEM) towards oxidative
degradation under the conditions prevailing in the PEFC.
Oxidative stress is caused by the presence of reactive
oxygen species (ROS), which are formed in the fuel cell
as intermediates. Prime culprits are hydrogen peroxide
(H2O2), the hydroxyl radical (HO•) and hydroperoxyl
radical (HOO•). Due to the high oxidative strength of
those ROS (Table 1), they can theoretically attack
chemical bonds in the polymer constituting the fuel cell
membrane.

Concentration and formation rate of ROS
A first approach in the understanding of the kinetics of
polymer deterioration is the estimation of the
concentration of ROS and their rate of formation in the
environment of the fuel cell. Based on available literature
data, the relevant figures have been compiled (Table 2).

Reactive oxygen Standard electrode potential
species (ROS)
E° [V] vs NHE (at pH 0)
H2O2

1.74

HO•

2.72

HOO•

1.46

The concentration of H2O2 in a PEFC has been
determined experimentally in two studies [3-4] with fairly
good agreement, yielding values on the order of 0.5 mM.
These are quasi-steady state values, i.e. the rate of
formation is equal to the rate of consumption of H2O2. In
the modelling study of Shah et al., large differences in
local H2O2 concentration are found [6], yet the average
agrees fairly well with the experimental data. The
formation rate of H2O2 has been measured by effluent
water analysis by two groups [4-5], yielding similar
values around 0.5 μM/s.

Table 1. Oxidative strength of reactive oxygen species relevant
to fuel cell operation, expressed as reduction potentials [1].

In particular HO• is a very powerful oxidizing agent and
reacts non-specifically in a diffusion-controlled manner
with almost any organic molecule. In general, however,
although all three ROS can participate in polymer
degradation reactions, the respective chemistries and
the roles played by each are fundamentally different.

The measurement of the concentration of HO• is less
straightforward because its concentration and lifetime is
expected to be very low. The calculation of HO•
concentration through the detection of HO• via spintrapping or fluorescence probe technique is misleading
because of the much longer lifetime of the spin-adducts.
Estimated values of HO• concentration (~10 μM) and
formation rate (~50 μM/s) under OCV conditions are
obtained from the modelling study by Shah et al. [6].
Measurement of the formation rate of HO• has been
attempted using a fluorescent probe technique, yet the
rates obtained were very low (~50 pM/s). The low values
might be a consequence of the low collection yield of
HO•, as it may react very rapidly within the catalyst layer
and not diffuse far enough to react with the fluorescent
dye.

Origin of ROS
There has been a great deal of controversy regarding
the origin of ROS in fuel cells. The detection of H2O2 in
the fuel cell product water has been reported in 1990 [2].
Recently, the presence of H2O2 in the membrane has
been confirmed electrochemically [3], by iodometric
titration [4] and anode / cathode effluent analysis [5].
The formation of radical oxygen species has been
confirmed by spin-trapping in combination with electron
paramagnetic resonance (EPR) analysis and use of a
fluorescent probe. The degradation of the ionomer, in
particular perfluorosulfonic acid (PFSA) type materials
(e.g. Nafion®), caused by HOO•/HO• radicals has been
studied mechanistically within a thermochemical
framework [1]. For the understanding of the chemical
aging mechanisms in the membrane electrode assembly
(MEA), it is important to establish an inventory of
ROS
H2O2

Quasi steady-state
concentration
(μM)
60 – 680 [3]
max. 300, typ. 180 [4]
200 (cath.) - 1800 (an.)* [6]

HO•

max. 30, avg. 10* [6]

HOO•

to be estimated

*modelling results, base case (5 ppm Fe

Lifetime Estimation of ROS
The lifetime of H2O2, HO• and HOO• in the MEA is
estimated based on the consideration of several
possible reactions pathways, whereby the likelihood of
each is discussed and assessed, taking into account the
chemical environment, reaction kinetics and the
assumptions made.

Formation rate
(μM/s)
an.: 0.5..1, ca.: 0.1[4]
an.: 0.14, ca.: 0.28 [5]

Based on the premise of a quasi-steady state, we
stipulate that the ROS consumption rate equals its
formation rate. The pseudo-first order reaction rate keff
for the consumption of ROS is then obtained according
to

max. 100, avg. 50* [6]
-5
an.: 5.8·10 ,
-5
ca.: 2.8·10 [7]
to be estimated
2+

dcROS
r
= rf − k eff ⋅ cROS ≈ 0 → k eff = f
dt
cROS

in ionomer)

Table 2. Kinetic data of ROS collated from literature.
1
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(1)

where rf is the formation rate and cROS the quasi-steady
state concentration (Table 2). The ROS lifetime is taken
to be its half-life τ1/2, and the diffusion length LD is
calculated using the diffusion coefficient D of water in a
fully swollen Nafion® membrane (3·10-6 cm2/s):

τ 1/ 2 =

lifetime:

ln 2
k eff

, diffusion length:

LD ≈ 4 Dτ 1 / 2

Using average values for the concentration and
formation rate, a lifetime of 12 min and 0.14 s is
obtained for H2O2 and HO•, respectively. These are
upper limit values, since the formation rates are likely to
be underestimated, because only the ROS
leaving the MEA are accounted for. Yet, a
ROS
fraction of the ROS, in particular HO•, may react
>7s
before escaping the MEA.
We assume an ionomer based on poly(styrene
sulfonic acid) (PSSA), such as the PSI
membrane [8]. The hydroxyl radical reacts with
poly(sodium styrene sulfonate) (PSSS) at a rate
7

H2O2
HO•

HOO•

(Fenton, rH2O2 = rHO•)
140 s
(Fenton reaction)
< 11 min (from formation rate)
11 ns
(reaction with PSSA)
< 50 μs (reaction with H2O2)
< 6 ms ?

H2O2 + HO• → HOO• + H2O

(~membrane thickness)
(>membrane thickness)
(flow field scale)
(cluster size in PEM)
(catalyst agglomerate size)

< 3 μm ? (~catalyst layer)

The understanding of chemical fuel cell membrane
degradation is intertwined with the understanding of
ROS chemistry and reactivity. We have to distinguish
between different species causing oxidative stress: HO•
is a very strong oxidizing agent and reacts very rapidly
(~10 ns) with the PSSA based ionomer. HOO• is less
reactive, the reactions it undergoes strongly depend on
the presence of the other ROS and the chemical nature
of the ionomer. Its lifetime is probably on the order of
micro- to milliseconds. The reactivity of H2O2 is relatively
low and is strongly influenced by the presence of metal
ion impurities. It may diffuse over hundreds of microns
before reacting. H2O2 can be regarded as a “dormant”
aggressive species that can unleash HO• upon
decomposition. Strategies for chemically stabilizing the
ionomer may include the addition of regenerative radical
scavengers.

-1 -1

having a rate constant of 2.7·10 M s . Using typical
values for the concentrations of the two reactants, this
reaction would yield a lifetime of 3 ms for H2O2 and
50 μs for HO•. The reaction of HO• with the polymer
substrate, however, is much faster, therefore reaction (2)
can be safely neglected.
It is likely that the membrane contains metal ion
impurities at the ppm level. Despite the low
concentration, some of these may undergo reaction with
the ROS. In particular, the Fenton reaction can be
harmful because hydroxyl radicals are created:
+ H+ → HO• + Fe3+ + H2O

> 100 μm
0.4 mm
< 0.9 mm
4 nm
< 200 nm

Conclusion

(2)
7

Diffusion length LD

Table 3. Estimated kinetic properties of reactive oxygen species (ROS).

An important reaction to consider is the reaction of H2O2
with HO•:

2+

Life time τ1/2

-1 -1

of k = 5·10 M s . Assuming an ion exchange
3
capacity of 1.3 mmol/cm , this would yield a
•
very short HO lifetime of 11 ns.

H2O2 + Fe

In summary, the lifetime estimates and their
corresponding diffusion length (Table 3) suggest that the
different ROS have profoundly different characteristics.
The reactions they can undergo also strongly depend on
the chemical environment of the ionomer. The dissimilar
lifetimes also lead to vastly different diffusion lengths.
HO• reacts very near to the location where it is formed,
whereas H2O2 can diffuse over the entire MEA thickness
before undergoing reaction. The results shown here are
a mere estimate, yet the study may contribute to the
fundamental understanding of ionomer degradation
reactions and thereby help in the development of a fuel
cell membrane aging model.

(3)

-1 -1

with a rate constant of 56 M s (25°C, pH 0.9). Using a
2+
typical impurity level of 5 ppm Fe , an H2O2 lifetime of
140 s is obtained, which is also in the minute order, as
the value estimated based on H2O2 formation rate
(<12 min). Alternatively, we can assume that the only
source of HO• is the Fenton reaction (3). The formation
rate of HO• is then equal to the consumption rate of
H2O2, and with the quasi-steady state H2O2
concentration of 500 μM we obtain a lifetime for H2O2 of
7 s. This represents a lower limit of the estimate,
because HO• can also be created via other pathways.
The consumption rate of H2O2 is therefore likely to be
smaller and, consequently, its lifetime longer.

References
[1] F.D. Coms, ECS Transactions 16, 235-255 (2008).
[2] G.G. Scherer, Ber. Bunsenges. Phys. Chem. 94, 145
(1990).
[3] W. Liu, D. Zuckerbrod, J. Electrochem. Soc. 152,
A1165-A1170 (2005).
[4] C. Chen, T.F. Fuller, ECS Transactions 11, 1127-1137
(2007).
[5] V.O. Mittal, H.R. Kunz, J.M. Fenton, Electrochem. SolidState Lett. 9, A299-A302 (2006).
[6] A.A. Shah, T.R. Ralph, F.C. Walsh, J. Electrochem. Soc.
156, B465-B484 (2009).

Finally, we wish to estimate the lifetime of the
hydroperoxyl radical (HOO•). A source of HOO• is
reaction (2). As a sink, we assume the reaction of HOO•
6
-1 -1
with iron impurities (k ≈ 1.2·10 M s at low pH). As a
result, we obtain a quasi-steady state concentration of
HOO• of 1.5 mM and a lifetime of 6 ms, assuming an
iron impurity level of 5 ppm. It has to be pointed out that
these values are associated with high uncertainty,
because i) HOO• is also likely to react with the ionomer,
with currently unknown reaction rates, and ii) HOO• can
also be produced in a follow-up reaction of the attack of
HO• on PSSA .

[7] N. Ohguri, A.Y. Nosaka, Y. Nosaka, Electrochem. SolidState Lett. 12, B94-B96 (2009).
[8] L. Gubler, H. Kuhn, T.J. Schmidt, G.G. Scherer, H.P. Brack,
K. Simbeck, Fuel Cells 4, 196-207 (2004).
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Radical induced polymer electrolyte fuel cell membrane damage
S.M. Dockheer1, L. Gubler, G.G. Scherer, W.H. Koppenol1
phone: +41 44 633 44 82, e-mail: sindy.dockheer@psi.ch

The reaction of hydroxyl (HO•) radicals with sulfonated
aromatics is of interest because of their presumed
involvement in the degradation of fuel cell membranes
[1]. Based on electron paramagnetic resonance (EPR)
spectroscopy
and
fluorescence
measurements,
hydroxyl radicals are postulated to be formed in situ in a
fuel cell [2, 3]. Experimental investigation of the reaction
of hydroxyl radicals with model compounds has been
carried out by means of EPR spectroscopy in the
absence of dioxygen [4, 5]. Here, we present the
kinetics of formation of intermediate species in model
compounds of the polymer backbone (water soluble
short oligomer) in oxygenated solutions and at low pH,
which, ultimately, result in chain-scission.

followed at 450 nm, in the presence of 0.5 mM - 1.5 mM
•–
PSSS MW 1100. SO4 reacts with PSSS MW 1100
8
with k7 = (5.5 ± 1) × 10 M−1 s−1. Figure 1 illustrates the
simultaneous formation of a transient species that
absorbs strongly at 280 nm. A spectrum recorded 6 μs
after pulse irradiation of an aqueous solution that
contained 1 mM PSSS MW 1100, 0.1 M tert-butanol
and 0.02 M K2S2O8 at pH 3 is shown in Figure 2 and is
characteristic of the benzyl radical 3. We observed
•–
complete conversion of SO4 to benzyl radicals. Benzyl
radicals react with dioxygen with a second-order rate
8
constant k8 of (2 – 5) × 10 M−1 s−1 [7].
120

Experimental

1.5 mM PSSS

100
Absorbance / 10 -3

Samples of solutions that contained 0.1 - 1.5 mM
poly(sodium styrene sulfonate) with MW 1100, average
molecular weight 1100 g / mol (PSSS MW 1100), were
irradiated (doses of 10 - 40 Gy) with < 50 ns pulses of
2 MeV electrons from a Febetron 705 (manufactured by
Titan Systems Corp., presently L-3 Communications,
San Leandro, CA) at ETH Zürich. Details of the pulse
radiolysis setup have been published [6].

280 nm
1 mM PSSS

80

0.5 mM PSSS

60
40
1.5 mM PSSS
0.5 mM PSSS

20

Results and Discussion
0

From the absorption spectrum observed 5 μs after
pulse irradiation (8 Gy) of a 120 μM PSSS MW 1100
N2O-saturated solutions near neutral pH, we derive that
90 % of hydroxyl radicals react with the oligomer
according to reaction 1, Scheme 1. The corresponding
rate constants for the addition and hydrogen9
abstraction reaction are k1 = (8.3 ± 2) × 10 M−1 s−1 and
9
−1
−1
k2 = (1 ± 0.2) × 10 M s , respectively [7]. The
reaction of HO-adduct 1, Scheme 1, with dioxygen
proceeds with a forward rate constant k3 of (3 ± 0.5) ×
107 M−1 s−1. The dioxygen adduct 2, Scheme 1, thus
formed, can release dioxygen with a rate constant k–3 <
3
(4.5 ± 1.5) × 10 s−1 or eliminate HO2• according to
–1
equation 4, with k4 < 950 s [7]. At higher dioxygen
concentration, reaction 5 Scheme 1, becomes possible
[8].

4

2

4
Time / µs

6

8

Figure 1. Absorbance changes at 280 nm and 450 nm,
observed for irradiated argon-saturated solutions of 0.5 - 1.5
mM PSSS MW 1100, 0.02 - 0.05 M K2S2O8, 0.05 - 0.1 M tertbutanol at pH 3 - 3.5, dose of ca. 30 Gy. The absorbance
changes at 450 nm and 280 nm result from the formation and
•–
decay of SO4 and benzyl radicals, respectively.
R2

R1

-3

Absorbance / 10 Gy

-1

4

Low pH values are a relevant condition in a protonexchange membrane fuel cell. We derived an overall
3 –1
first-order rate constant k of (6 ± 1) × 10 s for the
decay of the HO-adduct 1 at pH 1 – 3 [7]. Protonation of
the HO-adduct 1, reaction 6 Scheme 1, proceeds with
k6 = 1.9 × 109 M–1 s–1 [9], which results in a pseudo-first
order rate constant kobs6 of 1.9 × 106 s–1 and 1.9 × 108
–1
s at pH 3 and pH 1, respectively.

3

SO3 Na
R1

2

R2
H
H

1

SO3 Na

0
280

320

360

400

440

Wavelength / nm
Figure 2. Normalized absorption spectrum recorded 6 μs after
pulse irradiation (8 Gy) of a 1 mM PSSS MW 1100, 0.1 M tertbutanol, 0.05 M K2S2O8 argon-saturated solution, pH 3. The
normalized spectrum of the H-adduct, which is formed in low
yield (G=0.57) due to the reaction of hydrogen radicals with
the oligomer is also shown.

Water elimination from the protonated HO-adduct of
aromatic
compounds
with
electron-donating
substituents results in formation of a radical cation [9,
10]. In order to elucidate the reaction mechanism at low
pH, we used SO4•–, which reacts with aromatic
compounds via electron-transfer to yield an
intermediate radical cation, reaction 7, Scheme 1.
•–
Figure 1 shows the formation and decay of SO4 ,
1

450 nm, SO •–

0

The kinetics data described here are put into context in
Scheme 1. The time dependence of formation of the
benzyl radicals corresponds to the one of the decay of
•–
SO4 . This observation can be rationalized with

Laboratory of Inorganic Chemistry, ETH Zürich
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formation of the radical cation 4, which, in the presence
of an electron-deactivating sulfonate group, is too short
lived to be observed. It deprotonates with a rate
constant k9 > 8 × 105 s−1. Thus, the rate limiting step in
this reaction sequence is reaction 7.

R1

O
R1

HO

2

R2

C

R1

R1

R1

6

R2

O
R2

OH 2

R2

+

10

SO 3 -

9

R1

- H2O

+

CH

SO 3 -

O2

- H+

+ H+ ,

R2
OH

1

5

SO 3 -

3

4

SO 3 -

SO 3 -

SO42–

-3

7

3
R4

reactant
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b
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SO4•–
R3

SO 3 -

From Scheme 1, we conclude that the absence of the
weak Cα–H prevents formation of dioxyl radical 5 and,
therefore, chain scission via subsequent reaction steps
[7]. Higher stability of membranes based on alphamethylstyrene has been demonstrated. On the other
hand, if formation of HO-adduct 1 would be prevented,
neither the acid-catalyzed water elimination that starts
with reaction 6, nor formation of the dioxygen adduct 2
would take place. Therefore, we propose here that
introduction of a catechol-like group, see Figure 3,
could be beneficial for membrane stability: Firstly, this
antioxidant scavenges hydroxyl radicals, which results
in formation of an intermediate oxyl radical that is inert
to peroxidation. Secondly, it forms a stable complex
with Fe(III), which does not redox-cycle according to
Fenton’s reaction. Therefore, we expect less formation
of hydroxyl radicals. The simpler model compound b in
Figure 3 would act as hydroxyl radical scavenger as
well.

8

1

a

Figure 3. Model compound as
antioxidant
for
fuel
cell
membranes, which would act as
OH a) hydroxyl radical scavenger
and Fe(III)-complexation agent b)
as hydroxyl radical scavenger.

Conclusions

HO
H 2O

R2

OH
SO3-

R2

SO 3 -

R1
OH

In the reaction sequence from the HO-adduct to the
protonated form, followed by water elimination and
subsequent formation of the benzyl radical, our derived
rate constant k of (6 ± 1) × 103 s–1 at pH 1 - 3, is 2 - 3
orders of magnitude lower than all other rate constants
in this sequence. Therefore, the water elimination step
proceeds with a first-order rate constant k10 of (6 ± 1) ×
3 –1.
10 s

R1

R3

R2

Rate constant, ki
9

1

1

1

(8.3 ± 2)× 10 M− s− [7]

2

(1 ± 0.2) × 10 M− s− [7]

3

(3 ± 0.5) × 10 M− s− [7]
3

9

1

1

7

1

1

–1

-3

< 4.5 × 10 s [7]

4

< 950 s [7]

6

1.9 × 10 M− s− [9]

[10] K. Sehested, J. Holcman, E.J. Hart, J. Phys. Chem. 81,
1363-1367 (1975).

–1
9

1

1

9

1

1

7

(5.5 ± 1) × 10 M− s− [11]

8

(2 - 5) × 10 M− s− [7]

8

5

1

1

−1

9

> 8 × 10 s [11]

10

(6 ± 1) × 10 s [7]

3

–1

Table 1. Kinetics data for Scheme 1.
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Grafting kinetics of styrene-co-MAN onto ETFE
K. Jetsrisuparb, H. Ben Youcef, G.G. Scherer, A. Wokaun, L. Gubler
phone: +41 56 310 2162, e-mail: kaewta.jetsrisuparb@psi.ch

ETFE is a partially fluorinated polymer, which, owing to
its mechanical toughness, chemical stability and
corrosion resistance, is used in chemical industry for
protective coating and in architecture e.g. the Beijing
National Aquatics Centre. In fuel cell applications,
ETFE can be used as a base material for fuel cell
membranes. The membranes are prepared by (co-)
grafting monomer(s) onto the ETFE films, followed by
sulfonation. The properties of the membranes can be
controlled by the grafted monomers. The concept of
graft co-polymerization has been applied to styrenemethacrylonitrile (MAN) on ETFE base film since
styrene is readily grafted and the incorporation of MAN
leads to an improvement of the oxidative stability under
fuel cell operation [1]. In this study, we investigate the
co-grafting kinetics of the styrene-MAN system.

(X=0) grafted films are significant, one should keep in
mind that the molar mass of styrene is almost double
that of MAN. Consequently, the variation of grafted
monomers based on mole is less pronounced.

Experimental
Electron irradiated ETFE films (25 μm) were introduced
to the grafting solution, which consisted of different
concentrations of styrene and MAN in isopropanol and
water [1]. The content of styrene and MAN in the
grafted films with approximately 40% graft level was
determined by FTIR analysis.

Figure 1. Effect of reaction time on graft level of styrene-coMAN with different mixtures of styrene and MAN. X is the molar
fraction of styrene with respect to the total monomer content.

Upon grafting, the graft level increases strongly in the
beginning and subsequently levels off because the
radicals decay as a function of time [3]. As the grafting
proceeds, chain recombination and the decay of active
species under the reaction conditions occur, resulting in
a lower grafting rate. The kinetics model fitted most of
the data reasonably well except for low styrene content
in the reaction mixture (X<0.2) during the first 4 hours
where an induction period has been observed. The
induction period could be assigned to the time required
for monomers to diffuse into the film [4].

Results and discussion
The amount of grafted components with respect to the
base film is expressed by the graft level (GL):
GL =

W −W
G
0
W

⋅ 100%

0

In which WG indicates the mass of the grafted film and
W0 is the initial mass of the ETFE base film.

FTIR spectra of the grafted films showed pertinent
-1
vibrational bands for styrene (C=C) at 1493 cm and
-1
MAN (C≡N) at 2231 cm respectively (Figure 2 and 3).
The intensity of the bands evidently indicates the
amount of associated monomer in the grafted film.

A large excess of monomers is provided in the reaction
mixtures and no significant monomer depletion takes
place throughout the experiment. The film can obtain a
high graft level by providing a grafting solution
consisting of monomers that can be easily grafted. The
influence of initial monomer content in the reaction
mixture on the graft level is shown in Figure 1, along
with the fit corresponding to the kinetic model described
in [2]. X symbolizes the molar fraction of styrene in the
reaction mixture (styrene and MAN). There appears to
be a significant difference in the weight based graft
levels obtained from pure styrene and pure MAN
grafting solutions. It is observed that the more styrene
is provided in the grafting solution, the higher the graft
level, except for X=0 which shows slightly higher graft
levels than X=0.2.
Possibly, styrene is favored by grafting because its
polarity is comparable to that of ETFE. This makes
ETFE more accessible to styrene than MAN. However,
at low styrene content (X=0.2), MAN is abundant, and
as a large proportion of MAN is grafted in the film, the
strong polarity of the C≡N group in MAN might increase
the polarity of the grafted film and disfavor the diffusion
of styrene into the film.
Although the difference of the graft levels
corresponding to pure styrene (X=1) and pure MAN

Figure 2. FTIR spectroscopic analysis of styrene characteristic
-1
band (1493 cm ). The films were prepared by different
compositional feed to a fixed Graft level of 40%. X = molar
fraction of styrene in the feed.
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copolymerization kinetics of (co)grafting onto a polymer
substrate and copolymerization in bulk do not need to
be the same, since during grafting not only reaction
takes place but also diffusion [7]. The diffusion rate of
monomers into the base film might depend on the
composition of the reaction mixture as well as the film.
Reactivity ratios
System

Experimental
grafting
(GL=40%)

Figure 3. FTIR spectroscopic analysis of the MAN
-1
characteristic band (2231 cm ). The films were prepared by
different compositional feed to a fixed graft level of 40%. X =
molar fraction of styrene in the feed.

Bulk
copolymerization

The FTIR spectra show that copolymerization of
styrene and MAN is obtained. The composition of
grafted monomers depends on the monomer content in
the reaction mixture. At the same graft level, the
intensity of styrene relevant vibrational band increases
with increasing styrene content in the reaction mixture
while the intensity of MAN relevant vibrational band
decreases. A shift in the vibrational bands is observed
with different reaction mixtures. In abundance of MAN
in the reaction mixture, dimers or trimers of MAN might
form and cause a change in the intra- and
intermolecular forces due to the strong polarity of the
C≡N group [5].

rstyrene

rMAN

0.67±0.16

0.20±0.04

0.25±0.02 [8]

0.25±0.02 [8]

0.39±0.07 [9]

0.32± 0.05 [9]

Table 1. Comparison of reactivity ratios of styrene and MAN
copolymerization under different conditions

Conclusions
Grafted films were prepared by graft copolymerization
of styrene and MAN onto 25 μm ETFE base film.
Through the addition of styrene to the reaction mixture,
higher graft levels have been obtained. Comparable
polarity of styrene and ETFE could allow easier
monomer transport into the film and yield a higher graft
level. Selected films with a similar graft level of 40%
were analyzed with FTIR spectroscopy and the
reactivity ratios were determined. The FTIR spectra
confirm that the content of grafted monomers depends
on the composition of monomers in the reaction
mixture. The reactivity ratios of styrene and MAN
obtained from the Mayo-Lewis equation are 0.67±0.16
and 0.20±0.04, respectively, indicating that crosspropagation is favored. The reactivity ratios obtained
from graft copolymerization differ from those of bulk
copolymerization. This emphasizes that the grafting
process is rather complex; feed composition, monomer
reactivity and diffusivity may play a role in the overall
kinetics. The transport of monomer and solvent into the
film during grafting is not well understood at this point
and is subject of an ongoing study.

The system of the grafted styrene-co-MAN onto ETFE
can be described by the Mayo-Lewis model (Figure 4).
The styrene content in the film (GL=40%) is compared
to that of the reaction mixture. The feature of Figure 4
represents a system where the reactivity ratios of both
styrene and MAN (rstyrene, rMAN) are lower than unity.
This highlights that styrene and MAN have a slight
tendency to form an alternating copolymer chain. The
maximum degree of alternation (73% of diads) is
obtained at X=0.35, based on a calculation described
elsewhere [6].
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Effect of the styrene-MAN composition on the ex situ properties of grafted
membranes based on ETFE
K. Jetsrisuparb, H. Ben youcef , G.G. Scherer, A. Wokaun, L. Gubler
phone: +41 56 310 2162, e-mail: kaewta.jetsrisuparb@psi.ch

The synthesis of proton conducting membranes by
irradiation induced graft copolymerization is known for
its merits and potential in modifying the polymer
properties [1]. The dependence of membrane
performance on the grafted component is of particular
interest. An acid side group is incorporated in cografted styrene and methacrylonitrile (MAN) onto ETFE
base films to produce a proton conducting fuel cell
membrane (page 9). The aim of this work is to
investigate the influence of the composition of the
grafted components on ion exchange capacity (IEC)
and conductivity of the membrane.

The radiation grafted membranes show comparable
IEC values to Nafion 212. Analogous to the IEC, the
conductivity is also enhanced with increasing styrene
content (Figure 2), owing to the increasing proton
concentration (IEC). Possibly, the degree of hydration
and polymer chain mobility, due to the incorporation of
the acid group, also affect the proton mobility. In the
next step of this study, fuel cell tests will be carried out.
Further, the influence of the MAN content on the
chemical stability of the membrane will be investigated
systematically.
180

-1

Experimental
Conductivity / mS·cm

Styrene-co-MAN grafted ETFE films (with 41±4% graft
level) were sulfonated under the same conditions as
reported previously [2]. The ion exchange capacity
(IEC) was measured by titration. The molar ratio of
styrene to MAN in the graft component was determined
by FTIR spectroscopy. The theoretical IEC can be
determined based on the graft level and the content of
styrene and MAN in the grafted film [3]. The
conductivity of the water swollen membranes was
measured by AC impedance spectroscopy at room
temperature.

-1

IEC / mmol g

0.4

0.6

0.8

1.0

Measurements of the IEC and conductivity of radiation
grafted styrene-co-MAN membranes show that the
composition of the grafted components plays an
important role in affecting these fuel cell relevant
properties. The IEC and conductivity rely on the content
of grafted styrene in the membrane, since the grafted
styrene determines the ionic content. Sulfonated
polymers exhibit an increased hydrophilicity and water
uptake, which favour IEC and conductivity, respectively.
Both IEC and conductivity of styrene and MAN cografted membranes with approximately 40% graft level
are comparable to Nafion 212, as demonstrated in the
results. In the next step, water uptake characteristics,
mechanical stability and fuel cell tests will be
investigated to better understand the ETFE-gstyrene:MAN combination.

GL = 37%

0.5
0.0
0.0

0.2

Conclusions

2.0

1.0

60

Figure 2. Conductivity for styrene-co-MAN grafted ETFE
membranes as a function of the styrene content. The
conductivity of Nafion 212 is shown as a dashed line for
comparison.

GL = 45%

Nafion 212

Nafion 212
90

Xstyrene in membrane

The IEC is quantified by the amount of acid, sulfonic
acid in this case, per unit mass of polymer. Assuming
that each styrene group carries one sulfonic acid unit,
the theoretical IEC can be determined from the graft
level. We targeted a graft level of 40%, yet the obtained
experimental graft levels lie between 37-45%. The
minimum and maximum bounds for the theoretical IEC
were determined, based on these lower and upper
limits for the graft level. A good agreement has been
found between experimental and theoretical IEC values
(Figure 1). Evidently, the IEC increases with the molar
fraction of styrene in the grafted components (Xstyrene).
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Diisopropenylbenzene as new crosslinker in radiation grafted ETFE based
membranes for fuel cells: A kinetic study
H. Ben youcef, R. Gyr1, L. Gubler, A. Wokaun, G.G. Scherer
phone: +41 56 310 4188, e-mail: hicham.ben-youcef@psi.ch

Crosslinking is a key method to increase the lifetime of
radiation grafted membranes for fuel cells. The
optimization of the crosslinker concentration in
combination with the graft level is crucial to ensure
higher stability without loss in performance and
mechanical properties. The use of divinylbenzene (DVB)
(mixture of four isomers) as crosslinking agent was
previously investigated in detail [1]. Inhomogeneous
distribution of the crosslinker concentration through the
thickness of the grafted films was observed. In this
study, a 1,3-diisopropenylbenzene (DIPB) was selected
as crosslinker. The objective of this first investigation
was to prove the incorporation of DIPB and its
effectiveness as a crosslinker for the styrene grafted
ETFE based membranes.

show any significant change for concentrations higher
than 8% DIPB (Figure 2). For concentrations lower than
8% DIPB, the monomer diffusion is not significantly
affected, while above this concentration the creation of a
three-dimensional
network
slows
down
the
polymerization reaction (radical lifetime increases).
Rp0
γ

-1

Ln (Rp0, γ / h )

6
4
2
0

Experimental
ETFE (25 μm, Dupont) based grafted films were
prepared in the presence of styrene/DIPB mixture with
varying DIPB concentration in the initial grafting solution
(0%, 5%, 8%, 10%, 15%, and 20%), using the grafting
solution mixture as described elsewhere [1]. Selected
grafted films with a graft level of 25 % and different
crosslinking extent were characterized by means of FTIR
and DSC techniques.

0

FTIR investigation (spectra not shown) of the grafted
films showed the effective incorporation of DIPB into the
ETFE grafted films, whereby the C-H deformation
vibration of the DIPB methyl group was observed (the
unreacted DIPB double bond was not observed).
0% DIPB
5% DIPB

Graft level (%)

100
80
60
40
20

200

0
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20

25

Reaction time (h)

15% DIPB
20% DIPB

220

240

Temperature (°C)

260

Figure 3. Recrystallization thermograms of styrene/DIPB
grafted ETFE based films.

Figure 1. Grafting kinetics of styrene/DIPB into ETFE based
films for different DIPB concentrations.

Recrystallization experiments were performed for the
crosslinked grafted films with fixed GL of 25 % (Figure
3). Above 5% DIPB concentration, the exothermic peak
shows two peaks with distinct maxima. It is suggested
that the observed multiplicity is related to the
morphological change occurring upon crosslinking (coexistence of two crystallite domains, near-surface
crystallites (affected by crosslinking) and bulk crystallites
(chain flexibility is not affected)).

At an early phase of grafting (< 4h), the graft level (GL)
decreases gradually with the DIPB concentration (Figure
1). However, for longer reaction times (> 8h) the grafted
films with DIPB concentration of 5%, 8% and 10% yield
higher GL than the uncrosslinked films. Initially, the
grafting takes place in the surface of irradiated films,
thereafter the reaction becomes diffusion controlled. The
same observation was made for the DVB/styrene
monomer combination, but for initial concentrations up to
5% DVB [1]. The extracted kinetic parameters (initial
polymerization rate (Rp0) and radical recombination rate
(γ)) from the fitted kinetic curves (Figure 1) were affected
by the introduction of DIPB. Both parameters decrease
with an increase in DIPB concentration, while γ does not
1

8% DIPB
10% DIPB

Cooling

15 %
20 %

120

0

20

Heat flow endo up

8%
10 %

15

Figure 2. Kinetic parameters as function of DIPB concentration.

The kinetics of grafting is governed mainly by monomer
reactivity and its diffusion into the irradiated film.
0%
5%

10

DIPB (vol %)
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Diisopropenylbenzene as new crosslinker in radiation grafted ETFE based
membranes for fuel cells: ex situ and in situ characterization
H. Ben youcef, R. Gyr1, L. Gubler, A. Wokaun, G.G. Scherer
phone: +41 56 310 4188, e-mail: hicham.ben-youcef@psi.ch

The degree of crosslinking is a crucial parameter to
improve the chemical, mechanical and dimensional
stability of radiation grafted membranes in fuel cells [1].
Divinylbenzene (DVB), a technical mixture of different
isomers, was extensively used as crosslinking agent for
styrene grafted poly(ethylene-alt-tetrafluoroethylene)
(ETFE) based membranes. The high reactivity of active
DVB isomers as compared to the one of styrene
induces a concentration gradient of the crosslinker
through the thickness of the grafted films. In this study,
the use of a new crosslinker, 1,3-diisopropenylbenzene
(DIPB) (isomer pure monomer), and its effect on ex situ
and in situ fuel cell relevant properties of styrene
grafted ETFE based membranes are presented.

reduced (Figure 1d). The same observations were
made for the styrene/divinylbenzene grafted ETFE
based membranes, showing the effectiveness of the
crosslinkking using the DIPB. However, the gradient of
crosslinker concentration through the thickness could
not be measured, owing to only a weak signal of the
DIPB in FTIR-ATR (attenuated total reflectance) mode
[1].

Shrinkage
(%)

30
20
10

ETFE (25 μm, Dupont) based grafted films were
prepared in the presence of styrene/DIPB mixture with
varying DIPB concentration in the initial grafting solution
(0%, 5%, 10%, 15% and 20%), as described previously
[2]. Selected grafted films with a fixed graft level of 25
% were sulfonated and the resulting membranes were
characterized for their fuel cell relevant properties.

50

Ion exchange capacity
-1
(mmol·g )

Water uptake
(%)

Experimental

The radiation grafted membranes were assembled with
JM electrodes (Johnson Matthey) with a noble metal
-2
loading of 0.4 mg Pt cm , then hotpressed at 110 °C /
5 MPa / 180 s to form a membrane electrode assembly
(MEA).The ex situ (ion exchange capacity (IEC), water
uptake, dimensional stability, contact angle and
conductivity) and in situ (impedance spectroscopy,
polarization curves and H2 crossover) characterizations
of the membranes were performed, as described
elsewhere [1, 3].

d

40
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1.8
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1.4
1.2

b

Conductivity
-1
(mS·cm )

120

Results
To begin with, FTIR investigation and recrystallization
experiments (DSC measurement) were performed (cf
page xx), showing clearly the successful incorporation
of DIPB in the grafted films. Moreover, the extent of
crosslinker through the thickness was quantified based
on peak fitting of the obtained FTIR-spectra.
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Crosslinker (% vol)

By increasing the crosslinker (DIPB) concentration from
0% to 20% in the initial grafting solution, the
conductivity decreases from a value of 104 mS·cm-1 to
-1
20 mS·cm , while the ion exchange capacity does not
show any significant change (Figure 1a and 1b). On the
other hand, the water uptake is reduced upon
crosslinking, which can be attributed to the
enhancement of the compact three-dimensional
network structure of the grafted chains and the
decrease in the free volume available in the membrane
(Figure 1c). The observed decrease in conductivity is
due to the decrease in swelling and, as a consequence,
to a reduced mobility of protons. Moreover, an
approximately linear correlation between conductivity
and hydration level is observed (not shown). Similar to
the water uptake, the area and volume shrinking
(wetdry) are decreasing with crosslinking, i.e. the
dimensional stability of the crosslinked membranes is
improved and the stress generated by swelling is
1

Area
Volume

40

Figure 1. Effect of crosslinker (DIPB) concentration in the initial
grafting solution on ex situ fuel cell relevant properties of the
ETFE grafted membrane a) conductivity b) ion exchange
capacity c) Water uptake d) area and volume shrinkage
(wetdry). Measurements of a) and b) were performed in fully
swollen state at room temperature.

The contact angle measurement performed on dried
membranes showed no significant changes up to 10%
DIPB concentration, while contact angle values
increase, starting from 15% DIPB (Figure 2). This
observed increase in surface hydrophobicity is not fully
understood yet. However, it is suggested that the
creation of a three-dimensional network induces a
restriction on the grafted chain’s mobility, thus reducing
the re-orientation of the sulfonic groups towards the
surface. In analogy to the contact angle measurement
results, XPS investigation on uncrosslinked (0% DIPB)
and crosslinked (20 % DIPB) grafted films shows that
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the surface composition is completely different in both
samples. In fact, the surface concentration of the
grafted component is high in the uncrosslinked film, as
similarly observed for poly(tetrafluroethylene-cohexafluoroprop-ylen)
(FEP)
grafted
films
and
membranes using styrene/DVB as graft component [5].
We note here that the observed change in the surface
composition might be very different when the grafted
films and membranes are subjected to ultra high
vacuum conditions.

ohmic resistance measured via the online high
frequency resistance technique (HFR) at 1 kHz, and is
obviously associated with the decrease of membrane
conductivity with increasing DIPB concentration (Figure
1a). Whereas the polarization resistance, which is
assumed to be a measure of the properties of the
membrane-electrode interface, shows a clear
correlation with the contact angle measurement. So far,
the observed trend is different from the one observed
for the styrene/DVB based ETFE membranes, however
assembled with a different electrode material (ETEKelectrode).
In order to evaluate the integrity of the membrane after
90 h of fuel cell operation, the in situ H2 crossover was
measured by operating the cell in H2/N2 mode and
applying a cell voltage of 0.5 V (Figure 4).

90
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-2

H2 Crossover (mA.cm )

Contact angle (deg)
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Figure 2. Contact angle
styrene/DIPB membranes.

measurement

of

dry

ETFE-g-

To correlate the measured ex situ surface and bulk
properties of the crosslinked grafted membranes to the
in situ fuel cell relevant properties, MEAs were
assembled and tested under constant current density of
500 mA·cm-2. Measurement of the ac impedance and
H2 crossover were taken after 90 h of operation. The
derived ohmic resistance and polarization resistance
values from the ac impedance spectra, recorded at a
current density of 500 mA·cm-2 , are presented in
Figure 3.
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The H2-crossover gradually decreases with the extent
of crosslinking, in particular the crosslinked membranes
with a DIPB concentration of more than 10 % in the
initial grafting solution showed a lower H2 permeability
in comparison to a Nafion®212 membrane. A
correlation between the ex situ dimensional stability
(wetdry) and the membrane mechanical integrity
measured in situ via H2 crossover was already
established [4]. It was stated that the changes in
membrane hydration may cause a build-up of internal
stress, leading to mechanical deterioration during fuel
cell operation. Furthermore, crosslinking with DVB was
found to improve the ex situ chemical stability of the
grafted membranes. So far, no correlation between the
in situ chemical stability, ex situ chemical stability and
H2 crossover was investigated. In the next step, ex situ
chemical stability (treatment in a 3% H2O2 solution at
60°C) of ETFE-g-styrene/DIPB membranes will be
investigated.

Polarization resistance

5
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Figure 4. Hydrogen crossover of ETFE-g-styrene/DIPB based
MEAs for different DIPB concentrations. Hydrogen crossover
measured in H2 / N2 mode at 80°C.
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Ex situ mechanical properties of PEFC membranes at 80 °C and 80 %
relative humidity
F. Wallasch, S. Bähler1, L. Gubler, G.G. Scherer, A. Wokaun
phone: +41 56 310 2132, e-mail: frank.wallasch@psi.ch

The favoured technique to convert the chemical energy
of hydrogen into electrical energy is the polymer
electrolyte fuel cell (PEFC). The solid polymer electrolyte
in its centre has to ensure gas separation, electrical
insulation and proton conduction.

and elongation at break A (cf. Figure 2). Equal initial
conditions for all tests were ensured by applying a preload of 0.3 N before the measurement was started. The
Young’s modulus was determined as slope m = Δσ/Δε of
the initial stress-strain curve between 0.5 and 1 % strain.

During fuel cell operation, the membrane is exposed to
chemical and mechanical stress. Variation in the
membrane humidification shrinks or swells the
membrane and causes mechanical stress [1], which may
lead to crack formation and result in failure of the fuel
cell.
Fuel cell testing of membranes often induces a multitude
of failure modes, wherefore ex situ methods to induce a
single degradation mode are needed. Ex situ
mechanical properties of fuel cell membranes are
accessible in tensile tests and their investigation at
80 °C / 80 % relative humidity (r.h.) is described in the
present article.
Experimental

Figure 2. Stress σ as a function of strain ε for a FEP base film
®
(DuPont Teflon 100A) investigated in MD to show the elongation
at break A, tensile strength σmax and Young's modulus E.

Grafted films were prepared by graft copolymerization of
AMS and MAN onto pre-irradiated ETFE base films
®
(DuPont Tefzel LZ100, 25 μm thick), as described
elsewhere [2, 3]. The grafted films were sulfonated and
subsequently hydrolysed to prepare membranes in
acidic form. The mechanical properties of films and
membranes were investigated in machining direction
(MD), using the universal testing machine Zwick Roell 1FR005TH (Zwick GmbH & Co. KG, Ulm, Germany) with
a maximum load of 5 kN (Figure 1 left). The tensile
testing machine was equipped with a climatic chamber,
which was used to control the temperature (80 °C) and
the humidity (80 % r.h.) during the experiment. The
samples were cut with a scalpel into 10 cm long (MD)
and 1 cm wide (transverse direction) rectangular
specimens, mounted to the testing machine by fixing the
upper and lower end between two Vulkollan® (Bayer AG)
coated aluminium clamps (Figure 1 right).

Results
®
212CS membrane (DuPont) was
The Nafion
investigated to evaluate the tensile testing procedure
(Fig. 3).

®

Figure 3. Stress-strain curves for Nafion 212CS in MD recorded
at different temperature (25 and 80 °C) and r.h. (30 and 80 %),
-1
recorded at 100 ml•min cross head velocity (F0 = 0.1 N).

The Young’s modulus was found to be the most reliable
mechanical property, due to its higher independence on
the specimen preparation, and determined to be
(62±5) MPa in the present work (cf. (60±15) MPa
reported in [4]).
Seven ETFE based samples, the pristine base film, an
AMS/MAN co-grafted film with 34 % degree of grafting
(DoG), three uncrosslinked membranes with various
DoG in the range from 20 to 40 % and a DVB (1.3 mol%
in solution) and a DIPB (0.7 mol% in solution)
crosslinked membrane with 39 % DoG, were
investigated in MD at 80 °C and 80 % r.h. The
elongation at break, tensile strength and Young's
modulus for each sample were calculated as average
from six individual measured specimens (Figure 4).

Figure 1. Zwick Roell tensile testing machine and attached
climatic chamber (left) and Vulkollan coated sample holder (right).

The tests were performed at a constant cross head
-1
velocity of 100 mm•min until the specimens ruptured.
The stress-strain curves obtained in these tests were
used to determine the mechanical properties, more
precisely the Young's modulus E, tensile strength σmax
1
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degree of grafting on the mechanical properties. The
mechanical properties at r.t. and ambient humidity
became worse for the various materials along the
preparation path, starting with a mechanically stable
+
base film via a brittle grafted film to a more brittle K membrane. The investigation at 80 °C and 80 % r.h.
clearly indicated the grafted film as intermediate with
poor mechanical properties, while water acts as
plasticizer in the swollen membrane and reduces the
brittleness significantly, compared to the grafted film.
The comparison of the mechanical properties of grafted
®
membranes with Nafion 212CS membranes is difficult,
because of the strong inherent differences between both
systems. A comparison is possible, e.g. on the mass
(IECm) or volume based ion exchange capacity (IECv),
proton conductivity or hydration. The grafted membrane
-1
with 21 % DoG [(1.02±0.10) mEq•g ] has a comparable
®
-1
IEC to Nafion 212CS [(1.07±0.05) mEq•g ], while the
IECv was higher and the ex situ proton conductivity
lower for all investigated ETFE based membranes up to
50 % DoG, compared to (1.23±0.06) mEq•ml-1 and
-1
®
(88±10) mS•cm for Nafion 212CS, respectively. The
®
hydration of Nafion 212CS was comparable within the
experimental error to grafted membranes with DoG
between 20 and 40 %. The ETFE based membrane with
®
21 % DoG was stiffer than Nafion 212CS, apparent in
the higher Young’s modulus of [(520±20) MPa], and the
maximum applicable force was higher [(43±5) MPa]
compared to Nafion® 212CS [(13±2) MPa]. However,
®
Nafion 212CS is more ductile compared to the grafted
film with 21 % DoG, shown in the elongation at break of
(408±10) % and (220±20) %, respectively.

Figure 4. Elongation at break A (top), tensile strength σmax
®
(center) and Young's modulus E (bottom) in MD of Nafion 212CS
compared to ETFE base film, ETFE-g-[AMS-co-MAN] and ETFEg-[AMSSA-co-MAN] membranes with various DoG, uncrosslinked
and crosslinked with DIPB or DVB.

The behaviour of the poorly swellable samples, the
ETFE base film and AMS/MAN co-grafted film with 34 %
DoG, is comparable to results obtained at r.t. and
ambient humidity. At both conditions, the Young's
modulus increases, the tensile strength is not influenced
and the elongation at break decreases by the grafting of
the AMS/MAN copolymer onto the FEP base film. The
swellability of samples, introduced by sulfonation and
hydrolysis,
reduces
significantly
all
measured
mechanical properties, obvious in the comparison of the
grafted film with 34 % DoG with its corresponding
membrane (31 % DoG). By contrast, the Young's
modulus increased slightly, the tensile strength
significantly and the elongation at break was not
influenced by comparison of grafted films and the
corresponding membranes in potassium form at ambient
conditions, characterized in previous investigations [5].
Testing of the mechanical properties of membranes in
the presence of water, which acts as plasticizer, leads to
completely different results. For uncrosslinked
membranes, the Young's modulus and tensile strength
decrease and the elongation at break is not influenced
by an increasing DoG. The swelling and therefore the
water uptake scales with the DoG, which decreases the
stiffness of the membrane. The water may form a
hydration layer around the grafted chains and weaken
the chain-chain interaction and therefore reduce the
tensile strength. Hence, the picture of stiff and sterically
hindered grafted copolymer chains, used so far to
explain the DoG dependent behaviour of grafted films in
tensile tests at r.t. and ambient humidity, becomes
reversed for membranes investigated in water swollen
state. The effect of crosslinking in membranes observed
in the experiments at 80 °C and 80 % r.h. was the same
as obvious with grafted films at r.t. and ambient
humidity. The Young's modulus and tensile strength
increase and the elongation at break decreases at both
conditions due to a stiffer three-dimensional copolymer
network.

Further investigations at 80 °C and elevated humidity
have to be carried out and correlated with in situ
membrane stability. The creep behavior of membranes
may also become important in an operating fuel cell
under compressive force. Preliminarily, this was
investigated by measuring the time dependent
elongation of membranes at a constant load of 3 N.
®
Nafion 212CS shows a higher creep than ETFE- or
FEP-based, uncrosslinked and crosslinked membranes
with DoG up to 40 %.
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Conclusion
The investigation of dry, potassium exchanged fuel cell
membranes at r.t. and ambient humidity lead to
misleading results, concerning the influence of the
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Deuterium labeling of water combined with neutron radiography to study
mass transport in the polymer electrolyte fuel cell (PEFC) membrane
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The polymer electrolyte fuel cell (PEFC) is considered as
a promising candidate for future mobile power supplies.
The comprehension underlying the technological
improvements includes as an essential part the
understanding of the transport and exchange
phenomena inside the bulk and at the interfaces of the
proton exchange membrane (PEM). Experimental data
are required beside the modelling works for this
purpose.
Neutron imaging offers the ability of viewing liquid
1
“normal” water H2O (see notation in next chapter) inside
the fuel cell with high contrast, compared to its
constitutive materials. On the contrary, liquid heavy
water 2H2O is almost transparent to neutrons, due to the
lower cross section of neutron interaction with
deuterium. This property pointed out in [1] can be used
in in situ configuration for visualizing the contributions of
the three sources of H atoms in an operating cell (Figure
1), but the exchange processes complicate the
interpretation.

Channels GDL Membrane Sealing

Cathode
Gaz + H2O

Anode

A system as simple as possible was dedicated to this
investigation (Figure 2). A membrane without catalyst
layer (CL) was used, in order to suppress the exchange
current density of the electrochemical reaction and to
study exclusively, at first, the exchange occurring
between the membrane and the water vapour in the gas
phase. The thickness of the membrane was chosen to
be 200 µm, to reach a reasonable precision by
evaluating F(x) with the resolution of the imaging setup
used here (rFWMH = 20 µm, as defined in [2]). To avoid as
much as possible mass transport limitations in the gas
diffusion layer (GDL), a flow field made of microinterdigitated channels [3] was employed to enforce the
gas flows in the GDL by convection. Finally, the gases
were fed on one face only to suppress exchanges on the
other face.

For accessing the temporal evolution of F, a change in
gas humidification was applied, namely between N2 +
2
H2O and N2 + 1H2O, followed by a 5 min observation
time before changing back from N2 + 1H2O to N2 + 2H2O.
The sequence was repeated 5 times and the
corresponding images were averaged in order to obtain
a sufficient signal-to-noise ratio with the required
temporal resolution. A specific image processing (Figure
4) leads finally to the estimation of the isotope fraction F
under the assumption of a constant amount of water in
the membrane during the experiment.

Considering the need of simplification, the present work
aims to quantify the transport and exchange processes
in the bulk and at the interfaces of a membrane without
catalyst in ex situ configuration.
Definition
1
2
The H and H symbols refer hereunder to the protium
(most abundant) and deuterium isotopes of hydrogen
respectively, while the H symbol is used when
1
considering an arbitrary mixture of them. The local H
isotope fraction is defined as:

F=

x

Figure 2. Experimental system.

1

Figure 1. Difference images between normal state (Anode: H2
1
1
1
2
+ H2O, Cathode: O2 + H2O) and: H2 + H2O on anode (left),
2
1
2
H2 + H2O on anode (middle) and O2 + H2O on cathode (right).

1

y

Model
By applying the species conservation law, the second
Fick’s law as expression of the fluxes, and by assuming
a homogeneous distribution in the y direction, the local
isotope conservation equation in the bulk of the
membrane can be described by:

c1 H
c1 H + c 2 H

whereby c represents the concentration of the indexed
substance. For simplification, we call it isotope fraction
1
and symbolize it by F, with the equality F = F.

D

Experimental procedure

∂ 2 (cF ) ∂ (cF )
=
∂x 2
∂t

(1)

where D is the self-diffusion of H and c the concentration
of H atoms (Figure 3). The latter is supposed to be
constant in this model. As an approximation, all
parameters are assumed to be independent on the
isotope fraction F.
By fixing a known isotope fraction in the gas phase
outside the membrane for both hydrogen and water
vapor, called FH and FW here, the transfer at the
interface of the membrane can be modelled as:

The strategy used for the quantification is to apply
isotope changes in the fed gas, for example by changing
1
2
the gas humidification from H2O to H2O, and to
estimate, based on the image sequence, the transient
distribution of F in the membrane. A simple model fitted
(see next chapter) on the experimental results leads to
quantify the bulk transport and interface exchange
parameters.
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∂F 

−  Dc
 = k H ( FH − F ( x = 0)) + kW ( FW − F ( x = 0)) (2)
∂x  x=0


1
0.9

The dependency of F on time is not explicitly shown in
equation (2) for simplification. At the other interface,
there is no flux, due to the presence of sealing:

0.6

(3)

0.3
0.2
0.1

(4)

0

GDL Membrane

F(x,t)

FH
kH

50

100
x [μm]

 FH : Isotope fraction in hydrogen
 FW : Isotope fraction in water vapor
 kH : H exchange rate between hydrogen
and membrane (kH = 0 in absence of CL)
 kW: H exchange rate between water vapor
and membrane

For given operating conditions (T = 70 [°C], RH = 80 [%],
c = 0,027 [mol/cm3]), the estimation of the parameters
leads to the following values (Table 1).
Parameter
-5

L

No dependence

-5

-5

1

1

2

N2 + H2O to N2 + H2
2
1
He + H2O to He + H2

2

N2 + H2O to N2 + H2
1
2
He + H2O to He + H2

kW,2 = 1,93⋅10 [mol/cm s]

Although this equation set allows an analytical solution,
a numerical discretization was preferred for potential
modifications and extensions. This approach results in a
linear system easy to solve, in case of this work in the
Matlab environment.

2

2

kW,1 = 3,19⋅10 [mol/cm s]

Figure 3. Model.

Table 1. Estimated value of transport parameters

The value for D was averaged from 4 different
experiments with a maximal error of 9%. It is in the same
order of magnitude, but 50% higher, as the values found
in the literature [4,5] and measured using NMR in similar
conditions. The difference obtained here between kW,1
and kW,2 comes probably from isotope effects. Having
the same value for both N2 and He, this parameter can
be considered as independent on diffusion effects.
Further investigations must be made to refine the
estimation of this parameter and its dependence on
other parameters (T, RH, …).

Results and Analysis
The radiograms corresponding to the measured spatial
distribution of isotope fraction F are presented
hereunder (Figure 4). The isotope fraction F equals the
pixel intensity, theoretically in the range [0,1].
GDL side
Membrane
Sealing side

Conclusion

1

x
200μm
0
t = 0s
t = 10s

Type of isotope change
2

D = 1,03⋅10 [cm /s]

x
0

150

Figure 5. Temporal evolution of the spatial profile of the isotope
fraction F in the membrane: comparison of the modeled and the
experimental data.

kW
FW

0.5
0.4

The temporal condition is an initial isotope fraction of
zero in the whole membrane:

F ( x, t = 0) = 0

F(x, t =0)
F(x, t =5)
F(x, t =10)
F(x, t =15)
F(x, t =20)
F(x, t =25)
F(x, t =30)
F(x, t =35)
F(x, t =40)
F(x, t =45)
F(x, t =50)
F(x, t =55)
F(x, t =60)

0.7

F [−]

∂F 

−  Dc
 =0
∂x  x =L


0.8

A method for investigating transport parameters at the
surface and in the bulk of polymer electrolyte
membranes was presented, which takes benefit of the
isotope sensitivity of neutron imaging. As a first
experiment, a simplified system was studied, namely a
membrane without catalyst layer placed in ex situ
configuration, with gas fed on one face only. Future
experiments
will
be
conducted
step-by-step,
complicating the system with the ambition of
understanding better mass transports aspects in/on the
membrane in in situ configuration.

0

t = 30s
t = 40s
t = 20s
Figure 4. Processed sequence of images after changing from
2
1
N2 + H2O to N2 + H2O at t = 0s. Pixel intensity = F.

Based on the experimental distribution, a least square
method is applied to fit the parameters kW and D of the
model. The computed and fitted distribution of the model
is compared with the experimental results below (Figure
5). A good agreement is observed between the modelled
and the experimental data, which tends to indicate that
the way the transports are modelled is reasonable. Each
curve of the experimental results represents an average
over 5 seconds, which explains the deviation of the
curve at t = 0 from its theoretical value of 0.
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Measurement of molecular diffusion limitations and their relation to liquid
water in PEFC using helox mixture
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Results

Operating a cell using helox (mixture of 79% He and
21% O2) at the cathode allows to reduce dramatically the
losses related to the diffusive transport of oxygen,
because oxygen diffuses approximately 8 times faster in
helium than in nitrogen. In principle, the comparison of
air and helox operation thus permits to quantify the
diffusive losses. However, the liquid water distribution
may as well be affected, which can in turn have some
impact on the cell performance. Reasons for this are
different physical properties of helium and nitrogen,
which can be relevant for water transport (diffusivity of
water vapor, viscosity). In this context, it is of high
interest to study the transient behavior of water
distribution after a switch from air operation to helox
operation.

The neutron radiograms corresponding to air and helox
operation are presented in Figure 1.

Experimental
A single polymer electrolyte fuel cell (PEFC), equivalent
to that described in [1] was used. The cell was operated
at a temperature of 70 °C and a pressure of 2 bar (abs).
Gas flows of 1.0 nL/min were used, both on the anode
and on the cathode side. All experiments were realized
with a constant current density of 1.0 A/cm2. Three
different conditions of relative humidity were studied, as
described in Table 1.
Condition

RH anode

Figure 1. Images of water distribution for air and helox
operation (conditions B and C)

When using dry gas at the cathode, liquid water is
present only under the ribs of the cathode side.
Operating the cell with helox significantly reduces the
quantity of liquid water, which can clearly be attributed to
the higher diffusivity of water vapor in helium. When
using fully humidified gases, the water distribution on the
cathode side does not seem to be affected at all, while a
slight reduction of liquid water quantity is seen on the
anode side. The latter can hardly be explained by a
change of diffusivity under full humidified conditions. A
probable explanation is an increased electro-osmotic
drag in the rib region, due to a redistribution of the
current density.

RH cathode

A

60 %

0%

B

100 %

0%

C

100%

100%

Table 1. Different conditions of relative humidity

At time t = 0, the cathode gas was switched from air to
helox. The gas mixtures were realized using one mass
flow controller (MFC) for pure oxygen and another MFC
for nitrogen or helium. A flow correction factor for the
latter MFC was needed for helium operation, this MFC
being primarily calibrated for nitrogen. The recorded
parameters included the cell voltage as well as the cell
AC resistance at 1 kHz (AC mOhm tester model 3566,
Tsuruga Electric Corp., Japan).

The evolution of the electrochemical parameters as well
as the quantified water content in the cathode GDL are
presented in Figure 2. A perturbation in the cell voltage
appears, just after the change from air to helox, which is
induced by a perturbation of the MFC when changing
the gas. For this reason, the correct voltage can be
measured at earliest 20 seconds after the switch.
In not fully humidified conditions (A and B), the reduction
of water content happens during the 2 minutes following
the change of gas. A slight change of the cell resistivity
is observed as well, which happens on a quicker time
scale (30 seconds – 1 minute after the change). At the
measurement point at t = 20 s, the water distribution has
only slightly evolved, but the major part of the resistivity
change has already happened. In principle, this change
is corrected for when we compute the so called IR free
voltage (the actual cell voltage, to which the resistive
losses are added). However, the measurement of the
resistivity at high frequency might not catch all effects of
a cell dry out (e.g. dry out of the cathode electrode). For
this reason, a quicker and cleaner switch of air to helox
would help getting more precise measurements. Under
fully humidified condition, the resistivity, similarly to the
water content in the cathode GDL, remains unchanged
in helox operation.

Advantage was taken of the latest developments in
neutron imaging realized at the ICON beam line of the
SINQ spallation neutron source [1-3] to analyze the
transient water distribution in the gas diffusion layers
(GDL) following a change of inert gas. The same
anisotropic imaging setup as described in [1] was used,
resulting in a pixel size of 2.35 µm and an effective
spatial resolution (FWHM) of approximately 20 µm in the
direction across the membrane. Exposure times of 10 s
were used, resulting in an acquisition rate of 4-5 images
per minute, once taken into account the readout time of
the camera. All neutron radiograms were referenced to
radiograms of the dry cell, in order to measure the
attenuation due to liquid water only.
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indicates that, in the presented situation, the increased
losses under condition C are effectively related to
molecular diffusion limitations. In theory, this is not
necessarily the case, as Knudsen diffusion might play a
role in the transport of oxygen in the very small pores of
the micro-porous layer (MPL) or of the electrode.
Knudsen diffusion is dominated by the collisions of the
molecules with the pore walls, and the change of inert
gas is expected to exert no effect on it.
The calculated diffusion overpotential of 40 mV for
conditions A and B cannot reasonably be attributed to
the presence of liquid water, because no difference in
voltage is observed between conditions A and B. The
voltage loss is more likely partly caused by diffusion
limitations, already present in the absence of liquid
water. On the contrary, we can attribute with little doubt
the additional 30 mV losses measured in conditions C to
the increase of liquid water, and particularly to the
apparition of liquid water in the GDL under the channels.
Conclusions and outlook
The evolution of water content and cell performance was
studied, following a change of cathode gas from air to
helox under different conditions of gas relative humidity,
with the intention of distinguishing the losses related to
molecular diffusion. Under certain conditions, the water
distribution was observed to be affected by the change
of inert gas from nitrogen to helium, though this happens
slowly enough to allow a measurement of the voltage
before any change. The resistivity, related to the
hydration state of the membrane, is affected as well
under conditions, where the diffusion of water vapor
plays an important role. In order to avoid the issues in
accuracy related to internal resistance correction, a neat
transition between air and helox, allowing the
measurement of voltage before any change of resistivity,
is desirable. The repetition of short helox pulses (e.g. 1
second of duration) is expected to provide a time
resolved measurement of diffusion related losses, which
offer the chance to study correlations with time resolved
liquid water saturation.

Figure 2. Evolution of electrochemical parameters after a
change from air to helox operation. (a) IR free voltage (b) AC
resistivity. (c,d) Measured water content in cathode GDL under
ribs (c) and channels (d). The dashed lines indicate the time
points used for the measurements in Figure 3.

It is worth noting that a slight reduction of the cell voltage
(5-10 mV) occurs over approximately 4 minutes for
condition C and 10 minutes for conditions A and B. This
effect can neither be related to a change of AC
resistivity, nor to an observable change of water content.
As a hypothesis, we can advance a change of the
catalyst surface (presence of adsorbed species and/or
PtO) following the change of cell potential. A repetition of
this experiment in potentiostatic mode instead of
galvanostatic mode might help confirming this
hypothesis.
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Figure 3. Voltage (IR free) measured before and after the
change from air to helox.

The overpotential due to diffusive losses is calculated as
the difference of IR free voltage before and after the
change from air to helox, as illustrated in Figure 3. The
values displayed correspond to measurements 20
seconds before, respectively 20 seconds after the
change of gas. The voltage measured in helox operation
is virtually the same for all three conditions, with
differences of approximately 5 mV. In air operation,
larger differences are observed. The calculated diffusion
overpotential is of approximately 40 mV for both
conditions, with a dry cathode (A and B), and of 70 mV
for the condition with fully humidified gases (condition
C).
The fact that the differences of voltage observed with air
operation are strongly reduced when using helox
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Mass production of polymer electrolyte fuel cell (PEFC)powered-cars require two achievements: significant cost
reduction and improved stability of PEFC components
[1]. In this regard, the cathode is playing a key role, due
to the high Pt content (ca. 0.4mgPt/cm2). It is the most
expensive component and is subject to complex
degradation phenomena during fuel cell operation.
These degradation processes may include (i) carbon
support corrosion, (ii) Pt dissolution (iii) particle sintering
and (iv) Ostwald ripening [2-4]. These processes lead to
morphological changes of the catalyst layer.
Quantification and separation of these effects is difficult
or impossible, using conventional electrochemical and
analytical techniques [2-4].
Our mid-term goal is to develop an analytical procedure
to
quantify
the
morphological
changes
of
electrochemical degradation and to apply these methods
to in-house developed catalysts layers. This
quantification includes parameters like porosity, surface
volume, layer thickness distribution, Pt volume density
and surface area. These sought-after values may be
accessible using new 3D microscopic techniques.
As a first step, we are investigating a commercial
membrane electrode assembly (MEA) using 3D
microscopic methods, i.e. X-Ray tomography and
FIB/SEM serial sectioning, as well as TEM.

This is shown for the cathode and membrane thickness
in Figure 1c. The determined average membrane
thickness is similar to the manufacturer's data (18µm),
but the thickness distribution of the membrane shows
that about 4% of the membrane is thinner than 10µm. In
fact, all our degradation experiments ended with pinhole
formation of the membrane. A connection with the
presence of thin membrane sites is supposable.
The morphology and thickness of the catalyst layer and
membrane does not change much after electrochemical
degradation (see experimental). Applying X-ray
tomography, the porous structure of the catalyst layer
could not be detected, because of the limited resolution
(~1µm), however, the determination of the thickness
distribution by X-ray tomography is much faster than
SEM (3-4 orders of magnitude) and non-destructive.

Experimental
We investigated a catalyst coated membrane (CCM)
supplied by W.L. Gore & Associates (PRIMEA MEA
Series 5710), which had a cathode loading of
2
2
0.4mgPt/cm and an anode loading of 0.1mgPt/cm .
Electrochemical degradation experiments were carried
out in a 30cm2 PEFC, operating at 80°C, 1bar, H2/O2
mode, stoichiometry 1.5/1.5, fully humidified. The cell
potential was 24000 times held at open circuit (30s) and
0.6V (30s). X-Ray tomography was carried out at the
TOMCAT beamline of the Swiss Light Source.
Cylindrical samples of the MEA (Ø0.7mm) were punched
out and measured in transmission (10keV). Tomograms
were obtained with a voxel size of 0.35x0.35x0.35µm.
For FIB/SEM serial sectioning and TEM lamella
preparation a Zeiss NVision 40 microscope was
employed. A Phillips CM30 microscope (300kV) at ETH
Zürich (EMEZ) was in use for TEM measurements.
Results
X-ray tomography
The 2D image (Figure 1a) shows the bright catalyst
layers, which enclose the darker polymer electrolyte.
The catalyst layer for the oxygen reduction reaction is
thicker than the layer for the hydrogen oxidation
reaction. The cathode shows bubble like structures.
According to the contrast, the surface of these bubbles
contains more platinum than the inner part. Around
these sites, the membrane is much thinner, which may
lead to higher local current densities in operating
PEFCs. The presence of large bubbles may increases
the risk of a short circuit between the catalyst layers or
pinhole formation. The 3D image shown in Figure 1b
indicates that bubbles are a frequent structural feature of
the cathode layer. A quantification of this bubble effect is
possible by calculation of the layer thickness distribution.
1

Figure 1. X-ray tomography analysis of a Gore PRIMEA CCM; a)
crossection 2D view of the CCM with anode on top, membrane
and cathode below; b) 3D image of the cathode, membrane side
on top; c) thickness distribution of cathode layer and membrane.
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FIB/SEM serial sectioning
For the determination of porosity changes, the pristine
and aged cathode layers were analyzed by FIB/SEM
serial sectioning. A cube of the catalyst layer was
exposed by ion milling. This cube was subject to serial
sectioning with a slice thickness of 4nm. The resulting
stack of SEM images was aligned, segmented and
reconstructed. Figure 2a shows the first SEM image out of
a stack of 455 images.
A 3D image of the pristine catalyst layer is shown in
Figure 2b. The xy-plane is the milling plane. The pores of
the catalyst layer are displayed in green and red. Green
pores are connected to each other, red pores are
separated from the pore network and obviously have no
or limited contact to oxygen during PEFC operation.
Differences in porosity of pristine and aged catalyst layers
are small.

a

400nm

Figure 3. a) and b) TEM lamellas cut out of the pristine (BOL)
and aged (EOL) cathode catalyst layer; c) and d) HRTEM
images of the catalyst BOL and EOL; e) Pt particle size
distribution before and after electrochemical degradation.

Conclusions

b

3D imaging of a pristine and electrochemically aged CCM
allows to some extent the separation of degradation
mechanism. X-ray tomography and FIB/SEM serial
sectioning show minor morphological changes of the
catalyst layer thickness and carbon support porosity. In
contrast the Pt particles size increases clearly during
electrochemical ageing. Performance loss during ageing
seems therefore mainly connected to loss of active Pt
surface area. For the employed ageing conditions carbon
support corrosion is less distinct.
References
[1] H.A. Gasteiger, S.S. Kocha, B. Sompalli, F.T. Wagner, Appl
Catal. B-Environ. 56, 9-35 (2005).
[2] P.J. Ferreira, G.J. la O’, Y. Shao-Horn, D. Morgan,
R. Makkharia, S. Kocha, H.A. Gasteiger, J. Electrochem.
Soc. 152, A2256-A2271 (2005).

Figure 2. FIB/SEM serial sectioning, a) SEM image of an
exposed cathode catalyst cube adjacent to the membrane
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TEM
TEM lamellas of pristine and aged catalyst layers were
prepared using the FIB (Figure 3a and b). We measured
particle sizes at several regions of the lamellas (Figure 3c
and d). For the pristine catalyst layer the particle size
distribution is narrow (d=2.2±0.9nm) and becomes much
broader after the electrochemical ageing experiment. The
average particle size increases to 4.6±2.8nm.
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2
2
curve reveals an ECA value of 3.9 cm /cm . The second
CV, recorded after flushing with dry argon for 10 minutes
reveals an ECA value of 1.6 cm2/cm2 and a reduced
double layer capacity. For the third CV, recorded after
2
2
re-humidification, an ECA of 3.8 cm /cm and in adition
the value of the original double layer capacity was
obtained again.

Electrochemical reactions taking place in PEFCs need to
be catalyzed at typical operation temperatures below
100°C to avoid damage to the polymer electrolyte
membrane. Electrocatalysts employed in PEFCs,
typically noble metals, have to exhibit high catalytic
activity, while the catalyst loading should be kept to a
minimum due to their high price. The catalyst activity in
terms of electrocatalytic active area (ECA) of a PEFC
electrode can be determined by cyclic voltammetry in
the hydrogen underpotential region (Hupd) [1].
Already in 1985, McBreen [2] described the
phenomenon that platinum surfaces, which are not in
direct contact to the solid polymer electrolyte,
demonstrate Hupd behavior. Two mechanisms were
proposed being responsible [3], either migration of
adsorbed hydrogen atoms or formation of a thin protonconducting water film at the surface of platinum. By
utilizing micro-patterned glassy carbon electrodes
coated with a 50 nm thick Pt film, we were successful to
carry out experiments and to identify the latter
mechanism as being responsible.

Throughout the experiment the high frequency
resistance was monitored. It did not increase while dry
argon was fed into the cell. This is supported by the fact
that the CVs recorded under dry conditions are not tilted,
hence the assumption that the ionic phase of membrane
and catalyst layer did not dry during the experiment is
justified.

Experimental
The experimental setup used is shown schematically in
Figure 1. A Pt-coated micro-patterned glassy carbon
electrode [4] serves as working electrode and is pressed
onto a Nafion 212 membrane. A non-coated micropatterned gassy carbon electrode is pressed onto the
other, catalysed membrane side, representing the
reference and counter electrode. The micro-channels of
the electrodes can be flushed with humidified gases,
argon on the working electrode and hydrogen on the
reference/counter electrode side. Humidification is
necessary to ensure sufficient proton conductivity of the
membrane. Cyclic voltammograms were recorded using
a Zahner IM6 electrochemical work station with a sweep
rate of 50 mV/s. The HUPD desorption peak was
integrated to obtain ECAs, with the current of the double
layer capacity serving as baseline; 80 and 450 mV were
the integration limits.

Figure 2. Cyclic voltammograms as function of the argon flow
humidification obtained on a micro-patterned and Pt-coated
glassy carbon electrode included in an arrangement as shown
in Figure 1, using a Nafion 212 membrane. Sweep rate 50
mV/s, voltage range of 60-1100 mV, and temperature 40°C.

Therefore, we conclude that a water film is responsible
for the observed Hupd features at this part of the platinum
surface not being in direct contact to the solid polymer
electrolyte.
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Figure 1. Fuel cell-type arrangement using micro-patterned
glassy carbon structures.

Results
Three cyclic voltammograms were recorded while
varying the humidification of the Argon flow. The
resulting curves are displayed in Figure 2. The
continuous line represents the first CV, recorded under
fully humidified conditions. Integration of the resulting
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Negative resistance values in locally resolved
impedance spectra of polymer electrolyte fuel cells
(PEFCs) have been reported for cells, which were
operated on fully humidified air and hydrogen [1].
Recently, we have shown that this feature, which
appears in the local spectra of the outlet region, is linked
to local ac concentration polarization losses ηup(ω),
which are caused by a changing oxygen consumption
with ac current in upstream parts of the flow field [1]. The
low frequency real axis intercept of the local spectra Z(ω)
yields negative values, as the ratio K of ηup(ω) and the
ac modulation voltage ηmod(ω) exceeds unity at low
modulation frequencies downstream the flow field
(ϕ(K(ω→0))→0°). This effect forces the local ac current
to become out of phase to ηmod(ω) [1]. Consequently, the
negative resistance is not observed in the local
impedance spectrum Zloc(ω), i.e., when the ac current is
applied locally [1].
In general, any PEFC, which exhibits gradually
increasing concentration or ohmic losses along the flow
field as a consequence of fuel, oxidant,, and/or water
depletion, is prone to exhibit negative resistance values
at lower gas flow rates. Based on these findings, we
have identified systems, which exhibit this unique
behavior in locally resolved impedance spectra of
PEFCs [2].
The first example presented here (Figure 1) shows the
effect of hydrogen dilution and its depletion along the
anode flow field on the overall and the locally resolved
impedance response of a PEFC.

The results are also relevant for PEFCs, which are
operated on diluted liquid fuels like methanol. The
appearance of a low frequency capacitive loop in
integral DMFC anode spectra (DHE mode) has been
reported (f<1Hz) for cell operation at low methanol
stoichiometry [4]. In particular at low anode stoichiometry
λ ≤ 2 (1M MeOH) the diameter of this low frequency loop
increased strongly. The discussion given in that work [4]
implies that the increasing loop diameter is associated
with a hindered removal of CO2 bubbles at lower anode
flow rate. However, if we take into account the complete
disappearance of the low frequency loop at high
methanol flow rates (λ ≥ 10), also an increasing mass
transport limitation due to the finite fuel flow rate could
play an important role. This effect is clearly seen in the
locally resolved EIS and i/E data in Figure 2 (λ=1.3).
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Figure 1. Effect of H2 dilution on (a) the overall and (b-d) the
locally resolved impedance response of a PEFC.
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formation of the loop must be linked to hydrogen
depletion along the anode flow field. Note, that no low
frequency loop is observed, when the cell is operated on
fully humidified pure gases under the same conditions
(thin membrane and moderate current density [2,3]).
Under fully humidified conditions, liquid water is at least
present at the cathode and, therefore, the water and
oxygen partial pressure are kept at a constant level
along the cathode flow field. This also holds, in principle,
for the anode, where an even insufficient water back
transport from the cathode will result in an increasing,
yet not in a decreasing hydrogen concentration toward
the anode outlet (as water depletes in the same
direction). Consequently, no low frequency capacitive
loop is observed as a result of fuel or oxidant depletion,
if the cell is operated on fully humidified pure gases, as
the depletion of hydrogen and oxygen along the flow
field relies on the presence of diluting nitrogen.
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Negative resistance values are observed in the local
spectra at a low anode flow rate (Figure 1b-d). The
cathode is operated on fully humidified pure oxygen. The
complete disappearance of the low frequency loop in
Zloc(ω) (inset in Figure 1c), therefore, underlines that the

Figure 2. Locally resolved DMFC anode impedance spectra and
respective polarization curves at low MeOH stoichiometry.
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The local i/E curves clearly demonstrate that the ever
increasing fuel consumption toward higher cell
polarization at the anode inlet enforces concentration
polarization losses in downstream regions of the cell.
Thereby, the slope of the local i/E curve becomes infinite
or even negative at that point where these losses
compensate or even overcompensate the increase in
total cell polarization [1,2]. Consequently, the local
polarization resistance approaches infinity (segment 7)
or becomes even negative (segment 8,9) in the local
spectra (Figure 2). Note that the low frequency loop
virtually disappears in the local spectrum at the fuel inlet.
Another interesting example is the effect of water
depletion along the anode flow field (Figure 3). In case
of thick membranes, a second low frequency capacitive
loop becomes apparent in the spectrum, even if the cell
is operated on fully humidified pure gases and at
moderate current density [3], as shown in Figure 3a for a
H2/O2-PEFC, which employs a MEA with a (250μm)
N120 membrane. Evidently, considering fully humidified
pure feed gases, the low frequency capacitive loop can
not be related to fuel or oxidant depletion, although the
loop diameter shows a strong dependence on the anode
flow rate. However, this effect is accompanied by an
increase of the total high frequency resistance (Figure
3a), which already indicates that the low frequency
capacitive loop might be associated with water
depletion/drying effects at the anode side.
As a matter of fact, the employment of a thick (250μm)
N120 membrane in this experiment hampers the back
transport of water and, thereby, enhances anode drying
due to electroosmotic drag. The net flux of water is
positive along the flow field. This manifests itself in a
gradually increasing HFR value towards the gas outlets
(Figure 3b,c). At a lower anode gas flow rate, water
depletes stronger along the flow field and losses due to
anode drying become strongly limiting. The increasing
size of the low frequency loop in the integral spectrum
(Figure 3a) and the appearance of negative resistance
values in the locally resolved spectrum (Figure 3d,e)
must be attributed to this effect. This is illustrated in
Figure 3f. At a lower anode flow rate the ratio
K(ω)=ηup(ω)/ηmod(ω) exceeds unity in the outlet segment
9 at low frequencies (inset in Figure 3f). The results
show that the ac voltage ηup(ω) is predominantly caused
by a sinusoidal changing HFR ΔRhf(ω), due to a
changing (positive) net water flux with ac current in
upstream parts of the anode flow field. The negative
resistance behavior is not observed for Zloc(ω), i.e., when
the ac current is applied locally to the outlet segment
(Figure 3f). The local spectrum Z(ω) can be obtained by
the calculation of Z(ω)=Zloc(ω)/(1-K(ω)) [1,2] as
demonstrated in Figure 3f.
The results presented here clearly give proof that the
appearance of negative resistance values in locally
resolved impedance spectra of PEFCs are a direct
consequence of down the channel inhomogeneities, due
to mass transport limitations along the flow channels. As
the cell polarization is changed, the respective
concentration profiles along the flow fields approach new
steady state values. If local processes are fast, the time
to reach steady state is governed by the time constant of
channel mass transport, yet it can exceed this value, if
slower
processes,
e.g.
membrane
hydration/dehydration, become limiting. The local
polarization resistance exhibits negative values, if local
losses due to the changing reactant composition along
the flow channels exceed the total perturbation voltage
amplitude. This forces the local cell current to decrease,
despite a higher total cell polarization.
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A pseudo 2D (1+1D) transient model for a PEFC air
cathode is presented. The model reflects experimentally
obtained key phenomena [1-3] of the air flow rate on
locally resolved impedance spectra. The model accounts
for (i) convective mass transport along the cathode gas
channels, and (ii) oxygen concentration dependent
cathode cell reaction. The fuel cell cathode is treated as
a number of k=1..90 1D sandwiches, each sandwich
consists of i=1..10 elements. These sandwiches
communicate with one another exclusively via the
convective down the channel flow. Thereby, we assume
a laminar flow profile in the cathode gas channel (Figure
1). In the flow channel, oxygen is transported in flow
direction via convection, and perpendicular to the flow
channel and within the GDL via diffusion (Fick’s 1st law).
The electrode is treated to be part of the GDL (i = 10).
The faradaic current jFk(t) is assumed to obey Tafel’s law
(Tafel slope b=0.03V). Thereby, we take into account
both the dependence of exchange current density j0(t)
and Nernst potential E(t)=E*+ηNk(t) on the local oxygen
concentration at the electrode ck,10(t). In addition, we
account for the double layer charging current jCk(t) and
the ohmic resistance RΩ. The resulting set of equations
(Figure 1) was solved numerically. Locally resolved
impedance spectra Zk(ω) were obtained via discrete
Fourier transform, i.e. Zk(ω)=F{Δη(t)}/F{Δjk(t)}.

The effect of mass transport limitations along the
cathode flow channels is illustrated in Figure 2 for the
local transient response to a voltage step. For differential
flow conditions (λair=10000), mass transport limitations
along the cathode flow channel are negligible.
Consequently, the oxygen concentration in the cathode
gas channel is virtually unaffected by the voltage step
(Figure 2a(i)). However, the oxygen concentration
gradient across the GDL approaches a new steady state
value within a time frame of around 40ms (Figure 2a(i)).
Interestingly, the characteristic time constant for mass
transport across the GDL τD = d2/D =11.5ms and the
time constant for double layer charging τC = CDLb/j = 9ms
are of the same order. Consequently, only one time
constant is observed here in the local current transients
Δjk(t) (Figure 2a(iii)).
The effect of mass transport limitations along the
cathode flow channel becomes important at technical air
flow rates (Figure 2b, 2c). At an overall higher oxygen
consumption after the step, the finite mass flow rate
limits the formation of the new oxygen concentration
profile along the gas channel (Figure 2b(i), 2c(i)).
Already at an air stoichiometry of λair=2.0, it takes a total
of around 280ms before a new steady state is reached
(Figure 2b(i)). At an even lower air stoichiometry of
λair=1.17, this time frame virtually doubles to a value of
around 500ms (Figure 2c(i)). The higher oxygen
consumption along the cathode flow channel after the
step and the increasing time that is needed to reach
steady state in the down the channel direction (Figure
2b(i), 2c(i)) manifest in the local concentration
polarization transients Δηck(t) (Figure 2b(ii), 2c(ii)). A
direct consequence of the locally changing concentration
polarization Δηck(t) is the appearance of a second time
constant in the local current transients Δjk(t) (Figure
2b(iii), 2c(iii)). The second time constant is therefore
linked to the effect of oxygen depletion along the
cathode gas channel [2,3].
An interesting phenomenon becomes apparent in the
local concentration polarization transients Δηck(t) at low
air stoichiometry (λair=1.1). As demonstrated in Figure
2c(ii), Δηck(t) approaches values in the outlet region,
which become virtually equal (k=70) or even higher
(k>70) than the applied perturbation voltage of Δη =1mV.
As a direct consequence, the respective local cell
current transients Δjk(t) approach a value (Figure 2c(iii)),
which is virtually unchanged (k=70) or even lower (k>70)
than the respective local steady state current density,
despite the higher total cell polarization after the step
[2,3]. The appearance of negative polarization
resistance values in the respective locally resolved
impedance spectra Zk(ω) are a direct consequence of
this phenomenon. Locally resolved spectra, as obtained
after Fourier transform of the time domain data (Figure
2), are presented for air stoichiometries of λair=10000, 2,
and 1.17 in Figure 3. The results are consistent with the
experimental observations [2,3]. At very high air flow
rates (λair=10000) mass transport along the cathode flow
channel is not limiting. The time constant for mass
transport through the GDL and for double layer charging
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Figure 1. Pseudo 2D transient model for a PEFC air cathode [4].
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Figure 2. Modeled local transient response of an air fed PEFC to a voltage step of Δη=1mV for a) differential (λair=100000), and b, c)
finite air flow rates (λair=2.0, λair=1.1): (i) change of the oxygen concentration profile (local concentration gradient across the flow
channel and the GDL as a function of channel position) for distinct time intervals Δt after the step, (ii) total perturbation voltage Δη(t)
and, local concentration polarization transients Δηck(t) due to changing consumption of oxygen in upstream parts of the gas channels
at higher cell polarization after the step (iii) local transients of cell current Δjk(t) , and (iv) locally resolved impedance spectra.
2
j=0.5A/cm [4].
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platinum catalyst loading, and rapid transport of
molecular hydrogen. If we restrict thereby our attention
to phenomena, which are related to the cathode flow
field structure, a cell design must be chosen, where the
anode acts as a quasi homogenous counter electrode
across the cell area. Therefore, precautions must be
taken. On the one hand, the anode must be operated at
a high gas flow rate to ensure low residence time and to
exclude a notable change in anode gas composition
between the hydrogen inlet and outlet. On the other
hand, inhomogeneities, which are induced by the anode
flow field structure must be insignificant on the length
scale of the technical cathode flow field. To meet this
requirement, a microstructured flow field may be used at
the anode. Recently, Seyfang et al. [3] reported on a
simplified micro-PEFC concept with high power density.
This approach employs no GDL, the cell current is
directly collected from the cathode and anode catalyst
layer of a catalyst coated membrane (CCM). If a
segmented microstructured flow field is operated in that
way at the anode of a differential cell, the direct
measurement of the local cell current with sub-millimeter
resolution becomes possible in a fully catalyzed MEA, as
a result of the finite in-plane conductivity of the CCM.
This novel segmented micro flow field approach is
presented in Figure 1 [4].

Flow field plates are used in practical PEFCs to
distribute the reactant gases over the active area and to
remove reaction products. The flow fields exhibit a
channel and land structure. The reactant gases are
forced through the gas channels, whereas the current is
collected from the gas diffusion layer (GDL) under the
land area. Evidently, the use of flow fields in PEFCs
entails inhomogeneities in current generation over the
active electrode area.
Our recent work has focused on the effect of down the
channel inhomogeneities on PEFC transient response in
electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) or current step experiments [1]. In this
context, the results of locally resolved EIS experiments
in practical PEFCs have clearly demonstrated that a 1dimensional treatment of data, as obtained in practical
PEFCs, is not only inadequate for the interpretation of
results, due to the finite reactant flow rate and a
changing gas composition in the down the channel
direction, but can also lead to wrong conclusions [1]. As
a consequence, the use of differential cells, which are
operated at very high gas stoichiometry, has been cited
to justify the use of 1-dimensional mathematical models
[2]. This is an important step forward. However, by
providing virtually homogenous reaction conditions along
the gas channel, a differential cell can solely be
regarded as a quasi 2-dimensional cell. Even in a
differential cell inhomogeneities are expected to occur
as a consequence of mass transport limitations and a
changing gas composition in the direction perpendicular
to the flow channel. Different compression of the porous
GDL in channel and land areas and anisotropic charge
and mass transport properties must also be taken into
account in this context.
The assessment of the significance of these
inhomogeneities on PEFC transient response requires,
beyond current density distribution measurements, the
application of locally resolved transient techniques on
the millimeter scale of PEFC flow field structures. To the
best of our knowledge, no reports on the application of
locally resolved transient techniques in the area of
channels and lands of a polymer electrolyte fuel cell
have been published to date. Even reports, which
scrutinize the effect of the flow field structure on the local
current density in the channel and land area of PEFCs
experimentally, are sparse, due to the difficulty to collect
the local cell current on the small scale of technical
PEFC flow field structures.
In order to make headway in the assessment of the
significance of inhomogeneities on the channel and land
scale on PEFC transient response and on cell
performance, one must simplify the experimental
system, which in turn yields unequivocal and quantitative
applicable results for the local cell current.

Figure 1. Novel segmented microstructured flow field approach
for the direct measurement of the local current with sub-mm
resolution.

At the anode, a segmented pin type microstructured flow
field is directly attached to the catalyst coated
membrane (CCM). The membrane also acts as the
anode seal [3]. The microstructured flow field is 19-fold
segmented in the direction perpendicular to the cathode
gas channel. Thereby, the current density distribution in
channel and land areas of the cathode flow field can
directly be accessed by the measurement of the
respective branch currents. In this configuration, the
anode is operated in cross flow mode (Figure 1). A high
anode gas stoichiometry ensures a quasi homogenous
anode gas composition in the direction perpendicular to

The cathode is responsible for the significant majority of
PEFC voltage loss and degradation. Cathode losses
comprise kinetic, proton transport, and oxygen transport
contributions, whereas anode contributions are usually
excluded from the discussion [2], considering fast
hydrogen oxidation reaction (HOR) kinetics, surplus
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2
beyond 2.5A/cm . However, already within a distance of
1mm from the channel, the cell performance drops
below one tenth of this maximum value, as a
consequence of the increasing diffusion path length for
oxygen and its depletion in diluting nitrogen in the land
area. The inverse characteristics is observed for
operation of the cell on dry oxygen (50% r.h. H2), as a
result of water formation (Figure 3b). The rising water
partial pressure under the rib manifests in a performance
gain in the land area, due to the increasing hydration of
the ionomer.

the cathode gas channel. The resulting 19-fold
2
segmented pin-type flow field (A=0.6cm ) exhibits a
2
number of 760 gold pins per cm . With this prototype
design, the current density distribution in a PEFC can
directly be measured with a high spatial resolution of
400μm [4].
Figure 2 shows the integral i/E characteristics and the
corresponding high frequency resistance (HFR) Rhf
(f=5kHz) of a conventional differential cell and of a cell,
which is identical, except for the anode, and which
employs the microstructured flow field (Figure 1). High
performance is achieved at ambient pressure in both,
H2/O2 and H2/air operation mode. Under the same
operating conditions, both cells show virtually equal
performance. Evidently, the integral i/E curve is
governed by several factors. However, if we take into
account the similar HFR values of around Rhf=0.07Ωcm2
(Figure 2) in all measurements, the result clearly
demonstrates that the employment of the segmented
microstructured flow field at the anode has no
noteworthy effect on the cell characteristics.

Figure 3. Current density distribution in channel and land areas of
a 1x2mm channel cathode flow field (number denotes voltage).
The gases were fed to the cell either a) fully humidified
(Tdew_H2,O2,air=70°C) or b) dry (Tdew_H2=55°C, dry oxygen).
2
Tcell=70°C, Tabs=1atm, VH2=100ml/min (λH2=24@Icell=1A/cm ),
2
2
VO2=Vair=200ml/min (λO2=96@Icell=1A/cm , λair=20@Icell=1A/cm ),
2
Gore Primea 5710 CCM (0.1mg/0.4mg Pt/cm at anode/cathode).

Figure 2. Characteristics of a conventional differential cell and a
cell which employs a microstructured anode flow field (Figure 1).

The result of sub-millimeter resolved current density
distribution measurements in channel and land areas of
the cathode flow field (Figure 1) is shown in Figure 3 for
fully humidified operating conditions (Figure 3a) and for
dry operation (Figure 3b) of the cell. The results for
cathode operation on fully humidified pure oxygen and
fully humidified air are compared in Figure 3a. The
current density distribution is quasi homogenous for
2
operation on pure oxygen (Icell=1A/cm ). Under fully
humidified conditions, no significant difference in the
water vapor pressure in channel and land areas of the
cell can be expected, and consequently, the oxygen
partial pressure is kept at a constant level in the binary
gas mixture. This provides virtually homogenous
reaction conditions throughout the oxygen electrode
area, unless liquid water starts to block pores and
thereby, inhibits the access of reactants to the active
sites at higher cell currents. Note that the slightly
decreasing performance in the channel region (Figure
3a, segment 8-12) is probably related to a higher contact
resistance [4].
This is different for air operation, where mass transport
related inhomogeneities exist even at a rather low cell
polarization (Figure 3a). As most of the total cell current
is generated in the channel area, the local current
density approaches maximum values of more than 2.5
times the average value (Icell=1A/cm2). This results in a
high cell polarization and a low cell voltage of Ucell=0.1V
vs. Ucell=0.6V for operation on pure oxygen (Figure 3a).
Within the channel area, the oxygen concentration is
kept high by the convective gas flow and, consequently,
all parts of the channel (Figure 3a, segment 8-12) show
virtually the same performance. A limiting current density
is still not reached at high local current density values

The segmented microstructured flow field approach, as
presented in this work, allows for the first time the direct
measurement of the local current in the area of channel
and lands of PEFC flow fields with sub-millimeter
resolution. The novel method allows the precise
measurement of both high and low level current signals
with high signal to noise ratio (SNR) and, thereby,
leverages the application of locally resolved transient
techniques like CV and EIS in the area of channels and
lands [4]. The results clearly show that effects, which
occur due to inhomogeneous operation of PEFCs in the
down the channel direction on the length scale of tenth
of centimeters have their counterparts in the
perpendicular to the flow channel direction on the
millimeter scale of channel and lands and, hence, must
be considered with equal attention.
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Polymer electrolyte fuel cells (PEFCs) operate at
temperatures of T < 100°C. Water coexists in both the
liquid and the vapor phase. The porous gas diffusion
layer (GDL) and the catalyst layer (CL) allow
simultaneous gas and liquid flows. The local build up of
liquid water in the cell may, however, lead to flooding of
reactant gas transport pathways and as a
consequence, the cell is prone to suffer from
phenomena such as performance loss, reactant
starvation and cell degradation.
Despite improved physical models [1] and emerging
diagnostic tools e.g., advanced imaging techniques [2],
the picture of liquid water transport and its accumulation
in the porous cell components is still nebulous. The
same holds for flooding related phenomena. In
particular, the demonstration of a correlation of the local
water content and performance loss remains
challenging, if we consider that local mass transport
limitations are not necessarily governed by the effect of
flooding by liquid water.
In this context, the use of transient techniques provides
an avenue to separate flooding related losses from the
immanent limitation due to mass transport in the porous
layers by means of the time constant. We present a
potential step technique for the simultaneous
examination of local flooding and local performance on
the cathode side of a PEFC. We focus on the
significance of liquid water accumulation in the porous
layers within cathode channel and land areas on the
local cell performance. For this purpose, submillimeterresolved current density distribution measurements [3]
and in plane neutron radiography [2] have been used
simultaneously for the first time.
The experimental setup is shown in Figure 1a. The
neutron beam passes through the cell in the direction
parallel to the cathode flow field channels. Anisotropic
resolution enhancement techniques [2] provide a high
spatial resolution of 20 μm in horizontal direction at an
unrivaled low exposure time of only 10 s. The temporal
resolution is notwithstanding insufficient to resolve
flooding transients after a potential step. A temporal
resolution better than the total exposure time becomes
possible, if total exposure time is accumulated by the
averaging of multiple series of neutron images as
received onto synchronized repetitive cell perturbation
from steady state (OCV → 0.1V). With this approach
(Fig. 1a) a temporal resolution of 2 s was achieved at a
spatial resolution of 20 μm.
The differential cell used in the measurement employs
a parallel 3-channel graphite flow field at the cathode
(channel/land width: 1.2 mm) along with an untreated
280 μm thick Toray TGPH-090 carbon paper GDL and
a 200 μm PTFE gasket (Vair = 200 ml / min). At the
anode a segmented microstructured pin-type flow field
is directly attached to the CCM (Nafion 112, 0.5 mg Pt /
2
cm , 70 % Pt/C) [3]. The segmented anode operates as
a quasi-homogeneous counter electrode (VH2 = 200 ml /
min) and allows the direct measurement of the local
current density within four characteristic areas of the
cathode flow field (Figure 1b).

Figure 1. a) Experimental setup and timing chart, b) local
transients of current and liquid water content in different areas of
the cathode flow field (Tcell = Thum_H2 = Thum_air = 40°C). Note, that
the observed liquid water distribution may depend on the anode
diffuser, which cannot be chosen arbitrary in our design. We
focus primarily on a correlation of the liquid water distribution at
the cathode and the local cell performance.
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Figure 2. Liquid water accumulation (a, c) and current density distribution (b, d-f) in channel and land areas after a potential step.

Local transients of the liquid water accumulation and
current density are shown in Figure 1b (i - iii). Liquid
water accumulates within the cathode GDL within some
10’s of seconds, after cell perturbation. The weaker
increase of the total water content in the land center
cannot solely be explained by the lower current density.
A higher compression and a lower permeability of the
GDL under the ribs might favor water permeation
through the membrane. However, the average
saturation change approaches comparable values of
around 13% in channel (CC) and land (LC, LE) areas
after a time frame of 60s. The same time constant is
observed in the local current transients. The associated
performance loss is most strongly pronounced in the
channel area. In the land area, the local current already
drops to low values, before a notable liquid water
accumulation. This phenomenon is illustrated in more
detail in Figure 2.
The characteristics of the current transients (Figure 2b,
2d-f) are governed by the ohmic resistance, doublelayer charging, oxygen diffusion and liquid water
accumulation. Upon cell perturbation the local cell
current is limited initially by the local ohmic resistance.
Under the conditions used here, the resistance
distribution will depend mainly on electronic GDL
properties. Therefore, the current density distribution
passes a maximum under the ribs for the first 5-10ms
after the step (Figure 2b (a-c)). The current decay
within this time frame must be attributed to double layer
charging and to a decreasing oxygen concentration at
the electrode. The oxygen concentration profiles
develop initially within both channel and land areas
primarily in through plane direction. However, with the
onset of the development of the oxygen concentration
profile in in plane direction, the current density starts to
drop severely under the ribs, as a result of oxygen
depletion. This effect is most pronounced in the rib
center (Figure 2b (c-g), 2f (c-g)).

It occurs within the first 100-200ms after the step,
already before notable liquid water accumulation in the
GDL (Figure 2a, 2c)and leads temporary to a
pronounced maximum in current density in the channel
area (Figure 2b (g)). The hypothesis of an ongoing
performance loss of the air electrode provides a basis
to explain the characteristics of the local current
transients during the flooding period (t > 200ms): Any
effect of water accumulation on electrode performance
becomes most strongly pronounced in the channel
area, whereas it is irrelevant in the land area as long as
the already low limiting current density (Figure 2f (g-l))
can be sustained by the electrode. The strong
performance loss of the cell on liquid water
accumulation is primarily related to the specific
experimental conditions used here (Tcell = 40 °C, non
PTFE treated GDL). Under practical conditions (Tcell =
70 °C) a strong maximum in the channel region was still
observed at steady state.
A missing clear correlation between the integral cell
performance and the liquid water content under the ribs
is not an unexpected finding. At an already small
contribution of the ribs to the total current at higher cell
polarization, the effect of liquid water accumulation in
the GDL on total mass transport related losses is
expected to be small. The performance of the ribs is
therefore governed more likely primarily by the cell
design e.g. by the flow field structure or the clamping
pressure rather than just by the amount of liquid water.
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2
up to values of 200 mA/cm were obtained, although no
external cell current was drawn from the cell. Note,
however, that a part of the in-plane currents are
capacitive charging currents [4]. A similar phenomenon
is also observed during shut-down of the cell.
The experimental setup [5] will be used to evaluate the
effect of the flow field design on the reverse-current
phenomenon. Local cyclic voltammetry allows the in situ
investigation on the impact on catalyst degradation in
channel and land areas [5].

Durability is one of the most important issues, which
must be considered in the design and during the
operation of polymer electrolyte fuel cells (PEFCs).
Mechanically and chemically induced membrane
degradation, dissolution and migration of platinum
catalyst particles and corrosion of the carbon support in
the catalyst layer have been identified as major critical
issues. Corrosion due to inhomogeneous anode gas
composition is a well known source of degradation in
phosphoric acid fuel cells [1]. More recently, similar
corrosion processes have been identified in PEFCs, as a
consequence of localized fuel starvation and during
start-up or shut-down processes [2].
During start-up of a fuel cell, the air, which is present in
the fuel gas compartment during shut-off, must be
replaced by hydrogen. Thereby, the cell voltage E
approaches OCV as the potential of the respective fuel
electrode changes from air to the H2 potential (Figure 1).

Figure 1. Schematic of the fuel and oxygen electrode potential
and the cell voltage E during shut-off and after start-up.

In practical fuel cells the use of flow fields induces mass
transport limitations in the down the channel direction
and in the perpendicular to the channel direction.
Temporary, these limitations result in an inhomogeneous
anode gas distribution over the fuel electrode during
start-up of the cell. As a consequence of high in plane
ionic resistivity, significant potential gradients can exist
over the electrode area. The inhomogeneous anode gas
distribution in a PEFC therefore leads to electronic inplane current transients as hydrogen rich parts of the
cell (source) drive a reverse-current through hydrogen
starved regions (sink). It has been proposed that the
reverse-current phenomenon can occur even within
small regions of local hydrogen starvation of a size of
fractions of a millimeter [2].
In this work, the reverse-current phenomenon could be
monitored for the first time with sub-millimeter resolution
on the scale of channel and land areas of PEFC flow
field structures. The results are shown in Figure 2 for the
start-up procedure. During start-up the transition from air
to H2 potential is delayed under the land. Since the cell
voltage E is always equal in channel and land regions,
hydrogen rich parts of the cell (channel) drive a reverse
current through hydrogen starved regions (land) during
the transient. Thereby, the oxygen electrode is exposed
temporary to high potentials and prone to carbon
corrosion and Pt dissolution. High local current densities

Figure 2. Experimentally measured in-plane current transients
during start-up and sketch of electrochemical potentials [3].

References
[1] M. Farooque, A. Kush, L. Christner, J. Electrochem. Soc.,
137, 2025 (1990).
[2] C.A. Reiser, L. Bregoli, T.W. Patterson, J.S. Yi, J.D. Yang,
M.L. Perry, T.D. Jarvi, Electrochem. Solid State Lett. 8,
A273 (2005).
[3] M.V. Lauritzen, P. He, A.P. Young, S. Knights, V. Colbow,
P. Beattie J. New. Mat Electrochem. Sys. 10, 143 (2007).
th

[4] B. Wetton, R. Bradean, K. Eggen, Proc. 20 International
Symposium on Transport Phenomena, Victoria BC,
July 7-10 (2009).
[5] I.A. Schneider, S. von Dahlen, A. Wokaun, G.G. Scherer,
J. Electrochem. Soc., 3, B338 (2010).

34

Dynamic measurement and modeling of the water vapor concentration
during ac impedance measurements in PEFCs
M.H. Bayer, A. Wokaun, G.G. Scherer, I.A. Schneider
phone: +41 56 310 5304, e-mail: michael.bayer@psi.ch

Electrochemical impedance spectroscopy (EIS) is a
widely used method for the characterization of polymer
electrolyte fuel cells (PEFCs). Our recent work has
focused on the effect of down the channel
inhomogeneities on PEFC impedance response [1]. In
this context, we have shown that the process of water
formation and its accumulation along the flow fields
governs the impedance response of PEFCs under subsaturated conditions. As a consequence of ac current,
water partial pressure oscillations build up along the flow
fields [2]. The slow hydration and dehydration of the
membrane with ac current, as a consequence of
changing water production rate, results in the
appearance of low frequency inductive loops [1-3].
Based on these key experimental results, we have
developed a 1+1 dimensional impedance model for subsaturated PEFCs [4]. A detailed validation of the model
requires the dynamic measurement of the water partial
pressure in the flow channels. Tunable diode laser
absorption spectroscopy (TDLAS) has been used to
study the water partial pressure in PEFCs under steady
state and dynamic conditions [5]. This method is used
here for the in situ measurement of the frequency
response
of
the
water
vapor
concentration
Zc(ω)=δc(ω)/δη(ω) along the anode and cathode flow
field during ac impedance measurements.

enters into small class rods on the opposite side of the
flow field. The rods seal the outer channel wall and pass
the light toward an InGaAs detector.
Please note that in the holes the gas equilibrates by
diffusion. Therefore, it is important to have narrow lands.
By implementing only 0.25mm wide lands, the
characteristic frequency for water diffusion into the holes
under the lands is in the order of 350Hz and does not
introduce a noteworthy attenuation at relevant
modulation frequencies below 1Hz.
A distributed feedback (DFB) laser diode (32mW) was
used in the measurement. The laser diode (central
wavelength of 1392.5nm (7181.3cm-1)) is connected to a
laser diode control unit. During ac impedance
measurements in the linear PEFC, the transmitted light
-1
intensity at ν=7181.2cm was measured as a function of
time. The photo current of the detector is converted into
voltage by a resistor (Rdet=100Ω).
For the determination of the frequency response
Zc(ω)=δc(ω)/δη(ω), the detector voltage and the cell
voltage were digitized simultaneously via 16Bit A/D
converters (100 samples per second). The digital signals
are passed through a digital 4Hz low pass filter and are
corrected for their dc value. After multiplication of the ac
data with a Van Hann window function and zero
padding, the time domain data is transformed into
frequency domain via a fast Fourier transform algorithm.
The modulus and the phase of Zc(ω) is then determined
from the spectra for a given modulation frequency.
Calibration was done by measuring the detector signal
at different humidity levels.
The linear cell was operated on dry oxygen (330ml/min)
and humidified hydrogen (990ml/min, r.h. 23%). The
gases were supplied in co-flow mode to the linear cell
through heated hoses (TH2/O2=80°C). The MEA
consisted of a catalyst coated membrane (CCM) (Nafion
112, 0.5mg Pt/cm2, 70wt% Pt/C, PAXITECH) and ETEK
W140 gas diffusion layers.

Experimental
The implementation of the TDLAS measurement into our
2
linear cell (Acell=63cm ) [1] requires a special flow field
design, as shown in Figure 1.

Results & Discussion
Calculated results, as obtained from the pseudo 2D
model as described in [4], are shown in Figure 2. The
modeled data is consistent with the experimental results
obtained earlier [2]. The membrane resistance
decreases from the gas inlets towards the gas outlets
(Figure 2b), as a direct consequence of water formation
and accumulation along the flow field and, hence, an
improved hydration of the ionomer by product water. The
local current density increases in the same direction
(Figure 2a). The low frequency inductive loop, which
becomes apparent in the calculated spectra (Figure
2c,d) is basically the result of changing membrane
hydration with ac current at lower frequencies, as water
concentration oscillations build up along the gas
channels [1].

Figure 1. Segmented flow field plate for TDLAS measurements.

The ninefold segmented flow fields consist of eight 2mm
deep and 2mm wide channels. The channels are
separated by 0.25mm wide lands. In each of the nine
segments holes were drilled through the flow field
perpendicular to the flow channels (Figure 1). Micro
collimators emit the laser beam right at the outer
channel wall of one side of the flow field. The laser light
then passes through eight 2mm wide channels and
seven 0.25mm deep holes. This results in a total
absorption path length of 17.75mm before the light
35

100mHz and 10mHz as back diffusion starts to
compensate drying, due to electro osmotic drag. The
calculated frequency response of the modulus (lower
graph in Figure 4) is similar to the experimental result, at
first sight. However, note that the measured modulus of
the water concentration oscillation is about half as high
as the modeled data. This phenomenon is currently
subject to investigation. It is observed that the modulus
of the oscillation is higher at the cathode outlet as
compared to the cathode inlet, as a result of water
accumulation along the flow field.

Figure 2. Calculated current density distribution (a), local
membrane resistance (b), integral spectra (c), and locally resolved
impedance spectra (d) (Icell=10A, 1kHz≥fmod≥1mHz, 20pts/dec).

A sinusoidal perturbation signal is applied during ac
impedance measurements. The ac current affects the
local water concentration at lower frequencies, due to a
changing water formation rate and changing electro
osmotic drag (EOD) of water [1,4]. The water
concentration oscillations only slowly penetrate into the
bulk of the membrane, as a result of poor water diffusion
and high water uptake capacity of the polymer
electrolyte. Consequently, the characteristic response of
the water vapor concentration on ac voltage Zc(ω)
appears at low frequency. A detailed analysis of the
calculated ac water profiles, which cause the low
frequency characteristic, as shown in Figure 2c,2d, has
been published earlier [4]. In this work, a comparison
between experimental and calculated data is given.
Figure 3 shows the modulus of the ac signal, as
measured at the cathode outlet, for four different
modulation frequencies [4]. A distinct peak is observed
at the respective modulation frequency, with only minor
side peaks. The observation of this signal is a direct
proof that the ac current causes an oscillation of the
water partial pressure at the respective modulation
frequency in the gas channels.

Figure 4. Calculated (left) and measured (right) phase (upper)
and modulus (lower) of Zc(ω) for 3 distinct positions along the
channel.

Conclusions and Outlook
By using TDLAS, the characteristic frequency response
of the water partial pressure has successfully been
measured in the gas channels of a low humidity PEFC
during EIS. The experimental results are in good
agreement with modeled data [4]. As a next step, the
water partial pressure will be measured at more
positions along the channel. In combination with locally
resolved impedance spectroscopy and neutron
radiography, the dynamic water partial pressure
measurement offers an excellent validation tool for
PEFC transient and ac impedance models [4].

Figure 3. Modulus of the signal at the photodiode after the laser
passed the cell through cathode outlet, for four distinct modulation
2
frequencies (ac current amplitude ~15mA/cm ).
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Localized electrochemical impedance spectroscopy
(LEIS) is widely used in electrochemistry. Here, the
applied perturbation signal results in a modulation of the
cell voltage Δη(ω) over the entire electrode area, due to
the highly conductive end-plates. The local ac current
density response Δj(x,ω) is measured directly. Per
definition, the local cell impedance is the ratio
Zloc(x,ω)=Δη(ω)/Δj(x,ω).
Our earlier work has shown, however, that the local ac
current density is the response to both the ac cell
voltage and the ac concentration oscillations due to the
ac current in upstream parts of the cell, when this
technique is applied to a PEFC in flow configuration
[1,2]. Consequently, Zloc(x,ω) is not a strictly local
quantity, but depends on the overall cell perturbation.
The Kramers Kronig (KK) relations are a widely used
tool to check if experimentally obtained frequency
responses are causal and stable linear response
functions. These functions have a correlation between
the imaginary and real parts of their Fourier transform,
known as the KK relations. In this work, the application
of the KK relations on local spectra is investigated.
Based on key experimental results [1,2], we introduce a
one-dimensional, analytic, ‘down the channel’ model for
the calculation of the local cell impedance spectra. The
oxygen concentration profile and the current distribution
are calculated through the equation system (1).

j (x ) = j0 ⋅

c( x)
η 
⋅ exp 
catm
b

dc
j (x )
dc
=−
−v
4 ⋅ F ⋅ tc
dt
dx

In (5), the slope of the local i/e curve changes sign, as
seen in the experiments [1,2], at ξt =1/k. Downstream
from this point, the current density decreases with
increasing overpotential, due to the oxygen consumption
along the channel [1,2]. Obviously, the steady state
distribution is a function of λ only. For the impedance
response, this changes as the set of equations can no
longer be formulated as a function of λ only. The local
immittance is given by equation (6), with ωc=2v/l.

Z loc (ξ , ω ) =

 j (ξ )  k ⋅ ω
 ω ⋅ξ
c

⋅ 1 −
⋅ sin 
 b 
ω
 ωc



x
l

λ ⋅ j mean ⋅ l
4 ⋅ F ⋅ t c ⋅ c0
1

j mean =  j (ξ )dξ

(6)
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As shown in the experimental results [1,2], in the inlet
region a small capacitive loop is seen, which increases
in size along the channel. Finally, in the outlet region,
the impedance response shows a negative low
frequency intersection, as expected from the local
polarization curves for ξ>ξt≈0.8. The local cell
impedance spectra are checked for KK consistency. For
the calculation of the imaginary part out of the real part,
equation (7) is used.

(2)

Im'[ Z loc (ξ , ω0 )] =

2ω0 ∞ Re[ Z loc (ξ , ω )]
dω

π 0 ω2 − ω2

(7)

The data investigated is linear, stable and stationary, as
the set of equations (1) is linearized in order to get the
local cell immittance (6), and the model does not
assume explicit time dependence of the system. Only
causality is not a priori given, due to the oxygen
concentration oscillations, which build up in the gas
channel [1,2]. To illustrate this, the directly calculated
imaginary part of Zloc(ξ,ω) is plotted in Figure 2 and
compared to the numerically calculated one using
equation (7) for three distinct positions along the
channel. For the two spectra, where the real part is

(3)
(4)

0

Consequently, the slope of the local i/e curves yields
dj (ξ )
j
= mean ⋅ λ ⋅ exp(− k ⋅ ξ ) ⋅ k ⋅ (1 − ξ ⋅ k )
dη
b

−1

Figure 1. Local cell impedance Zloc(ξ,ω) for λ=1.4 (ωc=10.4s )

In equation (2) l represents the channel length, λ the
stoichiometry, and jmean the mean current density. They
are connected to the velocity by equations (3,4).

v=

  




(1)

j (ξ ) = jmean ⋅ λ ⋅ exp(− k ⋅ ξ ) ⋅ k

ξ=


 ω ⋅ξ
 ⋅ exp − i


ωc



In (6) we make use of the fact that a time derivative in
(1) is expressed as a multiplication of the Fourier
transformed function with iω. The function Zloc(ξ,ω) is
plotted in Figure 1 for distinct positions along the
channel.

In the model, the flow velocity v is assumed constant
along the flow field, even though it changes in a real cell,
due to the electrochemical reactions. In the steady state
calculation, the time derivatives are set to zero. Inlet
conditions are defined through the given inlet
concentration c(x=0)=c0. Using these constraints the
steady state solution for the current is given by (2).
1

k = − ln1 −  ,
 λ

1
=
Yloc (ξ , ω )

(5)
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‘down the channel’ model is used, Y12 is zero. The local
cell admittances are per definition given by (9).

positive, the curves agree perfectly, however, for the one
with negative real parts (at ξ=0.9), they do not match.

Y1 =

j1

η1

, Y2 =

j2

(9)

η2

The combination of (8) and (9) yields a result for the
local cell admittances expressed through the causal
response functions Ynm, shown in equation (10).

Y1 = Y11 , Y2 = Y21

(10)

The result (10) shows that Y1 is causal, since it is
identical to Y11. Y2, however, is a linear combination of
two functions. The second term Y22 is a causal response
function, while the first term fulfills the causality condition
only if η1/η2 is causal. This condition is trivially fulfilled for
a single real PEFC, as η1=η2, due to the equipotential
condition at the end-plates. Consequently, Y2 consists of
a linear combination of causal, linear response functions
and, hence, is a causal, linear response function itself.
A similar result can be formulated for the local cell
impedance, with causal response functions Znm shown in
equation (11).

Figure 2. Modeled imaginary part using equation (6) (lines)
and imaginary part calculated with the KK relations (symbols)
for three distinct positions along the flow field.

The use of an analytical model allows an exact
investigation of the causality of the complex response
functions. In the frequency domain, a response function
is non-causal, if it exhibits poles at complex frequencies
with negative imaginary parts. It can be shown that
Zloc(ξ,ω) has poles with negative imaginary parts, if ξ>ξt.
However, Yloc(ξ,ω) is a holomorphic function, i.e. it has
no poles. This results in KK consistency of the local cell
admittance for all positions along the channel.
Obviously, Zloc(ξ,ω) fails the KK check, as soon as
negative low frequency intersections are present. It has
been demonstrated before that in electrochemical
systems, which exhibit passivation, the admittance is KK
consistent, while the impedance fails the KK check in the
presence of negative low frequency intersections [3]. A
similar behavior is seen here, but in the present case
negative low frequency intersections in the local spectra
are not caused by electrode passivation, but by oxygen
depletion along the gas channel.
The local cell admittance is defined as the ratio of the
local current density and the ac voltage. As stated
before, the local ac current is, however, not only caused
by the ac cell polarization but also by the ac oxygen
concentration oscillation in the gas channel, due to the
ac current in upstream parts of the cell. Therefore, it is
interesting to investigate, why Yloc(ξ,ω) is, nevertheless,
a causal response function for all positions ξ.
A gedankenexperiment is used to analyze the local cell
admittance. The cell is divided into two segments, similar
to the experiments, which have been performed, using
an electrically disconnected outlet segment [2]. The
segment currents are linked to the voltages by four
admittance functions Ynm, which are all causal response
functions to the corresponding perturbation, only. The ac
current response can be calculated, using equation (8).
 j1   Y11 Y12   η1 
  = 
 ⋅  
 j2   Y21 Y22  η 2 

η1
+ Y22
η2

Z1 = Z11 , Z 2 = Z 21

j1
+ Z 22
j2

(11)

In contrast to the admittance, in (11) the ratio j1/j2 is,
however, not a constant but a frequency dependent
function, as the current distribution changes with
frequency, due to the oxygen concentration oscillation
along the gas channel, which approaches zero at high
frequencies and tends towards the steady state gradient
of the concentration with respect to cell polarization for
low frequencies. Consequently, even for calculated data,
KK consistency of Z2 cannot be assumed a priori.
Conclusion
In this work, the application of the Kramers Kronig
relations on localized impedance spectra of air fed
PEFCs is investigated. The local cell impedances and
local admittances, as calculated using a simple, onedimensional, analytic, ‘down the channel’ model, are
checked for KK consistency. It is shown that due to the
build-up of oxygen concentration oscillations along the
gas channel, a KK check can fail for the local cell
impedance. In admittance representation, however, the
KK check is always successful for the modelled data. It
is demonstrated that this phenomenon can be attributed
to the equipotential condition. Consequently, the
presence of oxygen concentration oscillation in the gas
channel, caused by the applied perturbation, still leaves
a causal, local system, as long as the voltage is
homogeneously distributed, as given for single PEFCs.
Therefore, the KK relations are an adequate tool to
check the local cell response for errors, if they are
applied on the local cell admittance.
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Water management is a major topic in the development
of polymer electrolyte fuel cells (PEFCs). On the one
hand, high water content entails high conductivity of the
employed polymer electrolyte membrane; on the other
hand, flooding of the gas diffusion layer (GDL) hampers
the reactant mass transport.
The application of flow fields for the distribution of the
reactant gases generates strong inhomogeneities over
the active area in both, the along the channel and the
perpendicular to the channel direction [1]. By applying a
novel fuel cell approach with a 19-fold segmented
microstructured flow field at the anode, local current
density measurements on channel and rib scale can be
correlated with the water content obtained from neutron
imaging. The novel approach with a high spatial
resolution of 400 µm is described in detail elsewhere [2].
The cell was operated on H2/ air (both fully humidified) in
a voltage range between OCV and 0.05 V, with a sweep
rate of 10 mV/s. Neutron images were taken with a
spatial resolution of 20 µm and a time resolution of 10 s.
The investigated cathode flow field consisted of three
gas channels, with 1.2 mm channel and 1.2 mm rib
width (Figure 1). For interpretation, the 19 segments of
the microstructured flow field on the anode side were
averaged to three characteristic areas in the flow field
structure: channel, rib edge and rib center.

areas the hysteresis is most pronounced, but maximum
water content is lowest, ascribed to the reduced water
generation based on lower current densities. However, a
surprising observation is the considerable change in
water content from 8% to 15% in the lower voltage
region, although the current density remains virtually
constant. During a portion of the return sweep, water
content is invariant in the rib areas, probably due to
hampered water removal. In the rib areas, current
density is limited by oxygen mass transport, whereas the
reactant depletion induced by increasing diffusion path
length is supposed to outweigh flooding effects.
In the channel areas, smaller diffusion path length and
higher porosity as a result of lower GDL compression
enable improved reactant mass transport. However, the
higher current densities entail an enhanced generation
of product water. Liquid water accumulates in the pores
of the GDL, which can cause reactant mass transport
limitations, due to flooding. The sluggish accumulation of
water is a possible explanation for the existence of the
current density hysteresis loop in the channel areas.
Recently, Gerteisen et al. published results of an
investigation showing a similar behavior in a nonsegmented cell [3].
Various local hysteresis effects in current density and
water content have been presented. The current density
hysteresis in the channel areas is ascribed to flooding of
the GDL pores. In the rib areas, the strong water content
hysteresis is caused by the hampered water removal.
Local differences existing in water content and current
density emphasize the need of taking into account
channel and rib scale to unravel local performance
losses based on water management in PEFCs.

The current densities in these three characteristic areas
are virtually equal down to a voltage of 0.6 V (Figure 1).
In the rib center areas, a limiting current density is
reached in the lower voltage range. No noticeable
hysteresis can be observed in this polarization curve.
In the channel areas, at lower voltages current density is
significantly higher than in the rib areas. Despite a rising
polarization, current density declines after a maximum is
passed. Moreover, the lower current densities during the
return sweep generate a hysteresis loop and indicate
changes in cell performance, possibly due to changes in
water content.
The three curves in Figure 2 represent the water content
in the GDL. The interplay of water accumulation and
removal during the sweep generates strong hysteresis
loops. Comparing the characteristic areas, in the rib

Figure 2. Local water content curves measured in a differential
fuel cell with a segmented microstructured flow field.
Markers denote midpoints of the images.
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Polymer electrolyte fuel cells (PEFCs) are efficient
electrochemical power sources. The catalyst coated
membrane (CCM) is the most important part of a PEFC.
The CCM consists of a thin proton conducting polymer
electrolyte membrane. Carbon supported Platinum
particles (Pt/C) are used to catalyze the electrochemical
reactions. In practical fuel cells, the reactant gases are
distributed over the active area by using flow field plates.
PEFC flow fields exhibit a channel land structure. It is
well known that the use of flow fields leads to local
inhomogeneities over the active area [1].
The ECA (electrochemically active surface area) of the
platinum catalyst is an important parameter for the
characterization of PEFCs. The ECA can be determined
in situ by using cyclic voltammetry (CV) in H2/N2 mode
[2,3]. Therefore, an inert gas flow is employed at the
working electrode to avoid traces of oxygen. The CVs
exhibit hydrogen underpotential deposition (Hupd) peaks.
These peaks appear in a potential range between 0.3
and 0.05 V vs. the hydrogen counter/reference
electrode. The area under the peaks is directly
proportional to the ECA [2]. Unfortunately, at low
potentials cathodic currents due to the formation of
molecular hydrogen overlap with the Hupd region and
hamper an accurate determination of the ECA.
In this context, in particular, the convective inert gas flow
at the working electrode has a detrimental effect as
shown for integral CVs in the inset of Figure 1. Our
earlier work has clearly demonstrated that the inert gas
flow induces strong hydrogen evolution currents in both
the cathodic and the anodic sweep as molecular
hydrogen is removed by the inert gas flow and must be
compensated by the formation of additional hydrogen
[5]. In the along the channel direction this effect is most
pronounced at the nitrogen inlet. The hydrogen evolution
currents level off down the channel as a result of
formation and accumulation of molecular hydrogen [1,5].
A similar effect could be demonstrated recently in the
perpendicular to the channel direction [4]. A novel cell
design allows for the first time locally resolved CV
measurements in channel and land areas of PEFCs with
sub-millimeter resolution [4]. Figure 1 displays local CVs
as obtained in channel and land areas of a single 2mm
channel flow field. Under the channel (segments 8-12)
the hydrogen evolution currents show highest values
and exhibit a nearly congruent shape. The strong
2
cathodic currents of more than 100 mA/cm lead to a
severe error in the estimation of the local ECA in the
channel region. In the land areas, however, the cathodic
currents decrease strongly in the perpendicular to the
channel direction. This is a result of the increasing
diffusion path length for molecular hydrogen. Note that
this effect occurs within a distance of some hundred
micrometers from the channel.
Possible mitigation strategies should focus on the
porosity of the GDL. High liquid water content or
compression would be beneficial in this context [4].
However, the most effective solution to alleviate this
detrimental effect is simply to stop the convective inert
gas flow during the CV measurement.

Figure 1. Effect of the convective inert gas flow: Integral CVs
(inset) and local CVs as obtained in channel and land areas of a
single 2mm channel flow field [4] (number indicates the segment).
The local CVs were obtained at a N2 flow rate of VN2=100ml/min
(VH2=100 ml/min, ν=10mV/sec, fully humidified gases, T=70°C).
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Degradation of polymer electrolyte fuel cell membranes
under real world operating conditions is still an issue. Up
to now, investigation of the membrane degradation is
mainly monitored by electrochemically measured integral
hydrogen permeation [1]. In comparison to this standard
method, online permeation measurement by local gas
analysis has the advantage of locally resolved
permeation measurement without the switch to pure
nitrogen operating conditions on the cathode side. Local
permeation investigations support general membrane
degradation
characterization by more detailed
interpretation of changes in local membrane structure.
As local permeation measurement by gas analysis is
restricted to discrete positions along the representative
sample channel [2], detectability of local defects within
the active area is unclear. In order to evaluate
detectability and permeation rate of local pores,
membranes with defined pore positions and pore size
were analyzed and characterized under various
conditions.

assembly (MEA configuration). Woven carbon cloth
electrodes with micro porous layer (Etek Elat
A6STDSIV2.1) were used in the MEA configuration. All
measurements were conducted at 80°C cell
temperature, open circuit conditions with the virtual load
2
with anode and cathode
point of 0.2A/cm
stoichiometries of 2, dry gases, 90% hydrogen and 10%
helium tracer addition at the anode and inert nitrogen
atmosphere at the cathode in order to suppress thermal
degradation during the measurements.
Results
Comparison of electron beam lithography and laser
perforation showed the difficulty of continuous pore
perforation in nafion. Electron beam lithography tests
showed, that higher doses are required for continuous
pores, which raise the risk of vacuum chamber
contamination and deflection of the electron beam due
to charging effects. In addition, maximum membrane
size in electron beam lithography was limited to
approximately 25cm2. Due to low absorption
characteristics at the given wavelength of the laser light
in nafion, Kapton foils with sufficient absorption
behaviour [3] were chosen as model material. The
switch to Kapton foils was possible without any
disadvantage, as the measurement focused pore
permeation behaviour under dry conditions with inert gas
supply on the cathode side. Figure 1 shows the conical
pore shape and size of the laser perforated Kapton foils.
The averaged minimum reproducible diameters of
continuous pores were 41μm on anode- and 68μm on
cathode side and therefore represent comparably highly
degraded membrane conditions.

Experimental
Local membrane permeation was measured with the
hardware described in [2]. This includes a linear fuel cell
of technical size with an active area of 200cm2, anode
and cathode side flow fields with 28 parallel channels
with cross section dimensions of 0.5x0.8mm. Eleven gas
extraction ports are positioned in the representative mid
channel area of the flow field on anode and cathode
side. Two additional integral gas ports sample gas at the
integral in- and outlet of the cell (Fig.2A). Gas ports
allow for local gas extraction and subsequent species
analysis by mass spectrometry. 10% helium is added to
the anode side gas supply and acts as membrane
permeation tracer gas, which is afterwards locally
detected on the cathode side. Different methods and
membranes were evaluated for defined pore insertion.
This included perforation tests by electron beam
lithography and laser processing of nafion N211
membranes (d=25μm, DuPont) and Kapton HN100 foils
(d=25μm, DuPont). Operating conditions of the electron
beam
lithography
were
I=40mA,
U=100kV,
2
dose=20mC/cm , electron beam diameter d=50nm,
pattern frequency f=9.7MHz and focused pore size of
3μm. For laser perforation, a 308nm XeCl-excimer laser
in conjunction with round pinhole masks for beam
shaping and focal lenses for demagnification was used.
A sequence of 20 laser pulses with an energy density of
7J/cm2 was used for membrane perforation with pore
size of 40μm. Two model membranes were perforated.
Membrane 1 was perforated with pores in the area of the
gas analysis channel and membrane 2 with pores in the
neighbouring channel. Both model membranes were
perforated with three pores of identical size at the
positions indicated in figure 2A. Two pores were chosen
3mm after (pore 1, 2) and one pore 3mm before of a gas
extraction port (pore 3) in order to evaluate the influence
of pore position in relation to discrete gas analysis
locations. Permeation characteristics of these perforated
membranes were investigated in two configurations: 1)
membrane directly assembled between the flow field
plates (membrane only); 2) entire membrane electrode

Figure 1. Size and shape of laser perforated model membrane
(HN100, 25μm, DuPont). Perforation: 308nm XeCl-excimer
2
laser, 20 pulses, energy density 7 J/cm . Anode and cathode
side refer to assembly positioning in the fuel cell. Perforation
direction from cathode side.

Figure 2B shows the cumulative local permeation in
membrane only configuration at different overpressure
conditions. Due to the missing flow resistance of the gas
diffusion layers, a pore flow with turbulent orifice
characteristics [4] and maximum permeate rate of
23ml/min per pore at anode overpressure of 0.1bar was
measured. Under 0.1bar anode side overpressure, the
permeation per pore accounted for 47% of the entire
flow rate of a single channel, what therefore influences
the uniformity of the gas distribution to the parallel
channels. This lead to lower nitrogen flow in the sample
channel and subsequent overestimated helium
concentration due to lower permeate dilution (Fig.2B,
grey). Comparison of the mean integral outlet port with
the port at 90% of the channel length allowed for
calculation of the effective permeation by flow correction
(Fig. 2B, black). Figure 2C shows the permeation
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measurement with the same membrane including
electrodes on both sides. Comparison of Fig.2B and 2C
illustrates the influence of the electrode. This includes
deceleration to laminar flow conditions to a maximum
permeation rate of 1.2ml/min, which accounts for 5% of
the permeation rate without electrode and differences in
detected permeation per pore. These differences
(Fig.2C pore 1-3) stem from the distances between pore
and the subsequent gas port due to horizontal
permeation through the electrodes (Fig.3, II,III) in the
neighbouring channels and local inhomogeneities of the
electrodes. In the case of pores in the sample channel
the permeation to the neighbouring channel is the
reason for the exponential decay of cumulative
permeation along the channel. The permeation detection
of pores in the neighbour channel is shown in figure 2D.
Comparison with Figure 2C shows the same range of
permeation at the average integral outlet.

Again, differences in permeation of the three pores of
identical size stem from relative pore position to the
subsequent gas port and electrode inhomogeneities. In
addition, the pore permeation rate can be influenced by
the position of the pores on the channel-rib scale, due to
higher compression of the electrode under the rib and
the resulting lower porosity and higher tortuosity of the
electrode. Inhomogeneities of the electrode and the
pore position on channel-rib scale are assumed to be
the reason for almost non detectable permeation of pore
3 in Figure 2D. The cumulative permeation along the
channel with pores in the neighbouring channel shows
stagnant or steady increase of permeate concentration
after a pore position, which stems from the preferential
permeation into the pore channel and subsequent
permeation in the neighbouring channel due to the short
vertical permeate transport path (Fig.3, I, PTPv).
Therefore the shape of the cumulative permeation along
the channel and the condition at the integral outlet port
enables to distinguish between pores in the sample or
neighbouring channel.
feed side

Channel

Rib

Channel

GDL
Catalyst
Membrane
PTPv = 0.25mm

PTPh = 1mm

permeate side

Figure 3. Permeate detectability influences: Influence of the
pore position relative to the channel rib structure (1-3),
influences of material inherent and cell assembly initiated
electrode inhomogeneities and different permeation paths (IIII).

Conclusion
The influence of convective permeation of local
membrane defects was investigated by characterization
of model pores with local gas analysis. Permeation
measurements under membrane only and with
electrodes set-up showed the dominant permeation
resistance of the electrodes in the pore diameter range
of 40μm. For identical pore size and pore shape, the
effective measured local convective permeation varies
due to different permeation behaviour and different
detection conditions. Detectability of single pores by
local gas analysis depends on pore position in the
sample or neighbouring channel, relative position on the
channel-rib scale, pore to gas port distance, electrode
inhomogeneities and effective local driving force.
Differences in pore detectability enable to distinguish
between defects in the sample or neighbouring
channels. These results of pore detectability and
absolute pore permeation rates in combination with the
electrode influences enable interpretation of local
convective permeation results of degrading fuel cell
membranes under real world operating conditions.
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100% N2, pk=1.5bar. Membrane 1: 3 pores in sample channel;
Membrane 2: 3 pores in neighbour channel. Tcell=80°C, virtual
load point: 0.2A/cm2, λa= λk=2, rH=0%. Electrodes: Etek Elat
A6STDSI V2.1.

[2] G.A. Schuler, A. Wokaun, F.N. Büchi, J. Power Sources, 6,
1647-1656 (2010).
[3] E.E. Ortelli et al., Macromolecules, 14, 5090-5097 (2000).
[4] C.J.M. van Rijn, Membrane Science and Technology, 10,
87-109 (2004).
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1+1-D dynamic full physics polymer electrolyte fuel cell model
M. Zaglio, A. Wokaun, J. Mantzaras, F.N. Büchi
phone: +41 56 310 5165, e-mail: maurizio.zaglio@psi.ch

Results

The investigation of the dynamic behavior of polymer
electrolyte fuel cells (PEFC) is of high importance for
the automotive application, where rapid variation of the
load requirement must be satisfied. Understanding of
fuel cells, whose electrochemical processes are strictly
interlinked with species and energy transport, is
facilitated by model based approaches. One core
leveling of modeling is the description at the cell level,
The 1+1-D model under development is used for
studying the behavior of the PEFC under transient
conditions.

In Figure 2 responses of the cell voltage and different
domains to a load step change of the integral current
density from 0.5 to 1.0 Acm-2 for a cell operated at 70 °C
with fully humidified feeds is shown. After an initial drop,
the potential moves smoothly to the new steady-state in
about 20s. The current density has an overshoot at the
cell inlet, where more oxygen is available and the cell
reacts faster to the load change, while at the cell outlet
it gradually approaches the new steady state (see
Figure 2b). The transient time is mainly related to the
water transport in the membrane and saturation change
in the GDL. The membrane ohmic overpotential,
dependent on the water content, reaches the new
steady-state in about 20s (Figure 2c). In Figure 2d-f the
liquid water saturation in the cathode GDL, in three
sections along the channel is shown. It increases due to
the higher water generation at the interface after the
current change. The transient time is shorter at the
inlet, Figure 2d, because the channel inlet responds
more rapidly than the outlet of the cell.

Model
The model is applied for the study of cells of technical
size with active areas of few hundreds cm2 and long
channels. The domains of the model are shown in
Figure 1, with the schematic 1+1-D discretization grid:

Current Density [Am-2]

0.7

Due to the high aspect ratio, transport in along-thechannel direction is by far dominated by convection in
the channels, and transport in the MEA components
can accordingly be neglected in this direction. In a
multi-channel configuration, the approximation to
neglect gradients in x-direction seems reasonable. It is
also strongly motivated by the considerably lower
computational cost of a quasi-two dimensional model
as compared to a three dimensional model [1].

0.58
0.54

Membr. Ohmic Overp. [V]

0.5

Liquid Water Saturation

The model incorporates all important processes in the
direction normal to the MEA: multispecies, multiphase
diffusion of species, transport of water through the
membrane by diffusion and electro-osmotic drag, heat
generation and transport, electrochemical reaction in
the catalyst layer. Mass transport along the channels is
simulated with plug-flow assumption.
Parameters for the mass transport in the membrane
and in the GDLs have been fitted to experimental data
with a multiparameter optimization procedure based on
an evolutionary algorithm [2].
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Figure 1. PEFC model domains and discretization.
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Figure 2. Cell potential, a, current density distribution in time
(n=1 channel inlet, n=15 channel outlet), b, membrane ohmic
overpotential along the channel, c, and liquid water saturation in
the cell (0 membrane interface, 100 channel interface), d-e, after
a load step change at t=0.

The partial differential equations (PDE) describing the
mass, momentum and energy transport in each
domain, as well as the electrochemical phenomena, are
approximated using the central difference discretization
method. The resulting differential-algebraic system is
solved in Matlab.
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Sub-millimeter current density distribution in PEFC at sub-zero
temperatures
T. Colinart1, F.N. Büchi
phone: +41 56 310 2411, e-mail: felix.buechi@psi.ch

In the development of polymer electrolyte fuel cell
(PEFC) technology water management and freeze-start
capabilities, including sub-zero operation and freeze and
thaw cycles, pose significant technical challenges,
especially for the automotive application [1].

interpretation that this is due to higher liquid saturations
of the GDL at lower temperatures.

The liquid water can undergo a phase transition to form
ice at the interface between the gas diffusion layer
(GDL) and the MEA when the stack temperature drops
below the freezing point. The ice formed in the cathode
catalyst layer pores impedes oxygen transport to the
active sites [2], leads to an increase in the electrical
contact resistance at the interface membrane/catalyst
layer [3].
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Up to now, most knowledge on the low temperature
behavior a restricted to the cell scale. Here we report on
the current distribution in PEFC on the rib and channel
scale of the flow field during cold starts, a recently
introduced technique [4] is used for measuring.
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Experimental
A specialized test cell with an active area of 1.2 cm2 was
developed. The cell components were consistently
commercial. Flow field plates were made of sintered
graphite and had channel and rib widths of 2.0 and
1.0 mm, respectively and a channel length of 10.0 mm.
The electrochemical components consisted of catalystcoated membranes (Nafion 50 μm) combined with Toray
TPGH-060 gas diffusion layers. Reactant feeds were
provided at a high constant flow rate resulting in a
differential operation of the cell. The cell temperature
was controlled by circulation of a cooling fluid (waterglycol mixture) in the metallic end plates. The cooling
fluid temperature was set by a thermostat.

Figure 1. Current density distribution over a single repeating unit
2
at an average current density of
0.3A/cm for different
temperatures in the range 1 < T < 23°C. Dry gases.

At temperatures below freezing, steady state
experiments as in Figure 1 cannot be performed
anymore. Therefore the development of the performance
and local current density was investigated in isothermal
start-up experiments as outlined above. Integral results
at different temperatures are shown in Figure 2. At
temperatures below -1 °C, after the load is connected,
the integral current decreases immediately, the faster,
the lower the temperature. Water starts to freeze in the
catalyst and/or the gas diffusion layer, locally inhibiting
the oxygen transport, and consequently the
electrochemical reaction.

Sub-zero operation was performed according to the
following procedure:
1.

FC conditioning at rated conditions (65 °C) until
stabilization of the cell voltage.

2.

FC cooling from 65°C to the testing temperature.

3.

FC start-up in potentiostatic mode (U=300mV).

0.3
0.25
jmean [A cm ]

Results
The steady state current density distribution on the
channel and rib scale of a PEFC is a function of cell
temperature. This is also true for the temperature range
close to the freezing point of water. Figure 1 shows the
steady state current density distribution between 23 and
1 °C. At normal operating temperatures (70 – 80 °C)
operation with dry gases (as for the data in Figure 1)
leads to a current density minimum over the channel
area due to local membrane drying [5]. However at low
temperatures also water vapour pressure is low and
current density distributions with a peak in the channel,
similar to those observed at normal operating
temperatures with humidified reactants are observed. In
fact the lower the temperature, and thus the lower the
water vapour pressure, the more distinct becomes the
current peak over the channel. It seems a reasonable
1
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Figure 2. Mean current density production as function of time
and temperature @ 300mV, for different sub-zero
temperatures.
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Figure 3. Current density distribution over a single
repeating unit of channel and rib as function of time at -7 °C.

Figure 4. Integral current density and locally averaged current
densities over the rib and over the channel as function of
at -7 °C.

When focusing on the channel-rib scale, Figure 3 shows
(exemplarily for -7 °C) the temporal development of the
current density distribution. Initially the distribution
shows little difference between the channel and land
areas. However, under the rib the current starts to drop
quickly while under the channel the peak current density
seems to even increase slightly.
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In-situ X-ray tomography and radiography of PEFCs
J. Eller, R. Flückiger, M. Stampanoni, A. Wokaun, F.N. Büchi
phone: +41 56 310 4580, e-mail: jens.eller@psi.ch

to be absolutely sure, that the observed water was
produced electrochemically in the small fuel cell.

The experimental methodology for x-ray tomographic
microscopy (XTM) of polymer electrolyte fuel cells at
the TOMCAT beam line of the Swiss Light Source SLS
has been further developed. The measurement
technology for in-situ measurements has been
advanced by newly designed active cells to be operated
directly in the x-ray beam. For the first time ever, a
running PEFC has been imaged with µm-resolution and
the liquid water visible in the porous structures of the
cell. From these measurements, the behavior of the
liquid water in and on the porous gas diffusion layer,
fingering through defined pore pathways to the surface,
and building up droplets could be identified.
Placed between the flow field plate and the catalyst
layer of PEFCs, gas diffusion layer (GDL) structures
have to fulfill -- beyond chemical and mechanical
stability -- two antagonistic tasks: high permeability for
access of the gases to the catalyst layers and removal
of product water and high conductivity for electric
charge
and
heat
conduction
[1].
As
the
electrochemically produced water occupies part of the
porous structure it thus strongly affects and limits the
mass transport in gas phase and considerably
influences the current distribution and fuel cell
performance. Only synchrotron based XTM is capable
to reveal the micro-scale liquid water distribution and
the solid structure simultaneously with a pixel size
smaller than 1 µm.

Figure 1. The new designed active cell sample holder at
TOMCAT beam line sample stage. The two gas feed tubes and
the two electric contact cables stay connected to the sample
holder during the 180 degree rotation of the tomography scans .

Figure 2. Vertical slice of a tomographic reconstruction of the
active cell sample holder center. The two GDLs are fixed and
contacted electric by the CFRP tubes. Liquid water escaped into
the remaining gap between CFRP tubes and the sample holder
wall.

Experimental
A newly designed active cell sample holder was used at
the TOMCAT beam line for the first time, as shown in
Figure 1. The main focus of the new design was to
enable electric contact and convective gas feed during
the tomography scans, allowing in-situ tomography
scans of operating cells. The two main transport modes
of liquid water in the polymer membrane of PEFCs are
drag of water due to proton flux through the membrane
and water diffusion because of concentration gradients.
If tomography measurements are performed after
shutdown only water diffusion through the membrane
remains active and changes the water distribution in the
GDL materials until an equilibrium state is reached.
Therefore in-situ tomography of operating cells is
required for studying the water distributions under
operating conditions.

For
these
experiments
global
tomography
measurements with absorption contrast at 10 keV beam
energy were made. Scan times could be reduced to 4
minutes with 2x binned camera sensor using 721
projections only with still acceptable reconstruction
quality. For the unbinned sensor mode with 1501
projections a scan time of 12.5 minutes was needed.
The 4x fold objective with a field of view of 3.7 mm
gives a pixel size of 1.85 µm using unbinned sensor
and a pixel size of 3.7 µm using 2x binned sensor.
Results
In-situ scans (see Figure 3) with a spatial resolution
down to 1.85 µm of an operating fuel cell at different
load states have been performed for the first time. The
GDL material of this cell was Toray T060 with
20 % PTFE content. The cell could be operated stable
at the TOMCAT beam line with currents of 1 mA, 5 mA,
10 mA and 20 mA, which correspond to current
2
2
2
densities of 14.3 mA/cm , 71.5 mA/cm , 143 mA/cm
2
and 285 mA/cm .

Small carbon fiber reinforced plastic (CFRP) tubes were
used for mechanical fixation and compression as well
as for electrical contact of the GDL-membraneelectrode-assembly (MEA) and to establish a rotational
symmetric flow field. The structure of the active cell is
shown in a tomographic reconstruction of GDLs and
MEA domain in Figure 2. The active area of the cell is 7
mm2 such that the samples with a diameter of 3 mm fit
into the field of view of the used 4x objective. Currents
2
of up to 160 mA (2.29 A/cm ) have been reached in
pre-examinations. The active fuel cell was operated at
room temperature. So far the gases were not humidified

At scan times of 4 minutes the water pore network is
stable enough to obtain tomography reconstructions of
operating fuel cells without artifacts of moving water
menisci. Unfortunately, the electrochemically produced
water was removed from the MEA through the GDL into
a gap between sample holder and CFRP tubes, as
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shown in Figure 2. This unexpected and undesired
pathway of water prevented the build-up of the
necessary capillary pressure to flood the flow field of
this test cell. Nevertheless we could observe water
droplets on the GDL surface and study the water pore
network feeding the droplets, as shown in Figure 3.

conditions comparable to those of technical operated
fuel cells.

Figure 3. Vertical-slices of two sequential tomography scans
(top and middle) at different load conditions. Subtracting the two
data sets can reveal the change in water saturation with high
contrast (bottom).

Further, Figure 4 demonstrates the strength of
synchrotron based XTM of operating fuel cells: Even
the growth of liquid water droplets on top of the catalyst
layer can be studied, which is impossible to study by
means of light microscopy or electron microscopy since
they provide only surface views [2].

Figure 5. Radiography projections of an operating fuel cell with
anode on top and cathode on bottom taken with a frame time of
450 ms. To increase weak radiography contrast the water
droplets on the GDL surface have been highlighted in yellow.
During fuel cell operation droplet growth can be observed at
the cathode GDL surface. When the electric load is turned off,
back diffusion of water to the anode sets in, which results
droplet shrinking on cathode and droplet growing on anode
GDL surface.
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Conclusions
The in-situ active fuel cell experiments show that
transport of water in liquid phase to the gas channels
takes place before a complete water saturation of GDL
is reached. This coincides with former water column
experiments [3].
Water transport in PEFC gas diffusion layers is a
complex
combination
of
water
condensation,
evaporation and intrusion. Therefore an improved
sealed active fuel cell setup with adjustable
temperature and humidification remains necessary to
comprehensively study liquid water transport and its
pathways with a unique 3D micrometer resolution at
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Preparation of an artificial SEI by surface modification of carbon electrodes
P. Verma, P. Maire, P. Novák
phone: +41 56 310 2161, e-mail: pallavi.verma@psi.ch

Irreversible charge loss (ICL) during the first charge of
Li-ion battery is a vital issue. ICL is the charge
consumed for reduction of the electrolyte on the surface
of the negative active material (graphite). The
degradation products of the electrolyte form an
inhomogeneous passive layer called the Solid
Electrolyte Interphase (SEI) [1]. Ideally SEI hinders
electron transfer and allows Li+ transport across the
electrolyte/ electrode interphase. Thus SEI is a
prerequisite for good cycling, rate capability and safe
operation of the battery. Prime components of SEI are
lithium alkyl carbonates, which are the reduction
products of carbonate solvents. Here, carbon electrodes
with a preformed carbonate passive layer are
synthesized, to decrease the ICL. Glassy carbon (GC) is
used as a model for graphite surface to simplify the
modification and characterization. The modification is
achieved in two steps: The first step is electrochemical
grafting of an organic linker onto GC surface. The
second step is chemical transformation of the end group
of the linker into a suitable functional group. A surface
modified carbon is schematically shown in Figure 1:

carbonate by bubbling CO2 through the reaction mixture.
The samples were analyzed by CV and XPS.
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CV of pristine GC and GC after alcohol grafting at
10mV/s in 5mM K3Fe(CN)6 + 5mM K4Fe(CN)6 in 1M KCl
aqueous solution illustrates that the grafted GC hinders
electron transfer (Figure 3a). XPS C1s spectra of the
treated GC samples prove the existence of the
carbonate on the surface (Figure 3b). Treatment of
graphite powders by similar methods and its effect on
ICL is under progress.
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Results

Step 1: Electrochemical grafting: All cyclic voltammetry
(CV) experiments were carried out in a specially
designed electrochemical cell. GC is the working
electrode, Pt wire is the counter electrode and Ag wire is
the reference electrode. Techniques of electrochemical
grafting of alcohols, diazonium salts and iodonium salts
were developed by grafting model compounds
containing distinct marker atom. The experimental
conditions used and main results are listed in table 1.

HO

COOH

Figure 2. Scheme for modification of GC by ROCO2Li.

Experimental

Electrolyte

O

LiH

Figure 1. Schematic of a surface modified carbon.

Model
compound

-e -, -H +

OH

HO

Figure 3. CV of pristine GC and GC after alcohol grafting (top).
C1s spectra of pristine GC and GC containing carbonate
(below).
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Influence of concentration of ions on the exfoliation of graphite at very
positive potentials
A. Hintennach, P. Novák
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A method correlating spatial and morphological
information obtained by in situ Raman microscopy and
SEM, respectively, was developed. This technique
correlates Raman and SEM results with a lateral
resolution of ca. 5 μm. Exfoliation of graphite used in
positive electrodes of lithium-ion cells was then
investigated with in situ Raman microscopy during
electrochemical cycling up to very positive potentials
(>5 V vs. Li/Li+).

electrochemical cycling are shown in figure 3. The
measurement points a1–a4 suggest a significant
gradient in the normalized concentration levels of ions
on the surface of the electrode during electrochemical
cycling. Where such gradients were detected, exfoliation
effects were confirmed later using Raman spectroscopy
and SEM. The measurement points b2–b16 and c2–c16
showed neither strong gradients in the concentration
levels of ions nor exfoliation was observed on the
respective spots of the electrode.

Figure 2. SEM image of a laser burned artificial pore on the
surface of a model SFG44 graphite electrode.

Figure 1. Experimental setup of the in situ Raman test cell.
WE: Working electrode (graphite), CE: Counter electrode
(lithium), RE: Reference electrode (lithium).

As exfoliation of graphite was localized within the same
areas where strong gradients in the concentration levels
of ions were detected – well before the exfoliation of
graphite was detectable – we hypothesize that the
concentration gradients on the surface of the electrode
favor exfoliation of graphite during electrochemical
+
cycling up to very positive potentials (>5 V vs. Li/Li ).

Correlation of Raman and SEM measurements
Graphite SFG44 was used as a model material. For the
measurements artificial pores were first burned into the
surface of the electrode with the focused laser beam of
the Raman microscope. Figure 1 shows the used
experimental setup and figure 2 the such created pore.
The correlation of Raman and SEM information was
enabled by the localizing of visible pores in the SEM
pictures of the surface of the electrode, whereby the
spatial resolution of the Raman spectra was about x,
y = 4 μm, z = 6 μm. For the Raman microscopy varied
angles of incidence (αc = 0-70°, with respect to the zaxis) of the laser beam were used. For the determination
of the concentration of ions the influence of the angle of
incidence of the laser beam proved to be negligible.

Normalized concentration [-]

αc = 30°

After filling the in situ Raman cell with the electrolyte
(1 M LiClO4 in EC:DMC 1:1) an automated mapping
technique utilizing the capabilities of the Raman
microscope allowed the determination of the local
concentration levels of ions on large areas on the
surface of the electrode at different electrochemical
states.

Some parts of the graphite electrode exfoliated when
exposed to very positive potentials. Using Raman
microscopy local concentrations of ions were estimated
during the electrochemical experiment. Changes in the
local concentrations of ions on later exfoliated (mapping
point 1 in figure 3) and non exfoliated (mapping
points 2–4) areas on the surface of the electrode during

αc = 70°

1.0

a

b
0.5

c
1

In situ Raman measurements

αc = 60°

2

3
4 8 12 16
Mapping point

Figure 3. Local concentration of ions on the surface of the
electrode and within the artificial pore as calculated from in situ
Raman measurements. Different angles of incidence αc with
respect to the z-axis were used.

52

In situ Raman monitoring of a microwave-assisted synthesis of LiFePO4
nanoparticles for lithium-ion batteries
A. Hintennach, I. Bilecka1, M. Niederberger1, P. Novák
phone: +41 56 310 4542, e-mail: andreas.hintennach@psi.ch

fibers and the glass vessel. As the excitation source a
laser (HeNe, 632.8 nm) of a Raman microscope was
used. Focusing the laser beam on the end of the glass
fiber vertically mounted under the Raman microscope
allowed the excitation laser light to be led by the glass
fiber into the microwave reactor. The backscattering light
intensity is quite weak. This light was transduced
through the bunch of the glass fibers to the Raman
microscope. The backscattered light was detected by
the CCD after focusing the Raman microscope on the
end of the fibers. As the material of the glass fibers does
not interact with the microwave radiation there are no
thermal effects that had to be considered. Note that two
Raman microscopes were used from practical reasons
for the excitation and the detection, respectively. A
simple laser would be sufficient for the excitation, of
course.

There are traditional heating based synthesis routes to
nano-particles for electrodes of lithium-ion batteries.
However, microwave-assisted (MW) synthesis proved to
be a more efficient, faster, and thus more convenient
method.[1–2] Most of the growing numbers of
publications in the field treat the microwave synthesis as
a “black box” with no or eventually quasi in situ
monitoring of the course of the reaction.
In the field of batteries the crystal size and shape of
electroactive materials have a significant influence on a
number of parameters including practical specific
charge, long-term cycling stability, and safety.[2,4] A
new method based on in situ Raman spectroscopy,
therefore, was developed by us to acquire information
about the growth of the resulting crystals from the
microwave synthesis process. The combination of a
microwave reactor with a Raman spectrometer allowed
investigations in the given fast reaction environment with
the ability to control the reaction parameters.
While traditional heating based synthesis technology
allows the in situ appliance of almost every
spectroscopic method the access to microwave ovens is
very limited due to the need of a shield to protect the
environment against leaking microwave radiation.
Moreover, the possible influence of the microwave
radiation on, e. g., sensors, cables, and/or liquids has to
be considered. Raman spectroscopy utilizes laser light
with a frequency within the visible spectrum. As visible
light can be easily transduced by glass fibers it is widely
used in telecommunication networks. As glass fibers can
be introduced into a microwave oven – glass does do
not interfere with the radiation – they are an ideal
“window”
for
monitoring
spectroscopically
the
microwave-assisted synthesis of nano-particles for the
electrodes for lithium-ion batteries. The absorbance in
the fiber is negligible, thus, the Raman spectroscopy is
an ideal tool, opposite to, e. g., FTIR spectroscopy.

Figure 1. Experimental setup of the microwave reactor with the
attached bunch of glass fibers that lead the laser excitation
beam to the sample vessel and returned the radiation of the
Raman effect.

Spectroscopic analysis of the MW synthesis
Program scripts were written which controlled the
Raman measurements and the microwave reactor,
respectively. The computer control device of the
microwave reactor was controlled by a HP-Basic script
allowing a port based communication with the control
script of the Raman microscope.

In the present work we focus on an in situ Raman
controlled microwave-assisted synthesis of nano-sized
LiFePO4 particles for the use in electrodes for lithium-ion
batteries. Moreover the dependence of the reaction
course on temperature and concentration of the educts
was investigated using a model reaction of ZnO
formation, to be used for the calibration of the method on
the basis of data previously described in the literature.[2]
Finally, an automated synthesis approach was
developed which allows a feedback of the spectroscopic
information to the microwave reactor resulting in a selfregulating system.

To avoid possible thermal effects of the laser on the
sample the shutter of the exciting laser was
automatically closed when no Raman spectroscopic
data were acquired. In addition, the power of the exciting
laser source was limited by external filters between laser
source and the optical setup of the exciting microscope.
After a calibration of the in situ Raman measurements
within the microwave with known concentrations of
known materials (ZnO and LiFePO4, respectively), the
computer script controlling the Raman microscope was
adapted to provide automatically the intensities of the
main relevant peaks and their integrals.

Optical setup
The microwave synthesis was performed in a setup as
described in [3,4]. For the in situ Raman measurements
a bunch of commercial glass fibers was installed through
the microwave’s expansion port. The bunch of fibers
was led by a small glass tube and it physically almost
touched the reaction glass vessel (figure 1). The fiber
bunch was moved during synthesis and measurements
when necessary to adjust the distance between the
1

The ZnO synthesis was chosen to verify the in situ
Raman monitoring, as excellent literature data is
available for the microwave-assisted synthesis protocol
of ZnO.[3] While the reaction progressed the in situ
Raman spectra changed (figure 2). Roughly speaking,
the intensity of the peaks in figure 2 reflected the
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concentration of ZnO in the reaction solution. After
defined parameters from the in situ Raman spectral
information were reached or exceeded (magnitude and
integrals of relevant Raman peaks at specific stirring
speed of the solution in the microwave reactor), the
program script of the Raman microscope delivered this
information to the microwave controller which then
adjusted the microwave synthesis parameters (power,
waiting time, stirring speed, and quenching).
Concomitantly, the acquired reaction parameters
(pressure, temperature, quenching time, and microwave
heating power) were recorded. This setup allowed a
control loop which ensured a fast adaptation of the
process parameters on the progress of the reaction. Due
to the fact that the in situ Raman measurements were
not fast enough to detect very fast changes (<10 s) of
the microwave-assisted reaction, every experiment with
a set of given reaction parameters was repeated six
times but with a small offset for the Raman
measurements on the time scale. Moreover, this
approach proved the reproducibility and allowed the
preset of the parameters of the Raman spectra before
the synthesis was started.

Intensity [-]

from our previous work [4]. A significant improvement of
the specific charge (discharge capacity) was achieved
even at very high C-rates (>4 C).
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Figure 3. In situ Raman spectrum of LiFePO4 in the reaction
environment.
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Figure 2. Evolution of the in situ Raman spectrum of a model
material, ZnO during the in situ Raman monitored microwave
synthesis.
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Figure 4. Influence of optimized microwave reaction
parameters (temperature and, therefore, rate of the reaction)
on the electrochemical characteristics of the synthesized nanosized LiFePO4. Electrochemical cycling between 2.0 V and
+
4.5 V (vs. Li/Li ).

Results
Figure 3 shows a typical in situ Raman spectrum of the
reaction environment after completed microwaveassisted synthesis of LiFePO4. Considering the known
Raman peaks for the solvent benzyl alcohol, the
LiFePO4 peaks could be separated with high resolution
from the busy Raman spectrum. The acquired spectra
correspond to a published one of LiFePO4 [5] and
proved to be reproducible with different measurement
times (10–35 s). The intensities of the peaks of the
LiFePO4 precipitate proved to be depended on the
stirring speed and, therefore, on the homogeneity of the
reaction mixture. With time the intensities of the peaks
for the LiFePO4 precipitate increased, while the
intensities of the peaks of the solvent remained
constant. The latter decreased with increasing stirring
speed. Therefore, the stirring speed was adjusted to
achieve the maximum intensity of the LiFePO4 peaks.
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With the described approach the microwave synthesis of
nano-sized LiFePO4 particles was optimized in respect
to the yield of the particles, using the in situ Raman
feedback controlled loop. In figure 4 the electrochemical
data of optimized particles are compared with the data
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Layer formation on Li1+xMn2O4-δ films after electrochemical characterisation
F. Simmen, A. Foelske, M. Horisberger, Th. Lippert, P. Novák, A. Wokaun
phone: +41 56 310 4194, e-mail: franziska.simmen@psi.ch

The spinel Li1+xMn2O4-δ is a potential candidate to be
used as electrode material for lithium-ion batteries. It is
an easy and cheap to prepare material with the
advantage of a higher usable electrode voltage and
being non-toxic as compared to LiCoO2. A significant
irreversible charge consumption during charging is
however considered to be not favourable for technical
applications. The irreversibility in the charging properties
occurs due to manganese dissolution and the formation
of an additional layer, the so-called solid electrolyte
interphase (SEI). An SEI can be formed by the
electrolyte decomposition products within a defined
potential range. The existence and formation of an SEI
has been reported for anode materials [1, 2] as well as
on positive, cycled electrodes [3-5]. The thickness of SEI
layers on anode materials is reported to be up to several
tens of nm, the thickness of SEI layers on positive
electrodes, however, is only a few nm [3]. Therefore the
choice of appropriate characterization techniques is
limited.
For our studies, well defined thin Li1+xMn2O4-δ films
deposited on Pt coated silicon are used to study the SEI
formation without the influence of additional components
present in composite electrodes like carbon black and
binder. The preparation and properties of Li1+xMn2O4-δ
thin films on other substrates like glassy carbon and
stainless steel is reported elsewhere [6].

During charging (oxidation) of the Li1+xMn2O4-δ thin film
in an electrochemical cell, lithium is removed in a two
step-process thus formally forming MnO2. During the
discharging (reduction) step, lithium is inserted into the
electrode thereby recovering the original spinel
structure. In general, satisfactory cycle stability for
Li1+xMn2O4-δ model electrodes on p-Si is obtained for up
to ≈ 12 cycles.

Experimental

Figure 1. Typical cyclic voltammogram in 1M LiClO4/PC
electrolyte of Li1+xMn2O4-δ thin films deposited on Pt coated p-Si.
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Li1+xMn2O4-δ films were prepared by pulsed laser
deposition (PLD, KrF, λ=248 nm, 10 Hz, 2.6 Jcm-2,
18000 pulses, dt-s = 4 cm, pO2 = 0.2 mbar) on Pt coated
p-doped Si (T ~ 500 °C) with a typical thickness of
≈ 300nm. The rod-like target was prepared by mixing
Li1.03Mn2O4 (99.7 % purity, Honeywell) with an excess of
2.5 Mol-% Li2O, pressing (4000 bar), and sintering in
oxygen (10 h, 750 °C).
The thin films were cycled in the potential range of
+
3.5-4.4 V versus Li/Li using a Li foil (Aldrich) as anode.
The used electrolyte was 1 M LiClO4 in propylene
carbonate (PC) (Ferro, USA, H2O < 15 ppm). The
electrode material was tested with cyclic voltammetry
with a sweep rate of 0.05 mV s-1(see Fig. 1) at 40 °C.
After 6 complete cycles the cells were stopped at
different potentials (3.5 V, 4.0 V, 4.125 V, 4.4 V).
Afterwards the cycled thin films were washed in pure PC
and dried under argon atmosphere in the glove box.
The cycled electrodes were characterised with scanning
electron microscopy (SEM, Supra Zeiss, Inlens detector,
3kV) and X-ray photoelectron spectroscopy (XPS, AlKα,
VG ESCALAB 220iXL). The samples were exposed to
air for a very short time before entering the XPS
chamber.

3.8
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4.2
+
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4.4
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b)

c)

Figure 2. Right: SEM micrographs of a) an uncycled thin spinel
electrode b) cycled spinel film at 4.125V, c) cycled spinel film at
4.4V; left: sketches of the possible additional layers.

Results
The as-deposited Li1+xMn2O4-δ thin films are
polycrystalline with a preferred (111) orientation and no
impurities phases where detected using x-ray diffraction.
The films showed a regular surface morphology
consisting of octahedral and tetrahedral crystallites (see
Fig. 2a, b).

To study the formation of an additional layer during
electrochemical cycling, the cycling procedures were
stopped after 6 completed cycles at different charging
voltages. After washing and drying of the electrodes,
different appearances of an additional layer on top of the
virgin Li1+xMn2O4-δ surface (see Fig. 2a) were observed
using scanning electron microscopy.
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With increasing charging potential the additional layer
becomes continuous in contrast to a globular or single
network layer observed at low voltages. For layers
formed at 4.4V these additional layers seem to consist of
a combination of both types of layer formations. It was
further observed that, these additional layers can be
partly removed by washing the electrode after cycling
with the pure organic solvent.

fraction is observed. This seems to be correlated to the
increase of polyether as a result of the charging process.
A quantitative analysis of the XPS spectra shows that
with increasing charging potential from 4.0 V to 4.4 V the
fraction of Mn decreases from 12.9 at% to 9.4 at% and
the fraction of C increases from 40.6 to 44.5 at%
2+
(relative percentage). Although Mn dissolution is a
possible explanation for this observation (Hunter
equation, see equation below), it also shows that the
spinel electrodes are covered by a C-rich layer
suppressing the Mn2p signal from the bulk material of
the electrode.

Characterising the Li1+xMn2O4-δ surface before and after
cycling with XPS verified the presence of the additionally
formed layer and gave chemical information about its
composition (figure 3). Compared to surface species of
an uncycled electrode the C1s spectra reveal that the
amount of carbon bound to oxygen increases with
increasing potential (figure 3a). In addition, oxygen
species at a binding energy (BE) of 533.0 eV appear in
the O1s spectra which can be attributed to C-O-X
species (X = H, C) (figure 3b) [1, 7].
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Thin film Li-Mn-O spinel electrodes deposited on Pt
coated p-Si can be used as possible model electrodes
due to their defined composition, the absence of
additives, and a homogenous surface morphology.
Using scanning electron microscopy and X-ray
photoelectron spectroscopy the presence of an
additional layer on cycled electrodes was identified as a
function of the charging potential. It was further
determined that the surface coverage of the additionally
formed layer increases with increasing cell potential,
likewise the fraction of the C-O-X and the formed
polyether.
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Figure 3. Comparison of a) C1s and b) O1s XPS spectra (X= H,
C) as obtained from uncycled and cycled LiMn2O4 thin films
stopped after 6 cycles at different charging potentials.

The C 1s signal is dominated by amorphous carbon (BE
= 285.0 eV) and a small fraction of C=O (BE = 288.4
eV). The O1s is dominated by the spinel signal located
at BE = 530.1 eV [8]. It is noted, untreated sample
surfaces are already contaminated with carbon due to
an ex-situ transfer. After cycling the fraction of C-O-X
(X = H, C) increases for O1s and the C1s. In general,
with increasing potential an increase of the C-O-X
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Dialkoxyaryl-polymers as cathode materials for lithium batteries
P. Maire, P. Nesvadba1, L. Bugnon1, P. Novák
phone: +41 56 310 5810, e-mail: pascal.maire@psi.ch

There is a growing demand for alternative materials to
replace the transition metal oxides currently used as
cathode materials in lithium-ion batteries. Lithium cobalt
oxide is still the most frequently used material today, but
the high price, limited resources, and the toxicity of
cobalt hamper a mass production of large lithium-ion
cells, e.g. for the use in electric vehicles. Organic
polymers as cathode materials in lithium-ion batteries
have therefore been a topic of intense research in the
past years.1
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Figure 2. Cyclic voltammogram of poly-DTBDMB 1 in EC/DMC
1/1, 1M LiPF6. Scan rate 50 µV/s.

Assuming a one-electron oxidation of each monomer
unit, the theoretical specific charge capacity of 1
accounts to 73 mAh/g. Under galvanostatic conditions at
a rate of 1 C and within the voltage limits of 3.0 V and
4.1 V a specific discharge capacity of 53 mAh/g was
obtained in the first cycle (Figure 3). In the subsequent
cycles the cell was very stable, with less than 1.5 %
capacity fading per cycle and high coulomb efficiency.
The high stability of the molecule 2 is thus preserved in
the polymeric material. The specific charge capacity of 1
is still too small for practical applications, but it could
possibly be improved by reducing the weight of the
polymeric backbone.

O
O

0.0

-0.2

In this contribution we describe the electrochemical
characterization of the novel polymer 1 bearing redoxactive aromatic groups (Figure 1). The synthesis of the
polymer was inspired by the recent use of 2,5-ditertbutyl-1,4-dimethoxy benzene (DTBDMB) 2 as a
2
redox shuttle in lithium-ion batteries. A redox shuttle is
an electrolyte additive that can be reversibly oxidized
and reduced to provide an overcharge protection for
lithium-ion batteries. The redox shuttle is oxidized at the
positive electrode to form a radical cation, which then
travels to the negative electrode, where it is reduced
back to its initial form. Compound 2 was used as a very
effective electrolyte additive in LiFePO4/graphite cells,
and it prevented damage of the cells even after
hundreds of cycles of overcharging by 200 %. The high
stability of 2 prompted us to synthesize polymer 1 and to
evaluate its properties as a cathode material in lithium
batteries.

O

1.Cycle
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3.Cycle
4.Cycle
5.Cycle
6.Cycle
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Figure 1. Structure of the novel polymeric cathode material 1
and the redox shuttle DTBDMB 2.

Experimental
Electrodes for the use in coin-like test cells were
prepared by coating aluminum current collectors with a
slurry consisting of polymer 1 (28 wt %), graphite
(48 wt %), soot (8 wt %), and PVDF binder (16 wt %)
dissolved in N-methyl-2-pyrrolidone. After casting of the
slurry by a doctor-blade method, the electrodes were
dried under vacuum, and test cells were assembled in
an argon filled glove box. A solution of LiPF6 (1M) in a
1:1 mixture of ethylene carbonate/dimethyl carbonate
(EC/DMC) was used as electrolyte, and the counter
electrode was made from lithium foil.
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Figure 3. Galvanostatic cycling of composite electrodes made
+
from 1 at a rate of 1 C in half cells vs. Li/Li .
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X-ray photoelectron spectroscopy study of imidazolium based ionic liquids
A. Foelske-Schmitz, R. Kötz
phone: +41 56 310 4193, e-mail: annette.foelske@psi.ch

Ionic liquids (ILs) are compounds consisting entirely of
ions and exist in their liquid state at room temperature.
They consist of a large, non-symmetric organic cation
and a low coordinating anion, are electrochemically
stable over a wide potential range, and do not show any
vapour pressure. Therefore, structure and composition
of these liquids can be studied using ultra high vacuum
techniques such as X-ray photoelectron spectroscopy
(XPS). The few XPS studies of ILs show that this
method is perfectly suitable for quantitative chemical
analysis and very sensitive to impurities [1-3]. Herein, we
report on XPS analysis of four different 1-Ethyl-3methylimidazolium [EMIM] based ionic liquids with
varying anions (table 1).
[EMIM]

[B(CN)4]

[BF4]

[ES]

[FAP]
┐-

┐-

┐-

The C 1s spectra properly reflect the chemical bonds of
carbon in the different ILs (figure 1). The C-N bond
appears at a binding energy (BE) of 286.2 eV and the
species at 287.25 eV corresponds to C neighboured by
two N atoms of the [EMIM] cation. For [EMIM][FAP]
additional signals appear which are attributed to C-F2
(289.5 eV) and C-F3 (292.5 eV).

+
Table 1. Chemical structure of the investigated ionic liquids

For analysis a droplet of each liquid was deposited on a
sample holder made from stainless steal (SS) and for
comparison on Teflon bound activated carbon (AC).
XPS measurements were performed with an ESCALAB
220iXL spectrometer using monochromatic Al Kα
radiation for excitation.
Figure 1. C1s XP spectra of the investigated ionic liquids; solid
lines: prepared on AC; dashed lines: prepared on SS.

Results
Comparison of the surface composition of the ILs
prepared on SS with those prepared on AC revealed
that impurities are significantly reduced or no longer
detected when preparation was performed on the AC.
For instance, [EMIM][B(CN)4] on SS showed 4.9 at% of
O, 1.6 at% of Si and 0.7 at% of Mg. These elements
were absent on the IL prepared on AC, which might be
ascribed to the strong adsorption ability of AC. Chemical
composition of the investigated ILs prepared on AC is
summarised in table 2. Overall, the data are in good
agreement with the values calculated from the
corresponding chemical structures of the investigated
compounds.
C/
at%

N/
at%

B/
at%

F/
at%

S/
at%

O/
at%

P/
at%

[B(CN)4]

60.5

33.0

6.5

-

-

-

-

calculated

58.8

35.3

5.9

-

-

-

-

[BF4]

44.9

13.9

8.7

32.5

-

-

-

calculated

46.1

15.4

7.7

30.8

-

-

-

-

53.1

12.7

-

-

8.2

26.0

-

53.4

13.3

-

-

6.7

26.6

-

[FAP]

35.4

5.5

-

55.6

-

-

3.5

calculated

36.4

6.1

-

54.5

-

-

3.0

+

[EMIM]

-

-

[ES]

calculated
-

The species occurring at 284.8 eV correspond to CH3
groups within the structure of the ILs and/or aliphatic
hydrocarbons originating from surface contamination.
Indeed, Gottfried et al. [3] have shown that the C 1s
signal of properly prepared [EMIM][ES] shows half of the
intensity measured by Smith et al. [1] in this energy
range. Our data confirm this observation as the
comparison of the C 1s spectra taken from ILs prepared
on SS (figure 1; dashed lines) with those prepared on
AC (figure 1; solid lines) show a significant decrease of
intensity at 284.8 eV, which again might be ascribed to
the strong adsorption ability of AC.
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Table 2. Chemical composition of the ionic liquids prepared on
AC substrate; calculated values are given for comparison.
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Supercapacitor aging in laboratory cells at constant voltage
R. Kötz, P. Ruch, D. Cericola, A. Foelske-Schmitz
phone: +41 56 310 2057, e-mail: ruediger.koetz@psi.ch

Electrochemical double layer capacitors (EDLCs) are
electrochemical devices in which the charge storage is
primarily electrostatic and occurs
within
the
electrochemical double layer [1, 2]. In order to maximize
the specific interfacial area, activated carbon is the
current electrode material of choice for these systems
[3]. EDLCs feature higher specific power upon both
charge and discharge but also intrinsically lower specific
energy than galvanic cells due to the lack of a bulk
contribution to charge storage [4, 5].

The porosity of each aged electrode was characterized
by nitrogen adsorption at 77 K with an Autosorb-1
(Quantachrome Instruments, USA) after drying of the
samples at 150 °C for at least 24 hours at pressures
below 1 Pa. The specific surface area and pore size
distribution was determined using the nonlocal density
functional theory (NLDFT) kernel implemented in the
AS1WIN software package from Quantachrome
Instruments, USA. The isotherms were found to be best
fitted by assuming a mixed slit/cylindrical pore shape.

As both the specific energy and power of EDLCs are
directly proportional to the square of the cell voltage [1,
2], a promising approach towards improvement of these
two key properties is to increase the operating voltage.
For instance, a cell voltage increase to 3.5 V roughly
corresponds to a doubling of the specific energy of
current EDLC technology based on a nominal voltage of
2.5 V. However, the device lifetime has been shown to
decrease drastically with increasing voltage via a power
law [6-9].

Results
We performed aging tests at a constant cell voltage of
3.5 V with different electrolytes and different electrode
materials. The electrolytes were Et4NBF4 in AN,
Et4NBF4 in PC and a ionic liquid EMIBF4. For the
electrode material we tested a standard activated carbon
(YP17) and single walled carbon nanotubes, which could
be prepared as a self standing mat [].

It is expected that the aging rate of an EDLC depends
on the electrode material as well as on the type of
electrolyte. Recently, ionic liquids (IL) and single walled
carbon nanotubes (SWCNTs) were discussed as new
electrolytes and electrode material for EDLC,
respectively. IL are expected to exhibit a larger stability
window, which should result in improved life times for a
certain cell voltage.
Experimental
The activated carbon investigated in the present work
was YP17 (Kuraray Chemical, Japan). Free-standing
sheets bound with 10 wt% poly(tetrafluoroethylene)
(PTFE, DuPont) were produced according to a
procedure described previously [10]. SWCNT electrodes
were prepared without binder as a self suporting mat
according to the procedure described in [11].

Figure 1. Cell capacitance as function of time for four
differently configured capacitor cells. Activated carbon in AN
(rombus) and in PC (squares), activated carbon in IL (triangles)
and SWCNTs in AN (circles).

The aging was performed at room temperature using a
battery cycler (CCCC from Astrol Electronics,
Switzerland) to impose a floating cell voltage of 3.5V for
up to 500 h. Every 10 h, three galvanostatic full cell
charge/discharge cycles were performed between 0V
and 2.5V using a specific current of 0.28 A/g in order to
determine the cell capacitance. Similarly, the specific
capacitances of the positive and negative electrode were
estimated.

The fading of the cell capacitance during constant
voltage tests at 3.5 V is shown in figure 1 for activated
carbon (AC, YP17) in acetonitrile (AN), in propylene
carbonate (PC) and in EMIBF4 together with SWCNTs in
AN-based electrolyte.
It becomes evident from figure 1 that the aging of
capacitor cells utilizing a ionic liqid or SWCNTs is
reduced compared to the cells using activated carbon in
AN- or PC-based electrolyte.

The aged cells were disassembled in air and the
electrodes washed in a Soxhlet reactor for at least 6 h
using AN as the extraction solvent in order to remove
residual electrolyte. Post mortem XPS and gas
adsorption analysis was performed on these electrodes.

Although the aging of the cells (see figure 1) appears to
be similar for activated carbon in PC- or in AN-based
electrolytes, the underlying processes are completely
different as is shown in figure 2. In both cases the aging
is determined by the preferential degradation of one
electrode, the positive in AN and the negative in PC.
Due to the fact that the cell capacitance is mainly

Chemical analysis of the aged electrode surfaces was
performed using XPS (ESCALAB 220iXL from Thermo
Scientific, USA, formerly V.G. Scientific) by means of
monochromatized Al K (1486.6 eV) radiation. The
binding energies were calibrated with respect to the Ag
3d5/2 level at 368.2 eV and the base pressure in the
analysis chamber was always smaller than 10-6 Pa.
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Figure 3. XPS spectra of the C1s level of the positive electrode
aged in Et4NBF4 in AN and the negative electrode aged in
Et4NBF4 in PC for 100 h.

Film formation on the electrodes aged in an ionic liquid
or made of SWCNTs has yet to be analyzed. The fact
that the degradation is smallest on SWCNTs may be
explained by the low reactivity of the nanotube surfaces
which are essentially basal planes of graphite.

Figure 2. SIngle electrode capacitance as function of time for
two capacitor cells utilizing activated carbon electrodes (top) in
AN and (bottom) in PC

determined by the electrode with the lower capacitance
the cell ages according to the worth electrode. The
increase in capacitance of the better electrode in both
cases can be explained by a shift of the electrode to
more positive (PC) or negative (AN) potentials.
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Results
Elemental analysis of the samples used at the SLS was
performed using ICP-OES. The observed composition
for the same is reported in Table 1 along with the
composition expected from the stoichiometry during the
synthesis.

LiCoO2 is a widely used cathode material in today’s
commercial Li-ion batteries. However the toxicity and
price of Co was the drive behind developing a better
cathode material. Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 (0≤ x≤ 0.13),
commonly known as NMC, delivers higher power and
safety [1], and is seen as a potential cathode material for
use in high voltage range. Recent studies on
overlithiated NMC (x=0.1) and stoichiometric NMC (x=0)
cycled till 5.0V vs. Li/Li+ showed that the charge
retention for the overlithiated NMC (x=0.1) is better after
few cycles as compared to the stoichiometric NMC
(x=0). Differential Electrochemical Mass Spectrometry
(DEMS) measurements showed that there occurs
oxygen evolution above 4.7V for the overlithiated sample
(x=0.1) during its first charge. This phenomenon is not
observed for the stoichiometric sample (x=0) [2].

Sample

These new results are quite interesting and
understanding the reason behind the oxygen release is
a key factor to understand the better stability of the
overlithiated NMC. This in turn could also help us in
designing a new high voltage cathode material. Thus an
in situ X-ray diffraction study was conducted at the
Swiss Light Source (SLS) with an aim of understanding
the structural changes occurring in the overlithiated
sample, which lead to its superior charge retention.

Expected

Observed

composition

composition

SLS0

Li1.00(NMC)1.00O2

Li0.92(NMC)1.00O2

SLS1

Li1.01(NMC)0.99O2

Li0.93(NMC)1.00O2

SLS3

Li1.03(NMC)0.97O2

Li0.96(NMC)1.00O2

SLS4

Li1.04(NMC)0.96O2

Li0.98(NMC)1.00O2

SLS5

Li1.05(NMC)0.95O2

Li0.98(NMC)1.00O2

SLS7

Li1.07(NMC)0.93O2

Li1.02(NMC)0.98O2

SLS8

Li1.08(NMC)0.92O2

Li1.04(NMC)0.96O2

SLS9

Li1.09(NMC)0.91O2

Li1.03(NMC)0.97O2

SLS10

Li1.10(NMC)0.90O2

Li1.05(NMC)0.95O2

Table 1. Expected and observed composition from ICP-OES
analysis for different samples (Here NMC=Ni1/3Mn1/3Co1/3).

Experimental

Although the observed composition is ~0.05 Li deficient
as compared to the expected values, the NMC is seen to
crystallize in the expected R-3m space group with cell
parameters a=2.864Å, c=14.234Å and γ=120o, which
are in accordance with the literature [5,6].

A range of overlithiated NMC (0.01≤ x≤ 0.1, varying x by
0.01) was synthesized along with the stoichiometric
sample (x=0) using a citric acid route. For this purpose
LiNO3 (Fluka, ≥ 99%), Ni(NO3)2.6H2O (Sigma-Aldrich),
Mn(NO3)2.4H2O (Fluka, ≥ 97%) and Co(NO3)2.6H2O
(Fluka, ≥ 98%) were taken in the required molar ratio
and mixed in a solution of citric acid (Sigma-Aldrich,
≥ 98%) in water. The solution was stirred overnight and
then dried at 250oC. The dry sample was subjected to
heat treatment at 450oC (12h) and 850oC (12h) in air
with intermediate grinding.

Potential vs. Li/Li+ (V)

5.2

The in situ measurements were performed in a coffee
bag cell [3]. Self standing films prepared using the
phase-inversion process [4] were used for the
preparation of the electrodes. In order to avoid peaks
from the current collector during the diffraction
measurements, an Al current collector (2cm*2cm) with a
hole (r=0.6cm) in the centre was used. The self standing
films were pressed from both sides onto the current
collector to produce an electrode for the coffee bag cell.
The coffee bag cells were assembled in a glovebox and
measured in situ at the MS-powder beamline at SLS,
PSI Villigen using the automatic sample changer [3]. The
cells were cycled against Li (Aldrich, 99.9%) as the
counter electrode in PC/DMC (1:1 wt) 1MLiPF6 (all from
Ferro) as electrolyte at C/20 rate between 2.5-5.0V vs.
Li/Li+. The in situ diffraction patterns were recorded at a
wavelength of 0.7085Å and a spot size of
0.5mm*0.5mm.

4.8
4.4
4.0

SLS4
3.6

SLS9

3.2
0.0

0.2

0.4

0.6

0.8

1.0

y in Li (1+x)-y(Ni 1/3Mn1/3Co1/3)1-xO2
Figure 1. Charging curves for SLS4 [Li0.98(Ni1/3Mn1/3Co1/3)1.00O2]
and SLS9 [Li1.03(Ni1/3Mn1/3Co1/3)0.97O2], in PC/DMC 1M LiPF6
against Li counter electrode.
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Electrochemical characterization studies for two of the
samples viz. SLS4 and SLS9 are detailed in Figure 1.
Clearly evident is the fact that both the materials
reached 5.0V without any noticeable disturbance from
the electrolyte degradation. Also to be noticed is the fact
that despite using a current collector with a hole in the
centre, almost whole of the theoretical specific charge
has been obtained for both the samples, indicating that
the charging was homogeneous.

superstructures have been excluded as one of the
reasons for the same. Further analysis is expected to
shed more light on this matter.

Figure 4. XRD patterns recorded in situ during the first cycle of
SLS9 [Li1.03(Ni1/3Mn1/3Co1/3)0.97O2] (* marks the new peaks).

Conclusion
It was seen that the NMC tested at the SLS campaign
could be indexed with the expected R-3m space group
and had lattice parameters comparable to those
reported earlier. Although the samples were ~0.05Li
deficient than expected from the synthesis, their cycling
behavior was as expected. The evolution of lattice
st
parameters during 1 charge of the stoichiometric
sample also shows a similar trend to that reported in the
literature. As for the overlithiated samples two new
peaks are seen to appear at higher potentials for all the
cases. These two new peaks do not disappear on further
discharge suggesting a permanent structural change
induced during cycling to high potentials. The structural
changes leading to the formation of these peaks are yet
unknown; however our analysis could exclude the
formation of classical superstructures as a reason for
this behavior. Further refinement is on-going, to
understand in more detail the changes occurring in the
stoichiometric and overlithiated NMC on cycling.

Figure 2. Sketch of a “coffee bag” cell used for the in situ
measurements.

In order to ensure that the NMC used for the
measurement at the SLS shows similar behaviour to that
reported in literature, pattern matching was performed
on the patterns recorded at various potentials for SLS4
[Li0.98(Ni1/3Mn1/3Co1/3)1.00O2] and the variation in the cell
parameters as a function of potential is shown in Figure
3. It can be seen that SLS4, which has observed
composition close to the stoichiometric NMC, shows
similar trend for changes in cell parameters as have
been reported earlier [7].
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In situ neutron diffraction study of Li insertion in Li4Ti5O12
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The comprehension of lithium insertion mechanisms is a
major step in the improvement of electrode materials for
lithium-ion batteries. So potential electrode materials
have been extensively studied through ex situ X-ray and
neutron diffraction. To obtain more dynamical information on the insertion during cycling, different groups
developed in situ X-ray diffraction [1,2]. Unfortunately,
although this method gives important information about
the global structure changes, it doesn’t allow a simple
localization of lithium.
Despite some past tries [3], a reliable in situ
electrochemical neutron cell has never been described.
This is due to the contradictory needs of both
electrochemical cycling and neutron diffraction. As the
interaction of neutrons with matter is weak, a high
amount of powder should be used to acquire a good
diffractogram, but this big quantity of compounds is
detrimental to the electrochemical cycling as it increases
the overpotentials in the cell.
We present here the development of a novel in situ
electrochemical cell for neutron diffraction. After a
preliminary study which showed the feasibility of the
method [4] we choose to follow the lithium insertion in
the Li4Ti5O12 which occurs through a transition from
spinel Li8a[Ti5/3Li1/3]16dO4 to rock-salt type structure
16d
16c
Li2 [Ti5/3Li1/3] O4 [5]. The reason for the material
choice was that (i) Li4Ti5O12 is suggested for negative
electrodes of Li-ion batteries and (ii) it is an excellent
model material for structural studies.

Figure 1. Evolution of the neutron diffraction pattern during Li
insertion-deinsertion process and comparison with simulated
patterns: a) simulated pattern of Li4Ti5O12, b) Li4Ti5O12, c)
Li4.7Ti5O12, d) Li5.4Ti5O12, e) Li6.1Ti5O12, f) Li6.8Ti5O12, g)
simulated pattern of Li7Ti5O12, h) Li5.9Ti5O12, i) Li5.2Ti5O12, j)
Li4.6Ti5O12, k) Li4.1Ti5O12. Asterisks indicate aluminium peaks
coming from the container.

As we can observe on the enlargement given in the
figure 1, when lithium is inserted into the structure the
intensity of the (773) peak decreases as the intensity of
(666) increases. This was expected from the simulation
of the patterns obtained with the structural models
proposed by Ozhuku [5]. The reversibility of this process
is clearly visible on the patterns obtained during the
following discharge.
The refinement of the data shows a small decrease of
the cell parameter a from 8.3636Å for Li4Ti5O12 to
8.3580Å for Li7Ti5O12. This evolution is accompanied
with an increase of the Ti-O bond length from 1.99Å to
2.03Å which is consistent with the bigger radius of Ti3+
compare to Ti4+.
The (773)/(666) doublets of all the patterns were used in
a 2 phases Rietveld refinement to determine the
proportion of each phase in the mixture. The structural
models obtained previously were fixed and only scale
factors were allowed to be refined.
The results are given in the table 1. We can observe
that, as expected, the amount of Li7Ti5O12 increases
during charge and decreases during the discharge. But
an important deviation to the theoretical value,
calculated from the consumed charge, is observed,
especially when the two phases are present in
significant quantities. This is due to the strong
overlapping of the peaks that hinders the good retrieval
of integrated intensity, when one phase is strongly
dominant this problem is not significant anymore.
These results show the efficiency of our cell which
allows to acquire neutron diffractograms during the
course of electrochemical cycling. Thanks to this cell, we
were able to follow the phase transition occurring during
lithium insertion in Li4Ti5O12.

Experimental
The hardware of the used in situ cell is described
elsewhere [4]. The preparation of the working electrode
is a two step process. First a composite powder is
prepared by mixing of 2.2g Li4Ti5O12 (Süd-Chemie AG,
Moosburg, Germany), 375mg of Carbon Super P,
100mg of graphite KS6 (both from TIMCAL SA, Bodio,
Switzerland), and 675mg of NH4HCO3. In a second step,
the powder is placed in an oven under vacuum at 150°C
to decompose NH4HCO3. This leads to a porous
electrode which is then transfered in an argon filled
glovebox for the cell assembly. The electrolyte used was
a 1M LiPF6 in a 1:1 (%wt) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC; Ferro, Ohio, USA).
The separator was a Celgard 2400 membrane (Celgard
LLC, North Carolina, USA) and the counter electrode
was lithium metal (Aldrich, 99.9%).
The in situ neutron diffraction was performed at the PSI
at the HRPT beamline of the SINQ at the wavelength of
1.494Å.
Results
The diffractograms obtained for Li4Ti5O12 during the first
electrochemical cycle are shown in the figure 1. We can
observe that the major peaks of the phase are clearly
visible. Especially interesting is the peak doublet
(773)/(666) at 135-136°, the ratio of the intensity of these
two peaks indeed reflects the Li4Ti5O12 / Li7Ti5O12 ratio.
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Composition
Li4Ti5O12
Li4.7Ti5O12
Li5.4Ti5O12
Li6.1Ti5O12
Li6.8Ti5O12
Li5.9Ti5O12
Li5.2Ti5O12
Li4.6Ti5O12
Li4.1Ti5O12

Li4Ti5O12 (%wt)
calculated
92.0 (±3.8)
87.7 (±4.3)
68.8 (±3.8)
42.4 (±3.4)
2.9 (±3.2)
37.8 (±2.9)
64.6 (±3.6)
92.8 (±4.0)
91.2 (±4.5)

that the acquisition time was reduced by a factor 50. We
can also notice the very flat background which makes
the analysis of the data much easier.

Li4Ti5O12 (%wt)
theoretical
100
77.7
53.3
30.3
0
36.7
58.7
80
99.7

Table 1. Results of the quantitative analysis carried through
Rietveld refinement.

Nevertheless, we identified opportunities of further
improvement of the method. A new cell for in situ
neutron diffraction was designed to be used on a more
powerful beamline, namely the D20 at the ILL (Grenoble,
France). The goals were to improve the time resolution
by reducing the counting time for each diffractogram,
and also to reduce the quantity of powder in order to get
a better electrochemical performance. Another important
issue is the geometry change from a rectangular flat
shape to a radial configuration, to overcome the difficult
analysis of diffraction data due to the absorption effect.
The figure 2 shows the scheme of this new cell.

Fig. 3. Comparison of the Li4Ti5O12 diffractogramms obtained
with the new and old in situ neutron cell.

Conclusion
A first study of the electrochemical lithium insertion in
Li4Ti5O12 by in situ neutron diffraction was carried out.
We were able to follow important structural parameters
such as the oxygen position along the electrochemical
cycling. Further improvements were conducted by
design of a new cell which allows us to get a much
better time resolution and higher quality patterns. We
now possess a very efficient tool for structural
characterization of the lithium insertion in electrode
materials.
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Fig. 2. Sketch of the newly developed in situ electrochemical
cell for neutron diffraction: a) vanadium container for the active
material, b) space to be filled by the stacking of electrodes and
separator, c) titanium current collector for the lithium counterelectrode, d) spring, e) adaptor to the D20.

The diameter of the sample container is 15mm and its
height is 3mm, reducing the amount of sample from 3g
to 300mg, which makes the electrochemistry much more
efficient. To check if this was not detrimental to the
quality of the diffractograms, tests were carried out at
the D20 beamline. The figure 3 gives a comparison
between two diffractograms from Li4Ti5O12 taken with the
new and the old cell respectively. We can observe that
the pattern acquired with the new cell clearly profit from
the higher intensity of the D20 beamline, since much
more peaks coming from the titanate are visible despite
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Investigation of the lithium-sulfur battery system
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Current state of the art lithium-ion batteries have
reached a high level of performance and reliability.
However, the specific charge of the transition metal
oxides currently employed as cathode materials (usually
less than 200 mAh/g) restricts their application e.g. in
vehicles. Therefore, there is a need for alternative
approaches. Sulfur offers several advantages, given that
it is relatively cheap and environmentally benign. With
respect to the reaction 16 Li + S8 ↔ 8 Li2S, theoretically
a very high specific charge of 1675 mAh/g (based on the
weight of sulfur) and consequently high specific and
volumetric energy densities (2500 Wh/kg and 2800 Wh/l,
respectively) can be reached for lithium-sulfur cells [1].
Even if complete reaction is usually not achievable and
in spite of the relatively low voltage (~2.2 V), these
values demonstrate the high potential of this system.
However, the successful application has been hampered
by several challenges. Both sulfur and the end product
of the reaction, lithium disulfide, are electrical insulators
which makes complete utilization of the active material
difficult. Moreover, the reaction does not proceed in one
step but several polysulfide intermediates are formed,
such as Li2S8, Li2S6 and Li2S4. These species are well
soluble in most of the organic solvents employed, which
means they can directly diffuse to the lithium anode
where they are reduced. This polysulfide shuttle leads to
quick capacity fading due to the loss of active material
and coverage of the lithium anode with an insulating
layer. Therefore, more research is needed in order to
design reliable sulfur batteries with high energy density.
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Figure 1. Cell voltage during the first galvanostatic cycle of a
lithium-sulfur cell (1M LiTFSI in triethyleneglycoldimethylether).

One can clearly observe two potential plateaus during
the first discharge, where the first one stems from the
reaction of the longer chain polysulfides while the
second plateau, which accounts roughly for 75% of the
whole charge capacity of the cell, is due to the reduction
of the short-chain polysulfides to the final products of the
reaction, Li2S2 and Li2S.
Figure 2 shows the performance of a standard lithiumsulfur cell made up from 60% sulfur, 30% carbon Super
P and 10% Kynar binder using different lithium salts in
triethyleneglycoldimethylether (triglyme).

Experimental

Specific Charge [mAh/g]

The work conducted so far has been aimed at finding
optimal combinations with respect to electrode
compositions and electrolytes. Sulfur has been used as
received from Sigma Aldrich and for the carbon
conductive additive carbon Super P from TIMCAL has
been used. All solvents employed have been distilled
from sodium to obtain them free of water. Moreover,
preliminary experiments have been performed in order
to explore the possibility to establish the spectroscopic
characterization of the intermediate species which form
upon cycling the batteries. The results obtained so far
are shown and described in more detail below.
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First of all, the most suitable electrolyte had to be
identified. Standard carbonate-based electrolytes had to
be excluded, as they lead to complete failure of the
lithium-sulfur batteries tested, which we tentatively
blame on possible reactions with the polysulfide species
formed intermediately. Instead, we used ether based
solvents with different lithium salts. Figure 1 shows a
typical potential curve during the first galvanostatic cycle
of a lithium-sulfur cell.

Figure 2. Specific charge of the sulfur electrode in cells with
different lithium salts in triglyme.

It can be seen that variation of the lithium salt employed
has a noticeable influence on the cell performance.
Moreover, the influence of additives which form a more
efficient protective SEI on the lithium anode and
therefore slow down the polysulfide shuttle has been
investigated. One compound described in the literature
before is LiNO3 [2]. As can be seen in Figure 3, it
improves the capacity retention of the lithium-sulfur cell.
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Figure 5. Sulfur-carbon electrode in an LiPF6 / triglyme
electrolyte after shortcutting with a lithium anode.
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This opens the possibility to characterize the species
and follow the reactions occurring via UV/VIS
spectroscopy. Moreover, their concentration and spatial
distribution within a cell can be followed via Raman
spectroscopy in a time- and space-resolved matter.
Figure 6 shows an exploratory spectrum recorded with a
Raman microscope (Horiba Jobin Yvon) from a
polysulfide solution of the average stoichiometrical
constitution Li2S6, being in good comparison to data from
the literature [3].

Cycle No.

Figure 3. Specific charge of the sulfur electrode with and
without adding lithium nitrate to the electrolyte (LiPF6 in
triglyme).

In order to improve the performance of the lithium-sulfur
battery system, a detailed understanding of the
processes occurring during cycling such as SEI and
polysulfide formation is essential. Spectroscopic
methods are particularly suitable for the characterization
of the species involved and the intermediates which are
formed during charging and discharging the cell. For
instance, it should be easily possible to follow the
evolution of the sulfur content in an electrode while
cycling employing Raman spectroscopy. Figure 4 is
displaying the Raman spectrum of pure sulfur, as
recorded using a Raman microscope (Horiba Jobin
Yvon).
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Figure 6. Spectrum of a polysulfide solution recorded with a
Raman microscope.
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The intermediates involved upon charging and
discharging such a cell will be studied in more detail in
order to find possible solutions for some of the
challenges involved with the polysulfide shuttle.
In summary, the experiments conducted so far showed
possible approaches towards an improvement of lithiumsulfur batteries. Methods have been developed which
enable the characterization and registration of reaction
intermediates both with respect to time and space. This
is an important step towards a better understanding of
this system, which is necessary to spot appropriate
solutions for the challenges currently involved.

500
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Figure 4. Raman spectrum of pure sulfur as recorded with a
Raman microscope (Horiba Jobin Yvon).

In this manner, the sulfur content in the top-most layers
of an electrode can be probed, although extreme care
has to taken to avoid overheating of the electrode
surface by the laser beam.
In addition, the polysulfides which are formed during the
electrochemical reactions strongly absorb in the visible
and ultraviolet region. In the solvents employed the
longer chain polysulfides (e.g. Li2S6) show an intense
red color, while the shorter chain polysulfides (e.g. Li2S4)
display a green color. In order to illustrate this, a carbonsulfur electrode was shortcut with a lithium anode (in an
LiPF6 / TriEGDME electrolyte) in a recently developed
cell, designed to monitor visible changes in both the
electrode and the electrolyte, as is shown in Figure 5.
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Results

Despite a lot of ongoing research on new materials for
lithium-ion battery anodes, graphite is generally not
surpassed due to its favorable combination of good
cyclability, specific charge, and low cost. However, for a
proper performance of the graphite electrodes it is
inevitable that a film, called solid electrolyte interphase
(SEI), covers the particle surface. This film is formed out
of electrolyte decomposition products mainly during the
first lithium intercalation cycle. The ideal SEI is an
electronic insulator and solely permeable for Li+ ions. An
improper film formed during the first cycle can lead to
exfoliation of graphene sheets due to solvated Li+
cointercalation [1] and gas formation. As consequence,
the interparticle contact deteriorates which may lead to
the failure of the electrode. A crucial point for a good
performance of the anode – and thus for the whole cell –
is therefore to make sure that the conditions in terms of
graphite and electrolyte choice are ideal for the
formation of a good SEI. Besides a proper choice of the
electrolyte, many properties of the graphite itself can
influence the SEI formation reaction, e.g., the particle
size distribution [2] and/or the graphite surface
properties [3]. The reason for this behavior can be
attributed to an overpotential effect on the SEI formation
in the electrode [4], which can be so large that the
formation of a protecting film is no longer assured and
the other mentioned effects come into play which
exfoliate the graphite particle. Here, a closer look on the
SEI formation kinetics depending on the graphite surface
properties as well as on the electrolyte mixture is
performed by post mortem investigations of the film
morphology on the particles and by in situ differential
electrochemical mass spectrometry (DEMS).

Electrodes containing TIMREX® SFG44 graphite
(pristine as well as heat-treated, denoted as SFG44HT,
the latter with an increased crystallinity and a lower
amount of oxygen containing surface groups), were
cycled in EC/DMC and EC/PC electrolyte. The first
charge/discharge cycle at a specific current of 10 mA/g
shows a more or less pronounced additional potential
plateau between 0.5 and 0.9 V vs. Li/Li+ (Figure 1),
depending on the electrolyte and the surface properties
of the graphite. The length of this plateau is generally
attributed to the extent of exfoliation. A lower amount of
active surface groups as well as the presence of PC in
the electrolyte promotes exfoliation. For these
conditions, the electrolyte has obviously a higher
influence on the stability than the surface properties as
the exfoliation plateau length is comparatively small for
the heat-treated SFG44HT in the EC/DMC mixture.

Experimental

®

Figure 1: First charge/discharge cycle at 10 mA/g of TIMREX
SFG44 and SFG44HT in EC/DMC 1:1, 1 M LiPF6 and
EC/PC 2:1, 1 M LiPF6.

Electrodes were prepared by casting a mixture of 90%
(w/w) TIMREX® SFG44 graphite (TIMCAL), pristine or
heat-treated for 2 days at 3000 °C in an inert
atmosphere, and 10% binder (SOLEF PVDF 1015,
Solvay), both suspended in N-methylpyrrolidone (Fluka),
2
on a copper foil. After drying, electrode disks (1.3 cm )
2
with an active mass loading of 3.6 – 4.2 mg/cm were
punched out. Standard laboratory cells described
elsewhere [5] were used for the experiments. Lithium foil
(Alfa Aesar) was used as both counter and reference
electrode. The two electrodes were separated by a glass
fiber separator soaked with electrolyte and pressed
against each other with a spring (pressure about
2 kg/cm2). As electrolyte mixtures, ethylene carbonate
(EC)/dimethyl carbonate (DMC) 1:1 (w/w), 1 M LiPF6
and EC/propylene carbonate (PC) 2:1 (w/w), 1 M LiPF6
(all from Ferro) were used. Post mortem scanning
electron micrographs (SEM) were recorded after
disassembling the cells in an argon-filled glove box and
washing the electrodes thoroughly with DMC. For the
DEMS experiments, lithiated graphite was used as
counter electrode. The setup is described elsewhere [6].

1

Post mortem SEM of electrodes, cycled at 160 mA/g in
the first charge/discharge cycle and at 50 mA/g for the
following 10 cycles, clearly revealed differences in the
film morphology on the graphite particles. For the
pristine SFG44 graphite cycled in EC/PC, the particles
are smoothly covered with a film (Figure 2a). The film on
SFG44HT when cycled in EC/DMC shows a rough
texture with some small ball-like shaped film structures
(Figure 2b). If the latter graphite is cycled in EC/PC
electrolyte, a very poor SEI layer is formed and the blank
surface of the particle is still undoubtedly recognizable
(Figure 2c). The bad protecting properties of the film in
the third example are clearly evident by the exfoliated
graphite structure. The different film morphologies are
attributed to different kinetic inhibition of the electrolyte
decomposition reaction on the graphite surface. The
ball-like structures on the heat-treated graphite in Figure
2b indicate that the decomposition reaction takes place
at distinct nucleation points on the surface.

TIMCAL SA, Bodio
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Figure 2: Post mortem SEM of graphite particles cycled at
®
160 mAh/g. a) TIMREX SFG44 in EC/PC 2:1, 1 M LiPF6;
b) SFG44HT in EC/DMC 1:1, 1 M LiPF6; c) SFG44HT in
EC/PC 2:1, 1 M LiPF6.

These nucleation points are related to the active surface
groups – a low amount of them cannot provide a film
which covers the particle entirely as it is the case for the
pristine SFG44 with a high amount of oxygen surface
groups. Therefore, the strong kinetic hindrance for the
electrolyte decomposition on the non-active surface
groups, which are proposed to be, e.g., hydrogen
terminated carbons, leads to an insufficient SEI
coverage of the surface. This effect increases if the
electrolyte itself shows an inhibition for the
decomposition as it is the case for EC/PC compared to
EC/DMC. The “film” properties are even worse, the
surface is not protected at all, and the particle exfoliates
strongly, cf. Figure 1. However it has to be admitted that,
even the SFG44 graphite exfoliates to some extent in
PC containing electrolyte despite the apparently smooth
film which covers the entire particle as can be seen in
Figure 2a. Thus, under these conditions, the reaction
+
leading to exfoliation, i.e., the solvated Li cointercalation
is obviously not fully suppressed.
The SEI formation reaction is accompanied with the
release of gaseous reaction products from the
electrolyte decomposition reaction. The evolved gas was
monitored with DEMS and correlated with the respective
electrochemical curves. Regarding the pristine and the
heat-treated graphite in the EC/PC electrolyte, it
revealed that a significant current is already flowing at
more positive potentials than for the onset of the film
forming reaction (Figure 3). This current is attributed to
+
the solvated cointercalation reaction of Li which finally
leads to the exfoliation of graphene sheets. The specific
charge consumed between the current onset and the
start of the gas evolution was about 5 mAh/g for the
pristine graphite while for the heat-treated sample about
13 mAh/g were flown. The unwanted solvated
cointercalation reaction is therefore more pronounced for
the SFG44HT graphite. In addition, the intensity of the
mass spectrometry signals for the evolved gases is
significantly higher for the pristine graphite. This
stresses the improved electrolyte decomposition
reaction when more nucleation points on the surface are
present.

Figure 3: DEMS in cyclic voltammetric mode (v = 0.2 mV/s) of
®
a) TIMREX SFG44 graphite, and b) SFG44HT graphite in
EC/PC 2:1, 1 M LiPF6. The shadowed area highlights the
potential difference between current onset and start of gas
evolution.

Nevertheless in both cases, solvated cointercalation of
+
Li was not suppressed as if it is evident from the
additional potential plateaus in Figure 1 as well as the
delayed gas evolution onset compared to the start of the
current in the DEMS experiments. These experiments
gave some interesting insights into the competition
between SEI formation and exfoliation reaction and
confirm the important choice of the right conditions in
terms of graphite type and electrolyte.
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Among electrochemical energy storage devices
electrochemical double layer capacitors (EDLC) and
rechargeable lithium ion batteries (LiB) represent the two
extremes in terms of specific power and specific energy,
respectively. The charging process of an EDLC, which is
purely electrostatic and involves only the surface, allows
a high power [1, 2]. On the other hand LiBs allow high
energy [2] since the faradaic charging process involves
the bulk of the electrode material. The idea of combining
their power and energy has been realized by
hybridization of the two devices. Hybridization on the
“internal” level, where a single device is build combing
EDLC and LiB electrode materials, can be carried out in
a “parallel’ or “serial” arrangement of the two materials.
Simulations of external parallel hybrid devices
demonstrate that the parallel arrangement is more
promising than the serial one [3]. The parallel
arrangement allows a current sharing between the two
devices which permits the EDLC to deliver the high
current which are not accessible by the battery alone.
The internal parallel hybrid can be achieved by the
combination of an EDLC material and a LiB material in a
bi - material electrode on both electrodes of a device.
Such a kind of device has not been presented yet. Bimaterial electrodes characterized in a Li containing
electrolyte were introduced by few authors [4 - 6]
observing an increased energy density compared to a
conventional EDLC.

Figure 1. Schematic of the experimental setup for single
electrode current sharing experiments..

The electrochemical cells were assembled and sealed in
an Ar filled glovebox (with H2O and O2 content of
< 1ppm). All cell parts were dried at reduced pressure
(< 20mbar) at 120 C for at least 12 h before assembling
as well as the glass fiber separator (type EUJ116 from
Hollingsworth & Vose, UK) and the electrodes. Counter
electrode and reference electrode were metallic lithium
(Sigma-Aldrich). The electrolyte used was 1 M LiClO4
dissolved in a mixture of ethylene carbonate / dimethyl
carbonate in the ratio 1 to 1 with a water content of less
than 20 ppm (Ferro, United States).

The understanding of the behavior and the interaction of
the two materials within the bi - material electrode is of
fundamental relevance for the development of an
internal parallel hybrid. The current sharing between the
two materials during an electrochemical experiment is
the key parameter in this context.

The electrochemical characterization consisted in
galvanostatic / potentiostatic charge discharge cycles
between 3.3 V and 4.3 V vs. reference electrode. A
protocol constant current constant potential (CCCV) was
applied in order to ensure the complete charge or
discharge of the electrode after the constant current
step. The charging was performed at constant currents
of 17.5 mA/g followed by a potential holding step at 4.3
V for overall time of 8 h. The discharging was performed
at constant currents of 17.5, 70, 350, 1400 mA/g
followed by a constant potential holding at 3.3 V for an
overall duration of 8 h. The corresponding C rates are
evaluated according to the hybrid electrode specific
charge.

Experimental
The current - sharing experiments were performed in the
experimental setup schematically reported in Figure 1. A
segmented bi-material electrode is used as working
electrode in a three electrode cell. The current collector
of the working electrode is segmented and the different
segments are connected externally of the cell. Two
current sensors are used in the external circuit to
measure the two branches of the total current. The cell
is than connected to a galvanostat / potentiostat as
shown in Figure 1, in particular a battery cycler
Computer Contrelled Cell Capture, (CCCC Astrol
Electronics, Switzeland). The current sensors used are
two precision shunts (100mΩ, Isabellenhütten,
Germany), which ohmic drop was measured by a Data
Acquisition Switch Unit 34970A geared with a 34901A
multiplexer (Agilent Technologies).
The active materials considered were the activated
carbon YP17 (Kuraray Chemical, Japan), a lithium
manganese oxide LMO (Honeywell, Germany). Freestanding bound electrodes based on the two different
active materials were prepared with the composition
80% active material, 10% additives (Super-P carbon and
graphite) and 10% PTFE as binder.

Results
A complete charge / discharge cycle at the specific
current of 17.5 mAg-1 and the corresponding current
sharing are reported in Figure 2A and B. The charge
portion of the cycle can be ideally divided in three parts.
In part (i) the potential profile shows a typical capacitor
behavior as a straight line and the current sharing in
Figure 2B confirms that the main part of the current goes
through the capacitor material YP17. The potential
profile has a plateau like shape in part (ii) which is a
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-1
At the higher discharge rate of 350 mAg (5C) and 1.4
-1
Ag (20C) the contribution of the current provided by
YP17 became significantly more important and it is
dominant at the highest discharge rate. The potential
plateau, indicating a significant contribution of the
battery material, can be hardly recognized in at 5C and it
is completely absent at 20C.

typical battery feature and correspondingly the current
passes mainly through the battery material LMO. At the
end of the charging step when LMO is fully charged part
(iii) can be identified, where the current passing through
YP17 became again dominant. The discharge profile is
precisely symmetric.

Conclusion
A Bi-material electrode based on activated carbon and
lithium manganese oxide for an electrochemical double
layer capacitor / lithium ion battery hybrid energy storage
device has been investigated. The current sharing in
single electrode galvanostatic charge / discharge cycles
has been presented for the first time. This
characterization has clearly shown that the contribution
of the two materials to the overall current changes with
different discharge regimes. The bi-material electrode
has a battery – like behavior at slow discharge rate
where the charge is mainly provided by the battery
material LMO. At high discharge rate the activated
carbon provides the dominant contribution to the total
current and the behavior of the bi – material electrode is
close to an EDLC electrode.

Figure 2. Galvanostatic charge/discharge cycle of a
segmented hybrid electrode at the specific current of 17.5
mA/g. The potential profile is shown in A, the total current (blu)
and the currents flowing in LMO (red) and YP17(black) are
shown in B.

This peculiarity makes bi-material electrodes very
attractive and promising components in the wide
scenario of hybrid electrochemical energy storage
devices.

The results of the characterization at different discharge
rates are shown in Figure 3. The currents were
normalized with respect to the total current in order to
simplify the comparison. The contribution of the two
active materials is clearly dependent by the discharge
rate. The main part of the current is provided by LMO at
slow discharge of 17.5 mAg-1 (0.3C) and 70 mAg-1 (1C).
The potential plateau of the battery material LMO can be
easily distinguished at these discharge rates.
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Results and Discussion

High Pt catalyst loadings and limited PEFC stability are
still strong impediments for the wider commercialization
of polymer electrolyte fuel cells (PEFCs). The Pt loading
for state of the art PEFCs anodes varies between 50
and 100 µg/cm2 [1]. It is discussed if only a fraction of
the catalyst particles participates in the hydrogen
oxidation due to its fast kinetics [2]. As shown previously
DC magnetron sputter deposition technique can lower Pt
loading down to 25 µg/cm2 without significant loss in
performance [3]. Yet, long term stability is an issue to be
considered simultaneously next to performance. A basic
stability test is to measure the cell voltage over time at a
certain current density. In addition accompanying
electrochemical impedance spectroscopy (EIS) can give
hints for possible sources of loss in fuel cell
performance.

PEFC1 shows a voltage loss of 1.12 mV/h compared to
PEFC3 with 0.03 mV/h after 310 h run time at 0.5 A/cm2
(inset, Figure 1). Impedance spectra for PEFC1 have
been recorded at 0.3 A/cm2 for run times t1 – t6. The
Nyquist plots of PEFC1 show two half circles. Reference
4 suggests that the high frequency (hf) semi circle can
be attributed to the anode, and the low frequency one to
the cathode under our testing conditions. Yet, often the
anode semi circle can be neglected due to the fast
hydrogen oxidation kinetics. This was found for the
commercial system PEFC3 containing a much higher Pt
loading for the anode (Figure 1). This is different for
PEFCs with sputtered low Pt loaded anodes. With
increasing lifetime, the cell voltage of PEFC1 drops and
the first semi circle increases, while the second one
stays constant. Thus, it is suggested that degradation
leading to performance loss is mainly due to the anode.
Mass transport limitation and/or a change in kinetics
may play a role, however this is not clear to this point.

Experimental
PEFC anodes were obtained by DC magnetron
sputtering of Pt onto a micro porous layer of Vulcan
XC72 supported on Carbon Cloth (GDL: LT1410W ETEK) [3]. The Pt loading was controlled by the sputtering
time, and determined by Rutherford Back Scattering
Spectroscopy.
Commercial
electrodes
(E-TEK
LT140EW; 0.5 mgPt/cm2) were used as cathode and as
anode for comparison. Membrane electrode assemblies
(MEAs) were prepared by hot pressing without prior
ionomer impregnation. Nafion 212 membranes were
used in all experiments. Long term stability of the
sputtered anodes in a 30 cm2 single cell was
2
investigated at 0.5 A/cm , 80°C, 1 bar, H2/O2 = 1.5/1.5,
and fully humidified gases. Anode loading for PEFC1,
2
PEFC2 and PEFC3 were 3, 15 and 500 μgPt/cm . All
impedance spectra were measured at i = 0.3 A/cm2.
Cyclic voltammetry (CV) was carried out at 80°C, 1 bar,
H2/N2 = 200 ml/min/200 ml/min, fully humidified, scan
rate 100 mV/s, in the potential range between 0.08 V
and 1V.

2

Figure 2. Nyquist plots of a PEFC with 15 μgPt/cm anode
recorded at 20h, after 524h and after subsequent cycling the
anode 4 times between 0.08-1 V (t3). Inset: U-t-curve of the
2
same PEFC running at 0.5 A/cm .

The results displayed in Figure 2 show that the cell
voltage loss is to some extent reversible. After the
performance loss and an increase of the hf-semicircle
(524h), the anode of PEFC2 was cycled four times
between 0.08 – 1V. As a consequence, the cell showed
a decrease of the hf-semicircle and an increase in cell
voltage at 0.5 A/cm2 (t3). This recovery of the cell voltage
suggests a poisoning of the anode as cause for the
voltage decrease with time.
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In automotive applications, fuel cell degradation caused
by start/stop processes is expected to be a major source
of performance loss [1]. During start-up and shut-down
of the fuel cell by anode air purging, potentials up to
1.5V can occur at the cathode electrode. These elevated
potentials lead to substantial structural changes in the
cathode catalyst layer, caused by corrosion of the
carbon support material. It has been shown that these
carbon corrosion induced changes are the main reason
for fuel cell performance loss upon start/stop cycling [2].
To be able to develop start/stop protocols which can
mitigate degradation, it is necessary to understand the
effect of important operating parameters on the carbon
corrosion rate.

Figure 1. Influence of (a) upper potential limit (100%RH, 80°C)
and (b) temperature (100%RH) on carbon corrosion rate.

Experimental

Additionally, Figure 2 shows the corrosion rates
displayed in Figure 1b, now plotted against the
respective water vapour partial pressure values instead
of temperature. If only the effect of temperature is
considered (i.e. at a constant water vapour partial
pressure), the increase of corrosion rate with
temperature is significantly smaller compared to the
exponential-like behaviour shown in Figure 1b, where
both, temperature and water vapour partial pressure
influence corrosion rate.

To determine the influence of humidity, temperature and
potential on the carbon corrosion rate, fuel cells
operated in H2/N2 mode were exposed to single
triangular potential pulses in order to simulate the
detrimental conditions occurring during fuel cell start-up
and shut-down. Carbon corrosion rates were calculated
by integration of the resulting CO2 concentration peaks
in the cathode exhaust gas (cf. equation 1).
C + 2H2O → CO2 + 4H+ + 4e-

(1)

All experiments were performed using 16cm2 cells with
parallel flow fields and MEAs fabricated by hot pressing
of a Nafion 212 membrane and commercially available
2
electrodes (0.4 mgPt/cm ). For the experiments with
different upper potential limits, the cell was operated with
fully humidified gases at 80°C. Pulse duration was kept
constant by changing the scan rate, starting at 30mV/s
for an upper limit of 1.0V. The lower potential limit was
0.6V in all cases. For humidity and temperature variation
experiments, potential pulses between 0.6V and 1.3V
were applied. Experiments with varied temperatures
were performed using fully humidified gases. In order to
determine the effect of reactant gas humidity,
temperature was kept constant at 70°C and 80°C,
respectively.
Results

Figure 2. Influence of water vapour partial pressure on carbon
corrosion rate for temperatures of 70°C and 80°C. Additionally,
carbon corrosion rates from Figure 1b are plotted against the
respective water vapour partial pressures (dashed line).

Increasing the upper potential limit of the applied voltage
pulse leads to a strong increase in carbon corrosion rate
(Figure 1a). This exponential-like behaviour explains the
severe fuel cell degradation observed in start/stop
cycling experiments under open circuit potential
conditions and the strong mitigating effect of an external
load [2]. A similar trend was found for varied
temperatures (Figure 1b). In this case, however, the
strong increase of corrosion rate with increasing
temperature is based on two effects. First, temperature
itself influences the reaction rate. Second, water vapour
partial pressure, which increases exponentially with
temperature in case of fully humidified gases, has a
significant promoting effect on the carbon corrosion rate.
Measurements with varied reactant gas humidifications
at constant temperatures exhibit a linear correlation
between water vapour partial pressure and carbon
corrosion rate (Figure 2). Increasing the temperature
leads to a parallel shift towards higher corrosion rates.

The results show that a reduction of humidity and
temperature are suitable to mitigate start/stop induced
degradation. Since changes in temperature are usually
too time-consuming in practical applications, dry gas
purging prior to start-up or shut-down with an applied
resistance is a viable method to increase fuel cell
lifetime.
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The lifetime of polymer electrolyte fuel cells (PEFC) is
greatly limited by the degradation of the cathode catalyst
and its support. One goal of our studies is to identify the
correlation between corrosion behavior of the catalyst
and the properties of the carbon support. Highly oriented
pyrolytic graphite (HOPG) or glassy carbon (GC) K-type
are used as supports for the investigated model
electrodes. GC K-type is a non-graphitizing carbon
produced by pyrolysis of phenolic resins. It is known
from literature [1, 2], that heating GC K-type at 450°C in
air results in opening of the micropores (1-5 nm in
diameter) already present in the material and formation
of a porous layer with a thickness of up to 40 μm,
depending on the temperature and the length of the
thermal treatment. On the one hand, this opening of the
pores and the presence of the porous surface layer are
supposed to improve the adhesion of the platinum
catalyst to the support and, thus, render it more stable
under corrosive conditions. On the other hand, the layer
should not be too thick, as the increased double layer
2
2
capacity (from μF/cm up to mF/cm ) complicates the
electrochemical characterization of the catalysts by
obscuring the platinum features in the respective cyclic
voltammograms
(CV).
Electrochemical
platinum
deposition was done upon un-treated and thermally
treated GC samples and the results were compared.

by changing the length of the applied pulse. Herein, the
size and the size distribution of Pt nanodots were
investigated as a function of the modified carbon
support. The current transients recorded during platinum
deposition show similar current values for untreated
glassy carbon and HOPG and increased values for
thermally treated GC (Figure 1). These high current
values, however, are largely due to the double layer
charging, the reduction of oxygen-containing functional
groups on the carbon substrate surface, created in the
process of thermal treatment, and/or the evolution of
hydrogen in the active layer.

Experimental
The electrochemical deposition of platinum upon glassy
carbon was performed in a glass cell, in which a
polyether ether ketone (PEEK) sample holder exposed a
2
1 cm circular area of glassy carbon to the plating
solution containing aqueous 5 mM hexachloroplatinic
acid and 0.5 M sulfuric acid. The solution was prepared
using UHQ (ultra high quality) water (> 18 mΩ cm-1).
Glassy carbon was employed as counter electrode (CE)
and mercury/mercury sulfate (MSE; +680 mV vs.
hydrogen standard electrode) in a separate electrolyte
compartment as reference electrode (RE) connected to
the main cell by a salt bridge. The working electrode was
immersed into the platinum plating solution at a potential
of +200 mV vs. MSE (to avoid electroless platinum
deposition). For Pt deposition the potential was stepped
from this value to the deposition potential of -700 mV vs.
MSE. After the application of the deposition potential,
the electrode potential was stepped back to +200 mV vs.
MSE and the working electrode removed from the
solution. The pulse train was applied using a computer
controlled (PARcontrol 0.86) potentiostat/galvanostat
(EG&G Princeton Applied Research A 370).

Figure 1. Current transients recorded during platinum deposition
on various substrates.

Scanning electron microscopic (SEM) images of the
sample surfaces were obtained with ZEISS SUPRA 55
VP SEM. Images were evaluated using the image
software Image J (W. Rasband, NIH, USA).
Results

Figure 2. Electrochemical platinum deposition (pulse length 2s)
upon a) untreated GC; b) GC heated for 10min@450°C; c) GC
heated for 20min@450°C and d) GC heated for 30min@450°C.

The electrochemical deposition of Pt is well known from
literature [3, 4]. It is common to control the size and the
size distribution of the deposited platinum nanoparticles
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These considerations were confirmed by recording
current transients for pulsing GC in 0.5M sulfuric acid
which did not contain any platinum and observing the
same results as for Figure 1.

Further differences between untreated and heated GC
substrates can be found for the particle diameter
distribution. Untreated GC samples (as well as HOPG)
display quite a wide range of particle diameters; for the
pulse length of 2 s it is possible to find dots with 25 but
also 300 nm (Figure 4 top left). On the contrary, the dots
on thermally treated GC show a narrower size
distribution with a sharp pronounced “mean diameter”
value (Figure 4 bottom right). This behaviour becomes
more pronounced with increasing heating time (compare
GC 10min 2s, GC 20min 2s and GC 30min 2s in Figure
4). Therefore, it is possible to gain more control over the
diameter of electrochemically deposited Pt dots without
having to dramatically decrease the pulse length.

The resulting SEM images (Figure 2) show differences
for the treated and untreated GC substrates. A decrease
in Pt particle diameter and an increased Pt coverage
was observed after thermal treatment for various
deposition pulse lengths. For the pulse length of 2 s, for
instance, the average Pt dot diameter on untreated GC
is 120 nm and on GC thermally treated for 30 minutes it
is 65 nm (Figure 3). Also, for thermally treated GC,
pulses longer than 2 s do not lead to any further growth
of the dots’ mean diameter (contrary to the growth
observed for untreated GC, Figure 3), however, the
surface coverage (area of the glassy carbon electrode
covered with platinum nanodots) significantly increases
(by 50 %) for longer thermal treatment. For the pulse
length of 2 s, for example, the surface coverage for
untreated glassy carbon is 4 % as opposed to 10 % for
GC thermally treated for 30 minutes (Figure 3 bottom).
Moreover, on untreated GC samples the slightly
increased surface coverage due to longer pulses seems
to originate from a larger diameter. Meanwhile, on
thermally pre-treated GC the increased surface
coverage due to longer pulses is solely due to larger
amount of deposited Pt, as the diameter of the dots is
always smaller than for untreated GC and does not
significantly change once a certain pulse length (in this
case 2 s) is reached. These observations may be
explained by the opening of the pores, a process leading
to enhanced density of defects, which offer more
nucleation sites for crystallization. The micropores at the
surface also suppress surface diffusion of platinum
atoms and, thus, further 2 D crystal growth which
obviously occurs on the untreated GC samples.
140
120
dmean / nm

100

GC 0min
GC20min
GC 30min

Figure 4. Pt dots diameter distribution for the pulse length of 2 s
on untreated GC and GC thermally treated for 10, 20 and 30
minutes).
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In general, several intriguing differences were stated for
electrochemical platinum deposition on untreated and
thermally treated GC. The diameter but also diameter
distribution of the Pt dots as well as the surface
coverage is clearly related to the length of the thermal
pre-treatment of the GC substrate. Further investigations
will be conducted to determine, whether the corrosion
behaviour of the substrate is equally dependent on the
thermal pre-treatment of GC.
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Sasaki Tsuyoshi (since May) ♦ Scheifele Werner (until July) ♦ Scherer Günther G., Dr. ♦
Schneider Holger, Dr. (since April) ♦ Schneider Ingo, Dr. ♦ Schulenburg Hendrik, Dr. ♦
Siegrist Raphael (since June) ♦ Sommer Heino, Dr. (since July)
Thut Jürg
Wambach Jörg, Dr. (until April)
PhD Students
Bayer Michael ♦ Ben youcef Hicham (until February) ♦ Bernardo Philippe ♦
Boillat Pierre (until May)
Cericola Dario
Dockheer Sindy
Eller Jens (since January)
Flückiger Reto (until June)
Godbole Vikram
Hess Michael (since October) ♦ Hintennach Andreas
Jetsrisuparb Kaewta (since June)
Kreitmeier Stefan (since October)
Linse Nicolas
Menamparambath Mini Mol (until December)
Oberholzer Pierre
Patey Timothy (until September)
Ruch Patrick (until August)
Savouchkina Anastasia ♦ Schuler Gabriel ♦ Schwanitz Bernhard ♦
Seyfang Bernhard (until September) ♦ Simmen Franziska
Verma Pallavi ♦ Von Dahlen Steffen
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THESE PHD STUDENTS FROM ECL
GRADUATED IN 2009
Dr. Hicham
Ben youcef

Radiation grafted ETFE based membranes for fuel cells:
improved mechanical and oxidative stability
Ph.D. Thesis, No. 18215, ETH Zürich, February 2009
Examiners

Dr. Pierre Boillat

Prof. Dr. A. Wokaun, PSI/ETH Zürich
Prof. Dr. A.D. Schlüter, ETH Zürich
Dr. G.G. Scherer, PSI Villigen

Advanced characterization of polymer electrolyte fuel cells
using high resolution neutron imaging
Ph.D. Thesis, No. 18397, ETH Zürich, May 2009
Examiners

Dr. Patrick Ruch

Prof. Dr. A. Wokaun, PSI/ETH Zürich
Prof. Dr. J. Mesot, PSI/ETH Zürich
Dr. G.G. Scherer, PSI Villigen

Charge storage and aging phenomena in electrochemical
double layer capacitors
Ph.D. Thesis, No. 18400, ETH Zürich, Mai 2009
Examiners

Dr. Reto Flückiger

Prof. Dr. A. Wokaun, PSI/ETH Zürich
Prof. Dr. R. Nesper, ETH Zürich
Dr. R. Kötz, PSI Villigen

Transport phenomena on the channel rib scale of polymer
electrolyte fuel cells
Ph.D. Thesis, No. 18509, ETH Zürich, July 2009
Examiners
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Prof. Dr. A. Wokaun, PSI/ETH Zürich
Prof. Dr. D. Poulikakos, ETH Zürich
Dr. G.G. Scherer, PSI Villigen
Dr. F. Büchi, PSI Villigen

Dr. Bernhard
Seyfang

Simplification and investigation of polymer electrolyte fuel
cells using micro-patterned glassy carbon flow fields
Ph.D. Thesis, No. 18508, ETH Zürich, July 2009
Examiners

Dr. Timothy Patey

Prof. Dr. A. Wokaun, PSI/ETH Zürich
Prof. Dr. P. Rudolf von Rohr, ETH Zürich
Dr. G.G. Scherer, PSI Villigen
PD Dr. T. Lippert, PSI Villigen

Oxide nanoparticles for electrodes in lithium-ion batteries
Ph.D. Thesis, No. 18648, ETH Zürich, November 2009.
Examiners
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Prof. Dr. A. Wokaun, PSI/ETH Zürich
Prof. Dr. P. Novák, PSI/ETH Zürich
Prof. Dr. W.J. Stark, ETH Zürich

EXCHANGE STUDENTS, DIPLOMA THESES,
SUMMER STUDENTS
Régis Müller

Membrane degradation in polymer electrolyte fuel cells
Universität Basel, August 2008 – February 2009.

Christof Aellig

Investigation of start/stop induced degradation in polymer electrolyte fuel cells
with the help of potential cycling
ETH Zürich, February – June 2009.

Stephan Bähler

Bestimmung der mechanischen Eigenschaften von PEFC-Membranen unter
definierten Temperatur- und Feuchtigkeitsbedingungen
ETH Zürich, February – June 2009.

Chia-Ying Lu

Investigation of the mechanism of graphite exfoliation in propylene and ethylene
carbonate based electrolytes
University of Amiens, FR, February – August 2009.

Raphael Gyr

Diisopropenylbenzene as new crosslinker for radiation grafted ETFE based
membranes for fuel cells
ETH Zürich, May – July 2009.

Baptiste Latouche

Micro x-ray tomography of polymer electrolyte fuel cells
Institut National Polytechnique, PHELMA, Grenoble, France, May - July 2009.

Rosie Marriott

Synthesis and characterization of organic model passivation layers on lithium-ion
battery electrodes
Durham University, UK, June – September 2009.

Fabian Welte

Introduction to radiation grafted membranes for fuel cells
Gymnasium Klettgau, DE, October 2009.
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SEMINAR, INVITED SPEAKERS
Prof. Manfred Wilhelm
Universität Karlsruhe, DE

New developments in mechanical characterisation of materials
January 19, 2009.

Prof. Jürgen Janek
Justus-Liebig-Universität
Gießen, DE

Interface kinetics of solid electrolytes
January 26, 2009.

Dr. Tsuyoshi Sasaki
Toyota Central R&D Labs.,
Inc., Aichi, JP

Research activity on Li-ion battery at Toyota Central R&D Laboratories
March 09, 2009.

Prof. Gerd Ganteför,
Universität Konstanz, DE

Chemical properties of clusters: Every atom counts
April 20, 2009.

Prof. Thomas Wandlowski
Universität Bern

In-situ ATR-SEIRAS: An approach to probe structure and reactivity at
electrified solid/liquid interfaces
May 26, 2009.

Prof. Mohamad Al
Sheikhly, University of
Maryland, USA

The fundamental radiation chemistry mechanisms and kinetics of the
electron beam irradiation polymerization, and grafting
June 15, 2009.

Henrik Nordborg
CADFEM (Suisse) AG,
Aadorf

Fuel cell simulations and customized code development with ANSYS-fluent
and diffpack
June 22, 2009.

Prof. Klaus Müller
University Trento, IT

Solid-state NMR studies of polymeric fuel cell membranes
July 13, 2009.

Dr. Matthias Arenz
TU München, DE

Investigations on Pt based high surface area catalysts for PEM fuel cells
August 31, 2009.

Dr. Rittmar von Helmolt
Opel, Mainz-Kastell, DE

Fuel cell and range-extended battery vehicles - the future of electric
propulsion
September 21, 2009.

Dr. Hans-Peter Brack
SABIC Innovative Plastics
AC Bergen op Zoom, NL

An introduction to intellectual property for technologists
October 05, 2009.

Prof. Shunsuke Muto
Nagoya University, JP

Diagnostic analysis of Li ion secondary batteries by STEM-EELS/SI-MCR
October 12, 2009.

Prof. Siegfried Waldvogel
Universität Bonn, DE

Novel concepts for the electrochemical synthesis of organic compounds
December 07, 2009.
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AWARDS
Günther G. Scherer

Christian Friedrich Schönbein Medal of Honour.
In recognition of his distinguished contributions to the science and technology
of fuel cells
Scientific Advisory Committee of the European Fuel Cell Forum 2009, Lucerne,
July 2, 2009.
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CONFERENCES – SYMPOSIA
25th One-Day-Symposium
May 6, 2009

Electrochemistry: Learning from the past to master the future
Organizers: G.G. Scherer, R. Kötz and Petr Novák
Contributions from:
Dieter Kolb, University of Ulm, DE
Nenad Markovic, ANL Argonne, USA
Joachim Meier, MPI Stuttgart, DE
Jean-Marie Tarascon, CNRS Amiens, FR
Andreas Züttel, EMPA Dübendorf
Manfred Waidhas, Siemens Erlangen, DE

IAEA 2nd Research Coordination Meeting
June 15-19, 2009

Development of novel absorbents and membranes by
radiation-induced grafting for selective purposes
Organizer: G.G. Scherer
Contributions from 15 different countries

Lecturers and organization staff of the 25th One-Day-Symposium at PSI.
From left to right: Felix Büchi, Günther G. Scherer, Manfred Waidhas, Andreas Züttel,
Elephant, Isabella Kalt, Dieter Kolb, Rüdiger Kötz, Nenad Markovic, Joachim Maier
(not on the picture: Jean-Marie Tarascon)
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REVIEW ACTIVITIES OF THE LABORATORY
Journals
Advanced Functional Materials
Carbon
Electrochimica Acta ♦ Electrochemistry Communications ♦ Electrochemical and Solid-State Letters♦
Energy ♦ Energy & Fuels
Fuel Cells
Journal of Alloys and Compounds ♦ Journal of Electroanalytical Chemistry ♦ Journal of the Electrochemical
Society ♦ Journal of Membrane Science ♦ Journal of Micromechanical and Microengineering ♦ Journal of
Physical Chemistry ♦ Journal of Power Sources ♦ Journal of Solid State Electrochemistry
Langmuir
Material Sciences and Engineering B
Nature Materials
Sensors

Organisations
Alexander von Humboldt-Stiftung, DE
Carl von Linde Junior Fellowship of IAS-TUM, DE
FWF Der Wissenschaftsfond, AT
Wissenschaftliche Kommission Niedersachsen, DE

Co-Referee's Report for Dissertations
H. Ben youcef, PSI/ETH Zürich, P. Boillat, PSI/ETH Zürich
R. Flückiger, PSI/ETH Zürich
T. Patey, PSI/ETH Zürich
P. Ruch, PSI/ETH Zürich
B. Seyfang, ETH/PSI Zürich
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INDUSTRIAL PARTNERS
The Laboratory had the pleasure to collaborate with the following industrial partners
during the year 2009:
BASF SE, Ludwigshafen, DE ♦ Belenos Clean Power, Biel
CEKA Elektrowerkzeuge AG, Wattwil
MES DEA, Stabio
Proton Motors, Puchheim, DE
TIMCAL SA, Bodio
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DOCUMENTATION
PROJECT COLLABORATIONS
WITH EXTERNAL PARTNERS
CCEM
F.N. Büchi, S. Ulli-Beer
Projektleiter

hy.muve: Development of hydrogen powered municipal
vehicle
with EMPA Dübendorf and Industrial Partners

F.N. Büchi
Projektleiter

Cal.PEF-CH: Modelbased investigation of PE fuel cell
performance with focus on porous layer properties
with ZHAW, Winterthur

F.N. Büchi
Projektleiter

Röntgen Mikro-Tomographie an PolymerelektrolytBrennstoffzellen

F.N. Büchi
Projektleiter

Gasanalysis in polymer electrolyte fuel cells

L. Gubler
Projektleiter

Lebensdauer-Limitierungen von Brennstoffzellen-Membranen:
Mechanismen, Methoden und Innovationen

L. Gubler, I.A. Schneider
Projektleiter

go.PEF-CH: Enhancing PEFC durability and reliability under
application-relevant conditions
Partner: Berner Fachhochschule Technik und Informatik (BFHTI, Biel BE), CEKA Elektrowerkzeuge AG & Co. KG (Wattwil
SG), MES-DEA SA. (Stabio TI)

P. Novák
Projektleiter

MAHEATT

BFE

EU

Industry
P. Boillat, G.G. Scherer
Projektleiter

Diagnostics of polymer electrolyte fuel cells
Automotive industry

J.-F. Colin
Projektleiter

Oxide für Lithiumionen-Batterien
BASF SE, Ludwigshafen

T. Colinart, F.N. Büchi
Projektleiter

Diagnostics of polymer electrolyte fuel cells
Automotive Industry

W. Märkle
Projektleiter

Graphite für Lithiumionen-Batterien
TIMCAL SA, Bodio

P. Novák
Projektleiter

Projekt HE-Lion
BASF SE, Ludwigshafen

Nationalfonds
A. Foelske-Schmitz
Projektleiterin

Degradation mechanisms of electro-catalysts used in polymer
electrolyte fuel cells

R. Kötz
Projektleiter

Graphite oxides and graphene for electrochemical energy
storage
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P. Maire
Projektleiter

Synthetic solid electrolyte interphase on carbon electrodes for
lithium-ion batteries

P. Novák
Projektleiter

Advanced materials for efficient portable energy supplies

TEACHING ACTIVITIES
University Level Teaching
Prof. Dr. P. Novák,
Prof. Dr. A. Wokaun

Technische Elektrochemie
ETH Zürich, HS 2009

Prof. Dr. A. Wokaun,
Dr. G.G. Scherer,
Prof. Dr. K. Boulouchos

Renewable Energy Technologies II
ETH Zürich, FS 2009

PUBLICATIONS
Books and Reviewed Book Chapters
F.N. Büchi, M. Inaba1,
T.J. Schmidt2

Polymer electrolyte fuel cell durability
Springer Science + Business Media, LLC 2009
ISBN 978-0-387-85534-9.
1
Doshisha University, Kyoto, Japan
2
BASF Fuel Cell GmbH, Frankfurt, Germany

F.N. Büchi

Mathematical modeling of fuel cells
Fuel Cells: Problems and Solutions, Edited by V.S. Bagotsky,
Chapter 15, 255-261 (2009)
John Wiley & Sons, Inc.
ISBN 978-0-470-23289-7.

F.N. Büchi

Heterogeneous cell ageing in polymer electrolyte fuel cell
stacks
Polymer Electrolyte Fuel Cell Durability, Edited by F.N. Büchi,
M. Inaba, T.J. Schmidt, 431-439 (2009)
Springer Science+Business Media, LLC 2009 ISBN 978-0-38785534-9, e-ISBN 978-0-387-85536-3.

S.A. Freunberger, M. Reum,
F.N. Büchi

Design approaches for determining local current and
membrane resistance in polymer electrolyte fuel cells (PEFCs)
Handbook of Fuel Cells – Fundamentals, Technology and
Applications, Edited by W. Vielstich,
H.A. Gasteiger, H. Yokokawa
John Wiley & Sons, Chichester, Vol. 6, Chapter 41, 603-615
(2009) ISBN 978-0-470-72311-1.

L. Gubler, G.G. Scherer

Durability of radiation grafted fuel cell membranes
Polymer Electrolyte Fuel Cell Durability, Edited by F.N. Büchi,
M. Inaba, T.J. Schmidt
Springer, New York, 133-155 (2009)
ISBN 978-0-387-85534-9. doi: 10.1007/978-0-387-85536-3.

L. Gubler, G.G. Scherer

Radiation grafted proton conducting membranes
Handbook of Fuel Cells – Fundamentals, Technology and
Applications, Edited by W. Vielstich, H.A. Gasteiger,
H. Yokokawa,
John Wiley & Sons, Chichester, Vol. 5, Chapter 20, 313-321
(2009) ISBN 978-0-470-72311-1.
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P. Novák, D. Goers1,
M.E. Spahr1

Carbon materials in lithium-ion batteries
Carbon materials for electrochemical energy storage systems
Edited by F. Béguin and E. Frackowiak
CRC Press - Taylor and Francis Group, Boca Raton-New York,
263-328 (2009) ISBN 10: 1420053078,
ISBN 13: 9781420053074.
1
TIMCAL SA, Bodio

I.A. Schneider, G.G. Scherer

Local transient techniques in polymer electrolyte fuel cell
(PEFC) diagnostics
Handbook of Fuel Cells – Fundamentals, Technology and
Applications, Edited by W. Vielstich, H.A. Gasteiger,
H. Yokokawa,
John Wiley & Sons, Chichester, Vol. 6, Part 4, Chapter 45,
673-686 (2009) ISBN 978-0-470-72311-1.

Peer Reviewed Papers
J. Becker1, R. Flückiger,
M. Reum, F.N. Büchi,
F. Marone, M. Stampanoni

Determination of material properties of gas diffusion layers:
Experiments and simulations using phase contrast
tomographic microscopy
J. Electrochem. Soc. 156, B1175-B1181 (2009).
doi: 10.1149/1.3176876
1
Fraunhofer ITWM, Kaiserslautern, Germany

H. Ben youcef, L. Gubler,
S. Alkan Gürsel, T. Yamaki1,
S. Sawada1, A. Wokaun,
G.G. Scherer

Crosslinker effect in ETFE based radiation grafted proton
conducting membranes: II. Extended fuel cell operation and
degradation analysis
J. Electrochem. Soc. 156, B532-539 (2009).
doi: 10.11149/1.3082109.
1
Japan Atomic Energy Agency (JAEA), Japan

J. Bernard, S. Delprat1,
F.N. Büchi, T.M. Guerra1

Fuel cell hybrid powertrain: Towards minimization of hydrogen
consumption
IEEE Transaction on Vehicular Technology 58, 3168-3176
(2009).
doi: 10.1109/TVT.2009.2014684
1
Université de Valenciennes et du Hainaut-Cambrésis, France

H. Ben youcef, L. Gubler,
S. Alkan-Gürsel,
D. Henkensmeier,
A. Wokaun, G.G. Scherer

Novel ETFE based radiation grafted poly(styrene sulfonic acidco-methacrylonitrile) proton conducting membranes with
increased stability
Electrochem. Commun. 11, 941-944 (2009).
doi: 10.1016/j.elecom.2009.02.047

I. Bilecka1, A. Hintennach,
I. Djerdj1, P. Novák,
M. Niederberger1

Efficient microwave-assisted synthesis of LiFePO4
mesocrystals with high cycling stability
J. Mater. Chem. 19, 5125-5128 (2009).
doi: 10.1039/b909545d
1
ETH Zürich

I. Czekaj, F. Loviat,
J. Wambach, A. Wokaun

Nickel deposition on γ-Al2O3: Modelling metal particle
behaviour at the support
Chimia 63, 193-196 (2009).
doi: 10.2533/chimia.2009.193

S.Y. Chew, S.H. Ng,
J. Wang1, P. Novák,
F. Krumeich2, S.L. Chou1,
J. Chen1, H.K. Liu1

Flexible free-standing carbon nanotube films for model lithiumion batteries
Carbon 47, 2976-2983 (2009).
doi: 10.1016j.carbon.2009.06.045
1
University of Wollongong, Australia
2
ETH Zürich
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S.Y. Chew, T.J. Patey,
O. Waser1, S.H. Ng,
R. Büchel1, A. Tricoli1,
F. Krumeich1, J. Wang2,
H.K. Liu2, S.E. Pratsinis1,
P. Novák

Thin nanostructured LiMn2O4 films by flame spray deposition
and in situ annealing method
J. Power Sources 189, 449-453 (2009).
doi: 10.1016./j.powsour.2008.12.085
1
ETH Zürich
2
University of Wollongong, Australia

G. Frei, E.H. Lehmann,
D. Mannes, P. Boillat

The neutron micro-tomography setup at PSI and its use for
research purposes and engineering applications
Nucl. Instrum. Methods Phy. Res., Sect A 605, 111-114 (2009)
doi: 10.1016/j.nima.2009.01.135

J.L. Gómez Cámer1,
J. Morales1, L. Sánchez1,
P. Ruch, S.H. Ng, R. Kötz,
P. Novák

Nanosized Si/cellulose fiber/carbon composites as high
capacity anodes for lithium-ion batteries: A galvanostatic and
dilatometric study
Electrochim. Acta 54, 6713-6717 (2009).
doi: 10.1016/j.electacta.2009.06.085
1
Universidad de Córdoba, Spain

Ph. Graf1, A. Mantion1,4,
A. Foelske, A. Shkilnyy2,3,
A. Masic3, A.F. Thünemann4,
A. Taubert1,2,3

Peptide-coated silver nanoparticles: Synthesis, surface
chemistry, and pHtriggered, reversible assembly into particle
assemblies
Chem. Eur. J. 15, 5831-5844 (2009).
doi: 10.1002/chem.200802329
1
University of Basel, Basel
2
University of Potsdam, Golm, Germany
3
Max-Planck-Institute of Colloids and Interfaces, Golm,
Germany
4
BAM Federal Institute for Materials Research and Testing,
Berlin, Germany

L. Gubler, M. Slaski,
F. Wallasch, A. Wokaun,
G.G. Scherer

Radiation grafted fuel cell membranes based on co-grafting of
α-methylstyrene and
methacrylonitrile into a fluoropolymer base film
J. Membr. Sci. 339, 68-77 (2009).
doi: 10.1016/j.memsci.2009.04.031

A. Hintennach, P. Novák

Influence of surfactants and viscosity in the preparation
process of battery electrodes containing nanoparticles
Phys. Chem. Chem. Phys. 11, 9484-9488 (2009).
doi: 10.1039/b911674e

F. La Mantia, F. Rosciano,
N. Tran, P. Novák

Quantification of oxygen loss from Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 at
high potentials by differential electrochemical mass
spectrometry
J. Electrochem. Soc. 156, A823-A827 (2009).
doi: 10.1149/1.3205495

E.H. Lehmann, P. Boillat,
G.G. Scherer, G. Frei
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