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The purpose of this investigation was to compare catalysts produced by the Bénnemann - colloidal method
(PtRu (B1) and PtRu (B2)), and those produced by the spontaneous deposition method (PtRu (SD)). The
catalysts produced by both methods had good electrochemical behavior for methanol oxidation for proton
exchange membrane fuel cell applications. The structure of the catalyst was examined by transmission
electron microscopy (TEM). Energy dispersive spectroscopic analysis (EDS) was used to determine the
semi-quantitative composition of the catalysts, and the electrochemical behavior was determined by cyclic
voltammetry (CV). The diffractograms of the binary catalysts revealed platinum and ruthenium as the only
crystalline phases, as per ICDD data base. The PtRu (B1) catalyst, treated in a reducing atmosphere, has
the same structure as PtRu (B2), treated in an oxidising/reducing atmosphere, except that the crystallite
size was around 1.7 nm for PtRu (B1) instead of 9.9 nm for PtRu (B2). The catalysts PtRu (B2) and
PtRu (SD) showed similar cyclic voltammetric behavior, which was better than that of PtRu (B1).

Both methods are suitable for the production of electrocatalysts for fuel cell applications. The colloidal method
is more expensive than the deposition method, but the former permits the production of ternary and quaternary
catalyst systems with enhanced CO tolerance.
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1. Introduction

Sustainable development is one of the main concerns of industry in
this century. Nevertheless, fuel cell technology has a promising future
in the field of electricity generation with less environmental impact'.

One of the most important areas in fuel cell research is the devel-
opment of new catalysts to increase electroactivity related to H,/CO,
methanol and ethanol oxidation. To minimize contamination caused
by CO adsorption on Pt sites, different techniques for synthesizing
catalysts have been reported in the literature®*. In this investigation
different catalysts have been synthesized by two different methods:
the Bonneman® method and spontaneous deposition®*.

X-ray diffraction (XRD)analysis, transmission electron micros-
copy (TEM), energy dispersive spectroscopic analysis (EDS) and
cyclic voltammetry (CV) were used to characterize the structure and
electrochemical activity of the catalysts.

The synthesis of catalysts has been investigated widely® and it is well
known that the different methods of synthesis lead to different behavior
in the catalysts. In this context, a lot of work has been done to correlate
the electrochemical behavior of the electrocatalyst and its structure.

Two different methods were selected to synthesize the electrocata-
lysts. The Bonnemann’s method was selected for doping the carbon
black (electrode material) with the electrocatalyst, in a modified
manner’, which consisted of a colloidal system in a dry nitrogen
atmosphere, and used anhydrous solvents and salts of the metals. The
Bonnemann method gives a crystallite, with an average size between
1.5 to 3.0 nm, that is well dispersed in the carbon matrix'®. The spon-
taneous deposition method was the other method, and consisted in
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the spontaneous deposition of a monolayer of platinum on the surface
of the ruthenium support. This method was chosen because it gives a
high electroactivity, per gram of platinum used. Catalysts obtained by
both methods showed interesting electrochemical behavior.

2. Experimental

2.1. Bonnemann’s method

To obtain the nanocrystal, a stable colloid should be prepared in
an inert and dry atmosphere. The proper amounts of chloride salts
of the metals involved were dissolved in anhydrous tetrahydrofuran
(THF) with a proper amount of tetraoctilamoniyoum bromide
[N(oct),Br], while the reducing agent was prepared by the dissolu-
tion of tetraoctilamoniyoum bromide [N(oct),Br] in THF, by adding
potassium trietilhydroborate [KHBr(Et) ,]. After stirring, a strong
reducing agent is formed (trietilhydroborate of tetraoctilamonyoum
[N(oct),HBr(Et) ,]) according to Equation 1:

N(oct),Br + KHB(et), — N(oct), HB(et), + KBrl (1)
THF

To reduce the metallic ions, 1.5 times the stoichiometric amount
of reducing agent [N(oct),HBr(Et) ,] was used. This was added to
the solution of metals salts and heated under stirring. The reduction
is followed by the extent of darkening of the solution and hydrogen
evolution, as shown in Equation 2.
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MeX + N(oct) HB(et), - Me*[N(oct),]' + nB(et), +  (2)

n/2 H,T +nX THE  colloid

Adsorption of the [N(oct),]* ion on the metallic surface forms
the stable colloid with an average size of 1.5 to 3.0 nm. Up to this
point all the steps are performed in an inert and dry atmosphere. The
stable colloid is shown schematically in Figure 1.

After synthesis of the stable colloid, a suspension of the Vulcan
carbon black in THF was prepared and the colloid solution added drop
wise. The final stages in the preparation of the electrocatalyst consisted
of filtration followed by multiple rinsing in THF and ethanol.

2.2. Spontaneous deposition

This method was recently reported by Adzic et al.* to help mini-
mize the amount of platinum used to synthesize the PtRu catalyst.
According to the authors, only a quarter of a monolayer of platinum
on ruthenium nanocrystals results in an electrocatalyst with higher
activity and tolerance to CO poisoning of the platinum sites by H,/CO
oxidation, compared to commercial catalysts of PtRu alloys.

To obtain an electrocatalyst with 20 wt. (%) of ruthenium, car-
bon support (Vulcan XC-72R) was impregnated with a solution of
RuCl,.1.5H,0 (Aldrich) in water: ethanol (1:1, v/v) and dried at 343 K
for 4 hours. The solids obtained were heated from room temperature to
673 Kat I Kmin in a flowing argon atmosphere. Upon reaching the
temperature, hydrogen gas was introduced and the sample was held
at this temperature for 2 hours. The sample was then cooled to room
temperature under flowing hydrogen and then immersed in an aque-
ous solution of H,PtCI, (0.01 mol L") held in an argon atmosphere.
The mixture was stirred for 15 minutes, filtered, washed thoroughly
with water and dried at 343K for 3 hours.

2.3. Structural characterization of the electrocatalyst
powder by EDX, XRD and HRTEM.

A Philips XL 30 scanning electron microscope with EDX was
used to examine the morphology of the powder and to determine the
semi-quantitative composition of the catalyst powder.

X-ray powder diffraction analysis was carried outina STOE STADI-
P powder diffractometer, with germanium monochromatized CuK  radia-

Figure 1. Schematic figure of a colloid’.
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tion and a position-sensitive detector with 40° aperture in the transmission
mode, with 20 scanned from 10 to 90° at a scan rate of 0.03° s™'.

A Philips CM 20 transmission electron microscope (TEM) with
an acceleration voltage of 200 kV and a tungsten cathode was used
to obtain high resolution images of the catalysts. The microscope
was equipped with a nano-EDX device to determine the catalyst’s
composition in nm-sized regions. The TEM samples were prepared by
suspending the catalyst powder in methanol and depositing a drop of
the suspension on a standard copper grid covered with carbon. These
analyses, (XRD and HRTEM) were carried out at the Materials Sci-
ence Institute of the Technical University of Darmstadt.

2.4. Electrochemical investigations

The electrochemical investigations consisted of cyclic voltam-
metry (CV) with an EGG Princeton Applied Research Model 273 in
a N, saturated 0.5 mol L' H,SO,. Methanol oxidation was evaluated
with solutions containing three different concentrations of methanol,
0.1 mol L', 0.5 mol L', 1.0 mol L, at 25 °C. The working electrode
consisted of a thin porous layer of the catalyst as dispersed nanoparti-
cles in carbon black with a high surface area. The reference electrode
was a RHE and the counter electrode was a platinized Pt plate. As
reported earlier, the electrocatalyst produced by the Bonnemann's
method usually contains some adsorbed species from the protective
shell formed around the colloid"'. These species block the active
platinum sites. Despite this, a heat treatment in a reducing atmosphere
(H,) improves the electroactivity of the catalysts. Neto et al.'* reported
that PtRuNi electrocatalysts prepared by the Bonnemann method and
then heat treated showed higher electroactivity than the same catalysts
without heat treatment. The cyclic voltammetric results revealed that
the heat treated catalyst exhibited improved electroactivity. This heat
treatment was carried out in a nitrogen/hydrogen atmosphere for
2 hours at 300 °C, followed by furnace cooling'3. Another heat treat-
ment was also carried out with the Bonnemam catalysts, which used
oxidising and reducing atmospheres'*!* at 300 °C. The heat treatment
was first carried out in an inert atmosphere until the catalysts reached
300 °C. Subsequently a small flow of oxygen was used for 20 minutes
and this was followed by hydrogen for 2 hours.

3. Results

In order to simplify, the catalysts synthesized by the Bonneman s
method and heat treated in the reducing atmosphere is labeled as
PtRu (B1), while the catalyst heat treated in the oxidizing/reducing
atmosphere is labeled as PtRu (B2). The catalyst synthesized by
spontaneous deposition is labeled as PtRu (SD).

3.1. Catalyst composition

The compositions of the catalysts were determined by EDX and
the results are presented in Table 1.

The compositions of the catalysts synthesized by the Bonnemann
method are in agreement with the experimental procedure. The
composition of the catalyst obtained by the spontaneous deposition
method reveals the presence of a small amount of platinum on the
surface of the ruthenium supported-nanocrystals.

3.2. X-ray diffraction (XRD)

The diftractograms of the binary catalysts reveal platinum and

Table 1. Atomic ratios of Pt and Ru in the electrocatalysts.

Element PtRu (B1) PtRu (B2) PtRu (SD)
Platinum 59 59 10
Ruthenium 41 41 90
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ruthenium as the only crystalline phases, as per the ICDD data base.
No evidence of other metallic phases or crystalline oxide species
was found. Almost complete reduction of the educts was achieved,
as no reflections of any metal chlorides appear in the patterns. The
diffractograms can be seen in Figure 2.

A major difference can be observed between the results of the
catalysts PtRu (B1) and PtRu (B2). As both the catalysts were pro-
duced in the same batch, one can conclude that the only difference
is the heat treatment procedure. The average crystallite size seems to
increase in the following order: PtRu (B1) < PtRu (SD) < PtRu (B2).
This result is in agreement with the high-resolution micrographs of the
catalysts (Figures 3 and 4). The diffractogram of the support (Vulcan
carbon black) indicates that the peaks with 26 around 24.520, 43.4
and 79.780 are influenced by the carbon support. The diffractograms
of the binary catalysts reveal platinum and ruthenium as the only
crystalline phases as per the ICDD database. No evidence of other
metallic phases or crystalline oxide species was found. Almost com-
plete reduction of the educts was achieved, as no reflections of any
metal chlorides appear in the patterns of the catalysts synthesized by
the Bonnemann method. These results are in good agreement with
data reported by Radmilovic et al.'®and others!”"°.

Despite the fact that a majority of the authors agree about the use
of X-ray diffraction for analysis, Rolinson et al.” state that X-ray dif-
fraction is not a suitable method to characterize the phases in catalysts.
Rolinson stressed that XRD measurements indicate the presence of
Pt (FCC) phase only, but by using TGA/DTA and XPS measurements,
the results indicate that the catalyst is composed of hydrated and
unhydrated ruthenium oxides, that could be amorphous?.

3.3. High-resolution transmission electron microscopy
(HRTEM)

Nanocrystallites of catalysts PtRu (SD) and PtRu (B2) are shown
in Figures 3 and 4.The catalytically active particles are well dispersed
on the support grains in both samples. Compared to results published
by Schmidt et al." for PtRu, bigger crystallites were observed in
catalysts synthesized by the Bonnemann method and heat treated
with oxidising/reducing atmospheres. Similar growth in crystallite
size was observed in the case of samples prepared by the spontaneous
deposition method, but to a lesser extent. The HRTEM results are in
good agreement with the shape of the diffractograms of the 3 samples.
The first catalyst, PtRu (B1), has a small crystallite size that is difficult
to resolve by XRD, the second catalyst with the largest crystallites,
are in good agreement with the FWHM for this catalyst and the third
catalyst had medium sized crystallites and some agglomerates. The
catalyst PtRu (B1) has been described in the literature to have an
average size of 1.7 nm?".

The PtRu (B1) catalyst has the same structure as that of PtRu (B2),
except that the crystallite size is around 1.7 nm instead of 9.9 nm.
The nanocrystals are well dispersed on the carbon support, similar
to PtRu (B1).

3.4. Cyclic voltammetry (CV)

The three catalysts were tested by cyclic voltammetry to evaluate
their electrochemical activity. Cyclic voltammetry was performed
with sulfuric acid (H,SO, 0.5 mol L") as a support electrolyte and
to record the basic voltamogram of each catalyst. After this, other
voltamograms were recorded as a function of methanol concentra-
tions, 0.1 mol L', 0.5 mol L' e 1.0 mol L. To compare the results,
voltamograms corresponding to methanol concentration of 1.0 mol L"!
were chosen because this is the concentration often used in fuel cell
operation. A scan rate of 10 mV s was used in the experiments.

The results of electrooxidation of methanol with these catalysts
are shown in Figure 5.
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Figure 2. Diffractograms of the catalysts PtRu (B1), PtRu (B2) and PtRu
(SD).

20 nm

Figure 3. Nanocrystals of PtRu (SD) electrocatalyst dispersed in the carbon
matrix. The crystallites have a bimodal distribution with an average size of
25+04nmand5.2+1.2nm.

Figure 4. Nanocrystals of PtRu (B2) electrocatalyst, well dispersed in the
carbon matrix, but with an average crystallite size of 9.9 + 2.5 nm.
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Figure 5. Oxidation of methanol in a 1.0 mol L' methanol solution at scan
rate of 10 mVs™.

The catalyst produced by the spontaneous deposition method and
the catalyst produced by the Bonnemann method and heat treated
in oxygen present similar cyclic voltammetric behavior, especially
in the range, 0.4 V to 0.7 V. This is of interest for direct methanol
fuel cell applications. The catalyst synthesized by the Bonnemann
method and heat treated only in hydrogen shows less electroactivity
compared to the others.

4. Conclusions

The two methods are suitable for the production of electrocata-
lysts for fuel cell applications.

The catalysts synthesized by the Bbnnemann method present good
electrochemical activity and a structure consisting of well-dispersed
nanocrystals on the carbon support, leading to good electrochemical
behavior for fuel cells applications.

The catalysts synthesized by the spontaneous deposition method
also present good electrochemical activity, if the amount of platinum
in the catalyst is normalised. The structure of the catalyst consists of
platinum atoms on carbon-supported ruthenium nanocrystals.

The colloidal method (Bénnemann) should be performed in an
inert atmosphere with non-hydrated chlorides of the metals involved
becoming more expensive than the spontaneous deposition method.
On the other hand, the colloidal method could produce ternary and
quaternary systems of catalysts to improve their performance towards
CO contamination.
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