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Abstract The cathode catalysts in low temperature fuel
cells are associated with major cell efficiency losses, be-
cause of kinetic limitations of the oxygen reduction reac-
tion. Additionally, methanol oxidation at the cathode leads
to significant lowering of the efficiency in direct methanol
fuel cells, which can be alleviated by use of methanol-
tolerant catalysts. In this work, alternative carbon-sup-
ported platinum-alloy catalysts were investigated by
physical methods. Second, methanol-tolerant ruthenium-
selenide catalysts were characterized by physical and
electrochemical methods. Besides V-i characteristics and
electrochemical impedance spectroscopy as electrochemi-
cal methods, physical methods such as X-ray photoelectron
spectroscopy, nitrogen adsorption, porosimetry by mercury
intrusion and temperature programmed reduction are used
to characterize the catalysts. The electrochemical charac-
terization yields information about properties and behavior
of the catalyst. In contrast to platinum a significantly dif-
ferent hydrophobic behavior of the RuSe/C catalysts is
found. Low open circuit voltage values measured for RuSe/
C indicate an effect on both electrodes. The anode reaction
was also influenced by the different cathode catalysts. As a
result of the formation of H,O, at the cathode, which
passes through the membrane from cathode to anode side, a
mixed anode potential is formed. By comparing RuSe/C
catalysts before and after electrochemical stressing, chan-
ges of the catalysts are determined. Postmortem surface
analysis (by X-ray photoelectron spectroscopy) revealed
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that catalyst composition and MEA structure changed
during electrochemical stressing. During fuel cell operation
selenium oxide is removed from the surface of the catalysts
to a large extent. Additionally, a segregation effect of
selenium in RuSe to the surface is identified.
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1 Introduction

In order to improve the efficiency of current generation in
direct methanol fuel cells (DMFCs), several problems must
be solved. For the anode more efficient catalysts are nee-
ded, which oxidize electrochemically at lower overpoten-
tials. However, even with more efficient anode catalysts
substantial methanol cross-over still occurs. As a conse-
quence, research is needed to discover membranes with
lower methanol permeation, but due to the similar prop-
erties of methanol and water, methanol cross-over cannot
be avoided completely. As an alternative way to solve the
methanol cross-over problem methanol-tolerant catalysts
can be used to avoid the formation of a mixed potential.
Apart from that, alternative cathode catalysts with an im-
proved oxygen reduction reaction compared to platinum
would increase the efficiency of current generation. The
investigation of new cathode catalysts has a high potential
to improve DMFC, but a major problem of catalysts is their
stability under fuel cell conditions.

The stability of the catalyst under these conditions is
crucial for achieving operating times between several
thousand and several ten thousand hours. To investigate
the stability a combination of electrochemically in-situ

@ Springer



1464

J Appl Electrochem (2007) 37:1463-1474

und physically ex-situ methods is necessary. During the
lifetime of a fuel cell the electrochemical performance
and the operation characteristics should not change sig-
nificantly, therefore it is important that the hydrophobicity
remains stable. Degradation of membrane electrode
assemblies with platinum based catalysts has been
investigated by many groups. Agglomeration of catalysts
[1-4], mainly on the cathode side, is one main degrada-
tion process. A change of water balance and of transport
processes in the electrode [5] caused by decreased
hydrophobicity [6] were also identified as main degrada-
tion processes. This paper is focused on the physical
characterization of different carbon-supported cathode
catalysts based on platinum alloys and on noble-metal
free catalysts like ruthenium-selenide and their stability
during fuel cell operation.

2 Experimental
2.1 Sample preparation
2.1.1 Manufacture of electrodes and MEAs

Electrodes and membrane electrode assemblies (MEAs)
were prepared with the DLR dry spraying technique [7-9].
The electrode powder is prepared by mixing the catalyst,
PTFE or Nafion® powder (only for MEAs) for the reaction
layer in a knife mill. In order to obtain homogeneous and
thin reactive layers, the material is atomized and dry
sprayed in a nitrogen stream through a slit nozzle directly
onto the membrane. To improve electrical and ionic con-
tact, the layer is fixed by hot rolling or pressing the
membrane with gas diffusion layers (GDLs). By this pro-
duction technique solvents are totally avoided and thin
layers with thickness down to 5 um can be prepared
resulting in a low loading. For investigation of new cata-
lysts the influence of the electrode structure should be
minimized. Therefore, reaction layers have to be very thin.
Although, thin layers with low catalyst loadings provide
only a relatively low cell performance in DMFC, well-
defined structures arise, which is an advantage for physical
characterization. Besides this, an accelerated degradation
of catalysts can be observed.

2.1.2 Catalysts for DMFC measurements

The following cathode catalysts were investigated in a
DMEFC single cell: Two different carbon-supported ruthe-
nium-selenide catalysts supplied by project partners Hahn-
Meitner-Institut (HMI) Berlin and Technische Universitit
Miinchen (TUM) and a carbon-supported platinum cata-
lyst, which was defined as reference catalyst:
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o 40 wt% RuSe/C with 26.0 wt% Ru, 13.4 wt% Se
(supplied by TUM)

o 20 wt% RuSe/C with 18.7 wt% Ru, 0.9 wt% Se
(supplied by HMI)

e 40 wt% Pt/C (reference catalyst).

Due to limitation in the amount of available experi-
mental catalyst, the MEAs (Table 1) were prepared with
low cathode loading, which is lower than the DLR standard
loading for DMFCs (1.6 mg cm ™ for the anode (PtRu
black) and for the cathode (Pt black)). Also, due to the
material restriction, test electrodes could not be optimized
with respect to electrochemical performance.

2.1.3 Catalysts for half-cell measurements

In order to test RuSe/C catalysts in a half-cell arrangement,
gas diffusion electrodes (GDEs) were prepared with DLR
dry spraying technique. Catalyst powder (without addition of
electrolyte) was dry sprayed onto E-TEK carbon cloth. The
catalyst with 20 wt% RuSe/C catalyst was used to prepare an
electrode with a catalyst loading of 0.17 mggyse cm 2. As Pt
reference catalyst an E-TEK single sided Elat electrode with
20 wt% Pt/Vulcan XC-72 with 0.4 mg cm™ Pt loading and
with 0.6-0.8 mg cm™ Nafion® application was measured.
For experiments a round piece with a diameter of 4 cm was
cut from electrodes. Electrodes were cold-pressed with a
Nafion® 117 membrane onto catalyst side of the electrode.
GDEs were used as working electrode in half-cell arrange-
ment with an apparent geometric surface area of 1 cm?.

2.2 Physical characterization methods

Physical methods such as nitrogen adsorption (BET), po-
rosimetry by mercury intrusion and temperature pro-
grammed reduction (TPR) were used to characterize the
catalysts. To perform a complete surface science analysis

Table 1 Composition of MEAs for DMFC single cell measurements

Catalyst and metal content Metal loading, content of

electrolyte

Anode: PtRu black (JM) 1.00 mgpry cm™? + 30 wt%

Nafion®
Cathode
40 wt% Pt/C (Ref. catalyst)
20 wt% RuSe/C (HMI)

0.10 mgp, cm™ + 20 wt% PTFE
0.14 mgguse cm > + 20 Wt%

PTFE
40 wt% RuSe/C (TUM) 0.13 mgryse em™ + 20 wt%
PTFE
Membrane Nafion® 117
GDL E-TEK single sided ELAT V3
Active area; single meander flow 23 cm?
field
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by X-ray photoelectron spectroscopy (XPS), the catalysts
were studied before and after operation in fuel cells,
respectively, after electrochemical treatment.

2.2.1 Porosimetry measurements (Ny-adsorption, Hg-
porosimetry)

The pore systems, which are the crucial factors for trans-
port mechanism and structure of electrodes, can be inves-
tigated by nitrogen adsorption (BET) [10] and mercury
porosimetry [11, 12]. Nitrogen adsorption measurements
were performed with a Sorptomatik 1990 device from Fi-
sion Instruments. These measurements yield information
about micro- and meso-pore systems, which are mainly
dominated by carbon supports. The specific surface area of
complete samples—catalyst particles and carbon sup-
port—can be determined by nitrogen adsorption. For the
investigation of meso- and macro-pores mercury penetra-
tion was used with PASCAL 140 and PASCAL 240 de-
vices from Fision Instruments up to pressures of 2,000 bar.
The macro-pore system is mainly determined by pores in
the gas diffusion layer. Furthermore, with mercury pene-
tration measurements the porosity can be directly deter-
mined. For investigation of catalysts, porosimetry
measurements on catalyst powders were performed.

2.2.2 Temperature programmed reduction (TPR)

TPR experiments were performed in a TPDRO 1100 device
from Thermoelectron [13]. In TPR measurements the
consumption of hydrogen used for reducing the catalyst is
measured during heating of the sample. From the con-
sumed hydrogen the amount of oxide can be determined.
The strength of oxide binding is calculated from the
reduction temperature. Therefore, TPR provides informa-
tion about stability of oxides. For avoiding influence of
PTFE, only catalyst powders were investigated.

2.2.3 X-ray photoelectron spectroscopy (XPS)

The chemical composition of first atomic layers determines
catalytic behavior. X-ray photoelectron spectroscopy yields
information about element concentration and chemical
binding state of the elements at sample surfaces (over a
thickness of some atomic layers). For XPS, samples are
irradiated by X-rays of characteristic photon energy in
ultrahigh vacuum. The energy of photoelectrons, which are
emitted from sample surface, is determined in an energy
analyzer [14, 15]. XPS measurements were performed with
an ESCALAB 250 from Thermoelectron equipped with a
non-monochromatic dual anode X-ray gun and a hemi-
spherical analyzer. Catalyst powders were analyzed by
XPS before the electrochemical stressing, cathodes before

and after the electrochemical stressing. Anodes were also
examined for investigating whether components of the
cathode catalyst have moved to the anode side during
electrochemical stressing. Electrodes were obtained from
MEAs after separation of electrodes from the membrane
and were cut by a scalpel. Electrodes from half-cell
experiments were cut by scissors. All electrodes were dried
in the sample lock-in under vacuum conditions.

2.3 Electrochemical characterization methods

MEAs were electrochemically characterized by V—i char-
acteristics and electrochemical impedance spectroscopy
(EIS) [16] in a DMFC. Cathode catalysts were electro-
chemically investigated in half-cell experiments by steady
state and cyclic voltammetric measurements.

2.3.1 Direct methanol fuel cell (DMFC) measurements

Electrochemical characterization of MEAs was performed
in a single DMFC with a single meander flow field and an
active area of 23 cm”. The fuel cell test setup was auto-
mated and controlled by a computer and a PLC [17]. EIS
measurements were carried out with a Zahner-elektrik
IM6 (Kronach, Germany) impedance device and a po-
tentiostat PP200 from Zahner-elektrik. All data were
collected and analyzed with “Thales” software from
Zahner-elektrik. Impedance spectra were obtained by
varying the frequency of the voltage perturbation signal
from 100 mHz to 100 kHz at 800 mA, the AC perturba-
tion was a 10 mV amplitude. Each single cell was oper-
ated under standard operating conditions: Methanol
(1.5 M, 10 ml minfl, 2.5 bar) and oxygen (600 scc minfl,
3.0 bar) were fed into anode and cathode electrodes,
respectively. During the electrochemical characterization,
optimized operation conditions of the RuSe/C catalysts
were established for anode flow (5 ml min!) and cathode
flow (60 scc min~' under dry and 180 scc min~' under
humidified operating conditions). During fuel cell opera-
tion the CO, content in the cathode exhaust gas was
determined.

2.3.2 Half-cell measurements

Experiments were carried out in a polymethylmethacrylate
half-cell [18], in 0.5 M H,SO, solution, at room tempera-
ture. The apparent geometric surface area of the working
electrode was 1 cm?. As reference electrode an Hg/HgSO,
electrode in 0.5 M H,SO, was used, as counter electrode a
Pt plate. A potentiostat PP200 from Zahner-elektrik
(Kronach, Germany) was used for the steady state and
cyclic voltammetric measurements. All data were collected
and analyzed with “Thales” software from Zahner-elektrik.
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3 Results and discussion

3.1 Physical characterization of carbon-supported
platinum alloy catalysts

Platinum alloy catalysts for fuel cells have been investi-
gated since the 1960s. Initially, research activities were
focused on anode catalysts for DMFCs [19-22]. In the last
years platinum alloy catalysts were investigated as cathode
catalysts in PEFCs in order to improve the oxygen reduc-
tion reaction (ORR). Due to the noble metal character of
platinum the dissociation of oxygen molecules in acid
media is a sluggish process, which is accelerated if the
formation of oxides on the cathodic catalyst is improved.
Therefore, platinum alloy catalysts with a reduced noble
metal behavior are interesting, especially alloys with
transition metals. Various alloys were tested by catalyst
manufacturing companies like Johnson Matthey [23]. Not
only wasan improved ORR reported but also an enhanced
stability of some alloy catalysts compared with earlier use
of pure platinum catalysts. The particle size of the alloy
catalysts is higher compared to the particle size of pure
platinum catalyst. It is a well-known effect that larger
particles are more stable compared to small particles.

Tenside stabilized alloy catalysts represent an attractive
alternative if they have a higher reactivity for oxygen
reduction compared to platinum. For PtCo, PtCr and PtNi
alloys a higher activity for ORR compared to pure platinum
catalysts and a good stability was reported [24-28]. At
DLR different carbon-supported Pt-alloy catalysts (PtMe/
C; Me = Cr, Co, Ni), provided by Forschungszentrum
Karlsruhe (FZK), were investigated physically by Hg-po-
rosimetry, BET, TPR and XPS:

42.3 wt% Pt3Ni/C

42.3 wt% Pt3Co/C

30.0 wt% PtCr/C

40.0 wt% Pt/C (reference catalyst).

3.1.1 Hg-porosimetry and BET measurements of PtMe/C
catalysts

Two different pore structures were found for the catalysts
(Fig. 1a and b). A pore structure of 30—50 nm predomi-
nates in the catalyst with 30.0 wt% PtCr/C (by Hg-poros-
imetry), whilst the catalysts with 42.3 wt% Pt;Ni/C,
42.3 wt% Pt3Co/C and 40 wt% Pt/C show a pore size
distribution at approximately 2 nm (by BET). The pore
system of supported catalysts and their specific surface is
mainly dominated by carbon support. The pore system at
30-50 nm is characteristic for Vulcan XC-72 carbon black.
For the Pt;Ni/C, the Pt3Co/C and the Pt/C catalyst a carbon
support with very small pore radius was used, which may
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affect the activity of the Pt-alloy catalyst in a negative way
because of lack of accessibility of catalyst particles in very
small pores.

By comparing the values for the specific surface area as
well as the values for the porosity determined by mercury
penetration, use of different carbon supports was con-
firmed. The carbon support of the PtCr catalyst has a lower
specific surface as well as a significant lower porosity. All
data obtained from Hg-porosimetry and N,-adsorption are
summarized in Table 2.

Porosity and pore size distribution can strongly influ-
ence the utilization of catalysts and the turn over fre-
quencies, because in very small pores both are limited by
transport processes. Therefore, the pore diameter has to be
large enough for mass transfer. In addition, the catalyst
should be deposited on the outer surface of the carbon
support not in the pores. Hence, carbon supports with lower
porosity and lower specific surface area are more suitable
for catalyst preparation compared to supports with high
porosity and very small pores. Decreasing catalyst utili-
zation with increasing specific surface area is reported for
DMEFC anodes [29].
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Fig. 1 (a) Hg-porosimetry and (b) BET spectra of PtMe/C and Pt/C
catalysts
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Table 2 TPR-, BET- and Hg-porosimetry data of PtMe/C and Pt/C catalysts
Catalyst TPR-measurement N,-adsorption Hg-porosimetry
Reduction temperature  Reduction temperature ~ Specific surface  Pore radii ~ Specific surface Porosity = Pore radii
(1. Peak) (°C) (2. Peak) (°C) (m* g™ (nm) (m* g™ (%) (nm)
30.0 wt% PtCr/C 380 480 123 58.9 29.9 53
42.3 wt% Pt;Co/C 280 520 558 1.8 145 61 61
42.3 wt% PGNi/C 250 520 664 1.86 141 61 -
40.0 wt% Pt/C 480 - 762 2 150 76 71

3.1.2 Temperature programmed reduction (TPR)
measurements of PtMe/C catalysts

In Fig. 2 TPR spectra of platinum alloy catalysts and the
reference catalyst are displayed. Spectra were normalized
with respect to the metallic content of the catalysts. Reduction
temperatures are listed in Table 2. For each Pt-alloy catalyst
two reduction peaks were recorded, for the Pt catalyst one
reduction peak. It can be assumed that carbon-supported cat-
alysts with a high Pt content have larger platinum particles
sizes. Accordingly, it might be supposed that the peak at lower
temperature in the TPR is related to surface oxides, whereas
the high temperature peak to bulk oxides. But it may also be
that the reduction temperatures reflect different oxides.

TPR spectra show that the catalysts with 42.3 wt%
Pt;Ni/C and 42.3 wt% Pt3Co/C have similar reduction
temperatures at the two maxima. The reduction tempera-
ture of the catalyst with 30.0 wt% PtCr/C is higher at the
first peak but lower at the second. The reduction temper-
ature reflects the strength of oxygen—metal binding of the
alloy metal. The higher the reduction temperature the more
stable are the oxides. Under same measurement conditions
the reduction temperature for platinum black catalysts is
significantly lower [30] compared to the reduction tem-
perature for the alloy catalysts. Reduction of surface oxide

500

40.0 wt.% Pt/C (Ref. catalyst)
400 ph

423wt% Pt,Col/C
—_———— 423 wt% PHLNI/C

300

signal / arb. units

=100

-200

temperature/ °C

Fig. 2 TPR measurements of PtMe/C and Pt/C catalysts

or adsorbed oxygen on unsupported platinum takes place
below room temperature.

3.1.3 X-ray photoelectron spectroscopy (XPS)
investigations of PtMe/C catalysts

Figure 3a—d presents XP-spectra of the Pt-alloy catalysts.
Signals were normalized to the same carbon signal inten-
sity, because the atomic carbon concentration in the vol-
ume differs not significantly for the Pt-alloy catalysts; the
volume atomic concentration of carbon is between 96 and
98% for the investigated catalysts. The most conspicuous
result is that the surface concentration of the alloy catalysts
does not correspond to the mixed ratio of the catalysts. A
platinum-rich surface was found for the PtMe/C catalysts.
The platinum concentration on surface of the 42.3 wt%
Pt;Ni/C and the 42.3 wt% Pt;Co/C catalyst is in the same
range, whereas the platinum concentration of the 30.0 wt%
PtCr/C catalyst is considerable higher. Two different car-
bon supports were used (deduced by porosimetry mea-
surements), which strongly effects the surface platinum
concentration. The XPS result can be correlated to obser-
vations of porosimetry measurements that the use of nano-
porous carbon support with micro-pore system at 2 nm
leads to lower accessibility of platinum particles.

In addition to unexpected platinum concentration, the
ratios of platinum concentration to alloy metal are also not
consistent with the volume concentration, e.g. the ratio of
platinum to cobalt in the Pt;Co catalyst is different com-
pared to the ratio of platinum to nickel in the Pt;Ni catalyst,
although for both catalysts the same ratio was expected.
Additionally, the ratio of platinum to chromium is not 1:1.
The alloy metals are in an oxidized state and not in metallic
form. The analysis of the platinum alloy catalysts clearly
shows that surface compositions of supported catalysts
depend not only on the ratio of initial materials, but also on
platinum support and the interaction of materials.

3.2 Physical characterization of RuSe/C catalysts

Over the past decade, different types of methanol-tolerant
cathode catalysts have been developed to circumvent the
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Fig. 3 XP-spectra of PtMe/C catalysts: (a) Pt 4f, (b) Co 2p, (¢) Cr 2p, (d) Ni 2p

significant performance loss in DMFC caused by methanol
oxidation. Platinum-free catalysts, such as ruthenium-sel-

enide, have high reactivity with respect to the ORR and are
insensitive to methanol oxidation [31, 32].

3.2.1 Hg-porosimetry and BET measurements of RuSe/C
catalysts

Hg-porosimetry measurements of the carbon-supported
RuSe-catalysts with 40 wt% RuSe and 20 wt% RuSe show
a sharp peak in the pore size distribution at pore radii be-
tween 30 and 50 nm, which is typically for Vulcan XC-72

carbon. BET measurements confirm these results. All data
are summarized in Table 3.

3.2.2 Temperature programmed reduction (TPR)
measurements of RuSe/C catalysts

TPR spectra of the ruthenium-selenide catalysts are depicted
in Fig. 4. The higher reduction temperature of the 40 wt%
RuSe/C catalyst is attributable to the higher selenium to
ruthenium ratio in the catalyst (26.0 wt% Ru, 13.4 wt% Se)
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compared to the ratio in the 20 wt% RuSe/C catalyst
(18.7 wt% Ru, 0.9 wt% Se). The appearance of two reduc-
tion peaks for both ruthenium-selenide catalysts indicates the
presence of two oxides. For the 40 wt% RuSe/C catalyst a
peak is implied on the left shoulder at approximately 125 °C.
The reduction temperatures are listed in Table 3.

3.3 Electrochemical characterization of RuSe/C

catalysts

V—i characteristics of the MEAs with the 40 wt% and with
20 wt% RuSe/C cathode catalyst show a cell performance
in the same range, which is significantly lower compared to
cell performance of the MEA with the Pt/C reference cat-
alyst. Low cell performance of MEAs with RuSe/C cata-
lysts originates mainly from low catalyst loading, resulting
in very thin electrodes, and partly from a lower activity of
the RuSe/C catalysts compared to the platinum catalyst.

Further reasons are: non-optimized operating conditions for
RuSe/C and use of GDLs and cathode reaction layers,
which are adapted for platinum catalysts. Hence, the non-
optimized hydrophobic—hydrophilic properties

of the
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Table 3 TPR-, BET- and Hg-porosimetry data of RuSe/C and Pt/C catalysts
Catalyst TPR-measurement N,-Adsorption Hg-Porosimetry
Reduction temperature Reduction temperature ~ Specific surface Pore radii Specific surface Porosity  Pore radii
(1. Peak) (°C) (2. Peak) (°C) (m? ™) (nm) (m? g™ (%) (nm)
20 wt% RuSe/C 80 120 135 58 74 56 42
40 wt% RuSe/C - 154 104 41 55 66 39
40 wt% Pt/C 480 - 762 2 150 76 71
5000 700
===+ 20 wt.% RuSe / C (HMI) 20 wt% RuSelC 90 °C, 0,: 600 scc min”'
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Fig. 4 TPR measurements of RuSe/C catalysts

cathode reaction layer and related unfavorable water bal-
ance contribute to significantly lower cell performance for
the RuSe/C catalysts. However, the aim of these investi-
gations was to offer an insight into behavior and properties
of ruthenium-selenide catalysts under DMFC conditions
especially by varying operating conditions. Furthermore,
we tried to ascertain if degradation effects occur.

In Fig. 5, V-i characteristics of the MEA with the
20 wt% RuSe/C catalyst at various oxygen flow rates and
cell temperatures are depicted. Increase in cell temperature
leads to a gain in cell performance caused by enhanced
kinetics. Increase in cell performance by decreasing cath-
ode flow rate indicates a different hydrophobic character of
the RuSe catalyst compared to Pt or an improved water
transport, resulting in more capable water removal from the
cathode. The RuSe catalysts allow higher water content in
the cathode. In the following experiments the cathode flow
rate was set to 60 scc min~'.

Previous measurements have shown a change in water
balance from the 1st to the 2nd day (by shut-down over
night) associated with an increased cell performance
depending on the catalyst system. The same reaction can be
seen in V—i characteristics of the RuSe/C catalysts, depicted
for the 40 wt% RuSe/C catalyst in Fig. 6. An improved
water balance is responsible for the general increase of cell
performance for the RuSe/C catalyst. In contrast, the
non-specific behavior of the Pt/C catalyst is attributed to

0 20 40 60 80 100 120
current density / mA cm?®

Fig. 5 V-i characteristics of 20 wt% RuSe/C catalyst under variation
of cell temperature and cathode flow rate, 1st day

non-optimized operating conditions for the platinum cata-
lyst. At the second day a slight decrease for the RuSe/C
catalyst by raising the cell temperature cannot be related to
the cathode, because conditions for the cathode were opti-
mized for the RuSe/C catalyst by reducing the cathode flow.
Motivated by this effect, variation of anode flow rates was
performed (Fig. 7). At a cell temperature of 110 °C the
reduction of the methanol flow rate leads to an increase in
cell performance, indicating an anodic effect on perfor-
mance.

Investigating the influence of humidified cathode gas,
the oxygen flow was humidified by passing the gas through
a heated tank (bubbler) filled with water. Adjusting of
humidity was done by controlling the water temperature in
the humidifier (for a cell temperature of 90 °C at 70 °C,
respectively for 110 °C at 90 °C). An increase in cell
performance at 90 °C and at 110 °C by use of the
humidified oxygen, associated with use of higher cathode
flow without drying the cell, confirms the presumption of a
different hydrophobic character of ruthenium-selenide
compared to platinum.

By performing DMFC measurements it was obvious that
the open circuit potential (OCP) of the MEA with the
platinum cathode was higher than observed for MEAs with
the RuSe/C catalyst. Additional half-cell experiments

@ Springer



1470

J Appl Electrochem (2007) 37:1463-1474

Table 4 EIS data of the MEAs with RuSe/C and Pt/C catalysts

Operating conditions (at 800 mA)

20 wt% RuSe/C 40 wt% RuSe/C 40 wt% Pt/C

(HMI) (mV) (TUM) (mV) (Ref. catalyst) (mV)
Comparison of cell voltage at different cell temperatures
(90 °C, 110 °C)
T-cell: 90 °C; cathode flow: 60 scc min™'; anode flow: 200 150 490
10 ml min™', 1.5 M MeOH
T-cell: 110 °C, cathode flow: 60 scc min~'; anode flow: 240 205
10 ml min', 1.5 M MeOH
Comparison of cell voltage at dry and humidified cathode flow
T-cell: 90 °C, cathode flow: (dry) 60 scc min~'; anode flow: 230 490
5 ml min~', 1.5 M MeOH
T-cell: 90 °C, cathode flow: (humid.) 180 scc min~'; anode flow: 270 515
5 ml min~', 1.5 M MeOH
Comparison of cell voltage at different methanol concentrations
T-cell: 90 °C, cathode flow: 60 scc min™'; anode flow: 230 490
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Fig. 6 Comparison of V-i characteristics of 40 wt% RuSe/C and
40 wt% Pt/C catalyst from Ist to 2nd day at 90 and 110 °C

confirmed this observation. Taking a closer look at changes
in OCP (Fig. 8), a slight increase from the 1st to 2nd day
for the MEA with the Pt/C catalyst in the DMFC and, in a
more pronounced way in half-cell measurements, occurs.
Whereas MEAs with the RuSe/C catalysts show a contra-
dictory behavior, in the half-cell configuration a strong
increase of OCP is observed. In DMFC the OCP increases
at cell temperature of 90 °C, but decreases or remains
unchanged at 110 °C. The strong increase in OCP for
electrodes with the Pt/C and the RuSe/C catalyst in the
half-cell configuration indicates the presence of a cleaning
effect, taking place from the 1st to 2nd day. The raise of
OCP for the MEA with the Pt/C catalyst during humidified
operation and with use of higher cathode flow rate was
caused by more favorably working conditions for the
platinum catalyst. As expected, the OCP value for the

@ Springer
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Fig. 7 V-i characteristics of 40 wt% RuSe/C catalyst under variation
of anode flow rate, at 90 and 110 °C

electrode with platinum catalyst decreases significantly
with addition of 1.5 M methanol in the half-cell experi-
ment. The same behavior can be observed in DMFC by
increasing the methanol concentration. In particular, the
observed voltage drop of OCP for MEAs with RuSe/C
catalysts, caused by the increase in methanol concentration,
has to be emphasized. In conjunction with the unchanged
behavior of the RuSe/C catalyst by addition of 1.5 M
methanol in the half-cell experiment, it can be considered
that an increase in methanol concentration influences the
anode.

The contrasting results from half-cell experiments and
from DMFC measurements cannot be explained only as an
effect on the cathode side. The anode reaction has also
been influenced by the different cathode catalysts. A pos-
sible reason is the formation of H,O, on the cathode, which
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Fig. 8 OCP of RuSe/C and Pt/C catalysts, in half-cell experiments
and DMFC

might pass through the membrane from cathode to anode
side, resulting in a mixed anode potential and MEA deg-
radation.

During DMFC measurements the CO, content at the
cathode outlet was recorded and is displayed in Fig. 9. The
CO,; concentration at the cathode outlet was significantly
higher at all operating conditions if platinum was used as
cathode catalyst. For the MEA with the RuSe/C catalyst
only a very low CO, concentration was observed. For the
MEA with the platinum cathode the CO, concentration is
approximately 2 vol% higher under DMFC operation
compared to the value under OCP conditions, caused by
methanol drag. Additionally, the CO, concentration in-
creases with increasing methanol concentration and further
with increasing cell temperature. In contrast, the CO,
concentration for the RuSe/C catalyst was unaffected by
operation conditions, as well as by methanol concentration.
Under OCP conditions 0.0 vol% CO, was measured. Under
load the CO, concentration increased to 0.1-0.2 vol%
caused by CO, transport through membrane. The mea-

14
ezzn under OCP condition

B — under DMFC operation

12

—

40 wi Pt/ C: 110°C, 4.5 M CH30H
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CO, - concentration

0

Fig. 9 CO, concentration of 20 wt% RuSe/C and 40 wt% Pt/C
catalysts, under OCP conditions and under DMFC operation at
various cell temperatures and methanol concentrations

surements confirm the methanol tolerance of RuSe/C
catalysts. Methanol, which passes the membrane, was not
oxidized on the RuSe/C catalyst. Recorded CO, concen-
trations for the RuSe/C cathodes originated from CO,
cross-over from anode to cathode side.

Differences in EIS spectra are attributable to the cathode
because the MEAs were prepared with the same membrane
and anode composition. EIS spectra for MEAs with the
RuSe/C catalyst show the same behavior (Fig. 10). From
the low frequency region it can be concluded that the cell
with the 40 wt% Pt/C cathode has the highest catalytic
activity, and the lowest real value of impedance. The
20 wt% RuSe/C catalyst possesses a higher catalytic
activity than the 40 wt% RuSe/C catalyst. Slight differ-
ences in the high-frequency region can only be explained
by the different conductivity of the electrode material.

Nyquist plots (not shown here) show the typically
behavior of DMFC cells. In the low frequency region the
imaginary part of the resistance has positive values, which
represents inductive behavior and can be described by
relaxation impedance.

Impedance spectra of the 40 wt% RuSe/C catalyst, re-
corded under dry and humidified operating conditions,
show a slight increase in cell performance caused by
humidification of the cathode flow (Table 4). This corre-
sponds to correlated V—i characteristics.

Triple-increase of methanol concentration has no nota-
ble influence on performance and impedance of the RuSe/C
catalyst (Table 4).

1Z] I mQ |Phase]| /°

200 { 40% PY¢
- 20%RuSe/lC 175
Al 40% Ru$ea‘C

100
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Ll Ll
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Fig. 10 EIS plots of RuSe/C and Pt/C catalysts, at 90 °C, 800 mA,
1.5 M MeOH
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3.4 XPS postmortem investigations of RuSe/C
catalysts

XPS investigations of cathodes before and after electro-
chemical stressing in DMFC were carried out. Spectra of
Ru 3d and C 1s are depicted in Fig. 11. The Ru 3ds,, peak
(at a binding energy of 281 eV) indicates that ruthenium is
present in both RuSe/C catalysts in an oxidized state, as
RuO,. After the electrochemical stressing a reduction of
the ruthenium concentration in the 40 wt% RuSe/C catalyst
can be observed. It can be assumed that a small contribu-
tion of ruthenium in the 40 wt% RuSe/C catalyst is present
as ruthenium oxide without any quantities of Se and was
removed from the surface during fuel cell operation.
Spectra of selenium of both RuSe/C catalysts differ
(Fig. 12). No clear selenium peak was detected before the
electrochemical stressing for the 20 wt% RuSe/C catalyst.
The very low peak at 59 eV might be assigned to selenium
oxide. In contrast, a definite Se 3d peak was measured in
the sample after electrochemical stressing. This observa-
tion is attributed to a cleaning effect, which occurred
during fuel cell operation. The low selenium oxide content
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Fig. 11 XP-spectra of RuSe/C catalysts before and after electro-
chemical stressing: C 1s and Ru 3d peaks
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Fig. 12 XP-spectra of RuSe/C catalysts before and after electro-
chemical stressing: Se 3d and Ru 4p peaks

before electrochemical stressing is below the detection

limit after operation.

In the 40 wt% RuSe/C catalyst, selenium can be ob-

served in two different forms with binding energies at

approximately 55 and 59 eV. The peak at higher binding

energy can be assigned to selenium oxides, like SeO,. The

peak at lower binding energy can be assigned to metallic

selenium and additionally to a selenide. The binding
energies of elemental selenium and of the selenide are
close to each other. For elemental selenium binding
energies from 54.6 to 55.4 eV were recorded, for RuSe,
a binding energy of 54.6 eV [33]. After DMFC operation
a significant decrease of the selenium oxide peak is
encountered. In conjunction with the decrease of the sele-
nium oxide peak of the 20 wt% RuSe/C catalyst, it can be
assumed that during fuel cell operation selenium oxide was
removed from the catalyst surface to a large extent. The
selenium oxide can be attributed to selenium, which is not
bonded to ruthenium and is thus redundant. Selenium oxide
is not electrochemically active as cathode catalyst. The
ratio of the selenium/selenide to ruthenium increased dur-
ing electrochemical stressing. Segregation of selenium in
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Fig. 13 XP-spectra of RuSe/C catalysts before and after electro-
chemical stressing: O 1s peak

ruthenium-selenide and its movement to the surface during
fuel cell operation occurred.

Before electrochemical stressing, the asymmetrical peak
of the O 1s spectra of the RuSe/C catalysts can be attrib-
uted to the convolution of two peaks. After electrochemical
stressing the formation of a new feature in the O 1s spec-
trum of the 20 wt% RuSe/C catalyst was observed
(Fig. 13) and can be explained by the presence of
hydroxide groups. The peak at lower binding energy can be
assigned to oxides.

4 Conclusions

The application of selected methods for physical and
electrochemical characterization leads to useful results for
further developments of new catalyst systems.

From XPS measurements, Hg-porosimetry and nitro-
gen-adsorption it could be concluded that surface com-
position of the investigated catalysts depends on support
and preparation. Two different pore structures have been

found for the Pt-alloy catalysts. In conjunction with XPS
results it is proposed that the activity of the Pt-alloy
catalysts, prepared with a carbon support with pore radii
at 2 nm, might be affected in a negative way because of
lack of accessibility of catalyst particles in the small
pores.

TPR measurements yielded information on the stability
of oxides. The higher reduction temperature of the 40 wt%
RuSe/C catalyst can be attributed to the higher selenium to
ruthenium ratio associated with higher oxide stability.

MEAs with the RuSe/C cathode catalysts were prepared
and characterized in a DMFC single cell. By variation of
cell temperature and of anode and cathode flow, optimized
operating conditions of the RuSe/C catalysts were identi-
fied. The RuSe/C catalysts allow higher water content in
the cell associated with an increase in cell performance. A
change in the hydrophobic character of the RuSe/C cata-
lysts occurred from the Ist to the 2nd day. In contrast to
platinum, a significantly different hydrophobic behavior of
the RuSe/C catalysts was found. Methanol tolerance of the
RuSe/C catalysts was confirmed by variation of methanol
concentration under simultaneous recording of CO, values
in the cathode outlet. Low OCP values of RuSe/C could not
be attributed solely to a cathode effect. It was presumed
that the anode reaction was also influenced by the different
cathode catalysts. The probable formation of H,O, on the
cathode, which passes through the membrane from cathode
to anode side, resulted in a mixed anode potential. De-
crease in OCP for MEAs with the RuSe/C cathode with
increasing methanol concentration suggested that the Pt
anode was affected. The unchanged OCP value for the
RuSe/C catalyst, which was recorded with addition of
methanol during half-cell measurements, confirmed this.
Postmortem surface analysis by XPS showed that catalyst
composition and MEA structure changed due to electro-
chemical stressing. The appearance of a cleaning effect
during fuel cell operation was observed. Additionally,
segregation of selenium in RuSe and its movement to the
surface was measured. Furthermore, selenium oxide was
removed from the surface of the catalysts to a large extent.
For the 40 wt% RuSe/C catalyst a decrease in the ruthe-
nium peak occurred.
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