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1. Introduction

Binary carbon-supported Pt–Ru catalysts and Pt–Ru
blacks are most frequently applied in low temperature
polymer electrolyte fuel cell (PEMFC) anodes, since
they significantly reduce the catalysts sensitivity towards
CO poisoning [1–4]. Thus, drastic losses in fuel cell
performance associated with the replacement of expen-
sive pure hydrogen by lower cost alternatives like
methanol and reformate can be prevented. It is widely
accepted that catalyst structure strongly determines the
specific catalytic activity and, consequently, a main topic
of fuel cell research is the systematic variation and
optimization of distinct structural parameters to match
the specific needs of PEMFC technology.
Recently, numerous investigations on structural fea-

tures and their effect on the catalyst performance have
been reported [5–9]. However, the influence of particle
size, alloy formation and particle agglomeration on the
electrocatalytic activity of the catalyst remains unclear.
Another drawback of the majority of these studies is
that they were mainly carried out ex situ under ambient
conditions. Some of the techniques used to determine
the catalyst nanostructure are not applicable in situ, and
therefore, the data obtained is incomplete, since signi-
ficant changes of the structural parameters may occur
under fuel cell working conditions [10, 11]. One
approach to overcome this problem is the comparison
of measurements before and after fuel cell operation.
Two different carbon-supported Pt–Ru (1:1) catalysts
were synthesized in the aqueous phase and compared to
a commercially-available catalyst from E-TEK. Subse-
quently, X-ray diffraction (XRD) and transmission
electron microscopy (TEM) measurements were carried
out on the different binary catalysts before and after
operation for two weeks in a single cell fuel cell
arrangement. The findings are discussed with respect
to the average particle size and the particle distribution
on the carbon support.

2. Experimental details

2.1. Catalyst syntheses

Carbon black (Vulcan XC-72, Cabot Intern.) with a
specific surface area (BET) of about 290 m2 g)1 was
used as a support for all catalysts. Two different Pt–Ru
(1:1) catalysts, 20 wt % on Vulcan XC-72 were prepared
by an impregnation method in aqueous phase [12, 13].
The only difference in the two syntheses was the
reducing agent used (formaldehyde for sample I, hydra-
zine for sample II) and the pH value. The two in-house
synthesized catalysts were compared to a commercially-
available carbon-supported Pt–Ru (1:1) catalyst,
20 wt % on carbon, purchased from E-TEK inc.

2.2. Catalyst characterization

Initially X-ray fluorescence analysis (XRF) was used to
verify the correct implementation of the syntheses and
to determine the total metal loading of the carbon
support. An Xlab 2000 spectrometer (Spectro Analytical
Instruments GmbH) was used for all measurements on
the catalyst powders. Specific calibration was realized by
measuring a series of metal oxides on carbon as oxygen,
in contrast to chloride, gives no contribution to spectral
noise. The XRF results obtained were in good agree-
ment with the actual stoichiometric quantities employed
for the syntheses (Table 1). Data on the sample crystal-
linity, the average particle sizes and particle size distri-
butions were obtained by XRD and TEM. X-ray
powder diffraction measurements were carried out using
a STOE STADI-P, with germanium monochromized
CuKa radiation and a position-sensitive detector with
40� aperture in transmission mode. A Jeol TEM 3010
with an acceleration voltage of 300 kV and LaB6

cathode was applied to obtain high resolution images
of the supported catalysts. Samples were prepared by
suspending the catalyst powder in alcohol and
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depositing a drop of the suspension on a standard
copper grid covered with carbon. The structural char-
acterization of the commercial Pt–Ru catalyst and the
synthesized binary systems by XRD and TEM before
operation has already been published [7].

2.3. Fuel cell operation

Membrane electrode assemblies (MEA) of an active
electrode area of 25 cm2 and 0.4 mg cm)2 noble metal
loading per electrode were manufactured according to a
slightly-modified spraying method by Wilson and Got-
tesfeld [14]. Nafion� 117 (DuPont) was applied as
proton conducting membrane and in all cases provided
with a standard 20 wt % Pt on Vulcan XC-72 catalyst
(E-TEK) at the cathode side, while the anode catalyst
was varied in our studies. Hydrogen containing 75 ppm
and 150 ppm CO, respectively, was humidified at 85 �C
and fed into the preheated cell (T ¼ 75 �C) under
standard pressure. In DMFC mode, a 1 M aqueous
methanol solution was evaporated at 130 �C and fed
into the cell (T ¼ 95 �C) together with a supporting
nitrogen gas flow. Pure oxygen was applied as cathode
feed in both cases. The cell was operated with pure
hydrogen for several days and two E/i curves were
recorded per day in order to monitor the cell perfor-
mance. The fuel cell then ran on H2/CO mixtures for
two days, until finally an aqueous methanol solution
was applied as the anode feed. After about two weeks of
continuous operation, the fuel was switched off and the
anode catalyst removed from the membrane. The
catalyst structure after operation was then studied using

XRD and TEM, and these post-mortem results com-
pared to the data obtained before operation.

3. Results

The two synthesized catalysts (sample I and II) were
characterized by XRD and TEM before and after fuel
cell operation and compared to a commercial Pt–Ru
catalyst purchased from E-TEK. TEM images of the
commercially available catalyst show highly dispersed
metallic nanocrystallites on the carbon support grains
having an average particle size of about 2 nm. Very
similar TEM results were obtained after operation; the
particles maintain their high dispersion on the carbon
support and only a slight particle growth, up to an
average particle size of 4 nm, is found (electron micro-
graphs for the commercial catalyst not shown). In
contrast to the commercial catalyst, the nanocrystallites
in the synthesized samples tend to form larger agglom-
erates of about 30 nm. These are either spherical
(sample II, Figure 2(a)) or rather irregular in shape
(sample I, Figure 1(a)), and are composed of aggregates
of individual nanocrystallites of about 5 nm. However,
after operation a completely different situation occurs
for sample I and II. While the TEM images of sample I
still show agglomerates consisting of smaller nanocrys-
tallites (Figure 1(b)), micrographs for sample II display
catalytic active metal particles highly dispersed on the
support after operation. Consequently, the operation
conditions cause the larger nanoparticle aggregates to
deagglomerate into individual nanocrystallites during
fuel cell operation. Similar results were observed for a
ternary Pt–Ru–Mo catalyst, which was also synthesized
by an impregnation method in aqueous phase using
hydrazine as reducing agent [15].
Evidence for the separation of the agglomerates into

individual nanocrystallites has also been observed in the
diffraction data (Figure 3(a)–(c)). Despite the different
syntheses the powder patterns of all three Pt–Ru

Table 1. Results of the XRF analyses for the different catalysts

Sample Metal loading Pt Ru

/wt % /at % /at %

Pt–Ru E-TEK 15 51.3 48.7

Sample I 21 54.5 45.5

Sample II 22 60.5 39.5

Fig. 1. Typical TEM images of Pt–Ru sample I, before operation (a) compared to the same catalyst after operation (b).
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catalysts in the as-synthesized state look alike, exhibiting
the characteristic reflections of the platinum f.c.c.
structure. Differences appear only for the reflection
width (FWHM), which is an indication for the average
particle size and has been evaluated using the Scherrer
equation. For the synthesized catalysts, the particle sizes
obtained before operation were larger than those of the
E-TEK catalyst with average sizes of 7 nm (sample I)
and 9 nm (sample II), respectively. These values, how-

ever, might be larger than the actual particle size, since
the XRD method cannot distinguish between individual
nanocrystals if they have similar orientation within a
larger aggregate [16].
For the commercially-available Pt–Ru system and

sample I a slight particle growth is observed after
operation for two weeks in a fuel cell (Table 2). The
average sizes increase from 2 to 4 nm (E-TEK) and from
7 to 8 nm for sample I (Figure 3(a) and (b)). For sample

Fig. 2. Comparison of a typical TEM image of Pt–Ru sample II before operation (a) with the same catalyst post-mortem (b).
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Fig. 3. Comparison of the X-ray patterns of the different samples before (light grey) and after operation (black); (a) commercial catalyst, (b)

sample I and (c) sample II.

347



II, however, the opposite is found after operation; the
post-mortem X-ray pattern reveals a smaller average
size than before operation. The particle size decreases
from 9 to 5 nm, and this can only be understood from
the TEM results. Before operation, the nanocrystallites
are situated within an agglomerate and particles with
similar orientations are counted and measured as one
bigger particle with higher microstrain. Consequently,
the resulting average particle size is slightly higher than
the actual one. After operation, these larger aggregates
deagglomerate into their individual nanocrystalline
components, and the average size determined is the size
of distinct and separate particles with apparently less
microstrain. Thus, the diffraction and the TEM data are
in excellent agreement and lead to the same conclusions.
Further investigations of the reason and the mechanism
for the separation of larger agglomerates under working
conditions are required to understand this effect and use
it for the development of future catalyst preparation
routes. However, the results show that catalysts which
do not look promising before operation because of large
average particle sizes and pronounced particle agglom-
eration may develop into successful systems after they
have been subjected to fuel cell working conditions.

4. Conclusion

The present work demonstrates changes in the nano-
morphology of different Pt–Ru catalysts after two
weeks’ operation in a PEM fuel cell using hydrogen,
hydrogen/CO mixtures and methanol as the anode feed.
Two catalysts were synthesized and then investigated by
XRD and TEM before and after operation, and the
results compared to a commercially-available Pt–Ru
system. But while the commercial catalyst and sample I
undergo only minor changes during operation, sample II
displays significant structural changes. XRD and TEM
data show that the as-synthesized catalyst consists of
large particle aggregates approximately 30 nm in size.
However, these separate into individual and highly-
dispersed nanocrystallites during fuel cell operation.
The results indicate that catalysts which look com-

paratively poor before operation consisting of large
particles with a high degree of agglomeration may
develop into promising catalysts when subjected to
operating conditions. Consequently, the catalyst struc-
ture needs to be analysed after operation, otherwise
auspicious catalysts may be rejected only because of

their poor appearance. However, additional investiga-
tions as to why and how larger agglomerates can
separate into individual nanocrystallites under operating
conditions and how this improves the catalyst activity
are required.
In this context, the weak point of the investigations

presented is that the catalysts were operated for two
weeks in different modes using hydrogen, H2/CO and
methanol as the anode feed. Thus, it is not possible to
distinguish between the influence of the change in
potential, temperature and anode feed, respectively.
For a more comprehensive study, the catalyst should be
characterized after certain stages during operation in
hydrogen, in H2/CO and after operation in methanol.
At the same time, current–voltage curves have to be
recorded to monitor the catalyst activity at each stage.
However, the most elegant solution would obviously be
to follow changes in the catalyst structure in situ using
XRD and X-ray absorption spectroscopy.
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Table 2. Comparison of the particle sizes determined by XRD before

and after operation

Sample Particle size

before operation

Particle size

after operation

/nm /nm

Pt–Ru E-TEK 2 4

Pt–Ru sample I 7 8

Pt–Ru sample II 9 5
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