BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS
FACULTY OF CHEMICAL TECHNOLOGY AND BIOTECHNOLOGY
GEORGE OLAH PHD SCHOOL

Preparation of CO-tolerant anode electrocatalysts
for polymer electrolyte membrane fuel-cells

PhD Thesis

Author:
Supervisors:

Dorottya Gubán
Dr. András Tompos
Prof. Krisztina László

Renewable Energy Research Group
Institute of Materials end Environmental Chemistry
Research Centre for Natural Sciences
Hungarian Academy of Sciences

2015

1. Introduction
Hydrogen has a key role in resolving one of the most important issues of our time: to meet
the ever increasing energy demand of the world from clean and renewable sources. Fuel cells
can convert chemical energy stored in hydrogen or in other compounds with hydrogen content
to electricity without any emission of pollutants. Currently catalysts with high loading of Pt
are required for the oxidation and reduction on the anode and cathode side of the cell, respectively. These catalysts are expensive and not effective enough. The hydrogen fuel is usually
produced by reforming so that it contains a few ppm of CO, which irreversibly binds to the
active Pt sites. This CO poisoning hinders the operation of the cell by preventing the access of
the hydrogen fuel to the active sites of the catalyst, resulting in the prohibition of the hydrogen oxidation reaction. Furthermore by dipole interaction strongly bound CO reduces the activity of the remaining free sites. If alcohols are directly used as fuels, CO is always present as
an intermediate product in the electrooxidation reaction. So it is necessary to develop COtolerant electrocatalysts. A promising method is to design Pt-based catalysts that are COtolerant due to their structure, which means the ability to oxidize the blocking CO species on
lower potentials, ensuring the accessibility of the active catalytic sites for the electrooxidation
of the fuel.
Another issue with the commonly used carbon-supported Pt catalysts is that the support
tends to corrode under the fast load change conditions encountered frequently in fuel cells
used in transportation applications. Corrosion of the support rapidly deteriorates the
electrocatalyst, which results in declining performance of the fuel cell.
In this thesis work Pt-based CO-tolerant electrocatalysts for polymer electrolyte membrane (PEM) fuel cell applications were developed by modifying the Pt/C system by oxophilic
metals (W, Sn). The goal was to develop stable catalysts, which are not only active in the COoxidation reaction, but also in the electrooxidation of the fuel itself, providing the possibility
for the reduction of the Pt content and as a consequence the price of the catalysts.

2. State of art
Fuel cells are electrochemical devices that convert the chemical energy of the fuel directly
to electricity by chemical reaction, so they have excellent efficiency. The principle of their
operation is that the oxidation of the chemical energy carrier (fuel) and the reduction of the
oxidant (oxygen) are carried out separately, the material flow is ensured by an ionic conductor, which connects the anode and cathode side, while the electrons released during the oxidation are led through electrical loads to the cathode side. Their electrochemical efficiency can
reach 80 %. Generally, every compound that can be oxidized could be used as a fuel, and
every oxidant can be introduced to the cathode site which has the ability to reduce. Hydrogen
gas can be directly fed onto the anode; the hydrogen content of methanol could be released either before feeding it into the fuel cell, or directly in the cell. The latter method is sufficient
primarily for small, portable applications.1
Since the anode reaction is 5-7 times faster than the reduction on the cathode, the catalytic
issues on the anode are not due the slow kinetics, but rather caused by the pollutants (CO) or
reaction intermediates which poison the catalytic sites.2 Further disadvantages of pure carbon
supported Pt catalysts are their high price, the limited availability of Pt, and the electrocorrosion-sensitivity of the carbon support.3 These problems give a firm ground for research to realize CO-tolerant fuel cells.
One of the most promising solutions is to apply CO-tolerant electrocatalysts, since they
can provide high efficiency without technical issues (such as complex devices). Most often a
second oxophilic metal is used as a modifier, which upon water activation can provide the
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necessary OHad species for the oxidation of CO at less positive potentials than Pt, or it could
enhance CO-tolerance by the electronic effect. The most popular modifiers are Ru, Sn, Co,
Cr, W, Fe, Ni, Pd, Os, Mo and Mn. The co-catalytic effect of the modifier can be attributed to
the following effects:
1. Bifunctional effect: the modifier metal with stronger affinity for oxygen than platinum sites provides the necessary oxygen containing OHad species at less positive potentials than Pt.4
2. Ligand (or electronic) effect: the electronic structure of the catalytic active site is
modified by the second component, the promoter, so that the adsorption/desorption
behaviour of the reagents/reaction intermediates are modified. As an example Fe-Pt or
Ru-Pt systems could be mentioned,5 which can decrease the adsorption of CO.
3. Morphologic effect: the dilution of the active component with a catalytically inactive
modifier changes the distribution of the metal, creating new possible reaction paths. 6
The catalysts can be modified by alloying the active Pt with an oxophilic modifier, or the
second metal can be immobilized in the structure of the support.
According to the literature of the electrooxidation of alcohols, tin-modified Pt/C is a very
promising electrocatalyst. 7,8 Many methods exist in the literature for the synthesis of Sn-Pt/C
catalysts. However, most of them lead to products with a wide range of phases, such as metallic Pt, Pt-oxide, various tin-oxides, Sn-Pt alloys or Pt(1-x)Snx solid solutions with diverse
stoichiometry.9,10 It has been demonstrated7 that Pt3Sn phase is the most stable and active
catalysts among Sn-Pt alloys for the CO oxidation reaction.7,11 Although, by analyzing the reports it emerges that the exclusive production of Pt 3Sn alloy phase rarely occurs, and its presence strongly depends on the synthetic procedure.12
During decades of research activity our research group has accumulated a detailed
knowledge on the preparation of different types of supported E x-My (E= Sn, Ge; M= Pt, Pd,
Rh, Ru) catalysts with exclusive formation of metal-metal interaction and high E/M ratios. It
has been demonstrated13,14,15 that exclusive formation of Sn-Pt alloys with different Pt/Sn ratios can be achieved by Controlled Surface Reaction (CSR). Our research group is one of the
pioneers of the CSR method.16 During CSR hydrogen adsorbed on Pt reacts with tetraalkyl-tin
compounds (SnR4). The basic surface chemistry can be written as follows:13,16
PtHad + SnR4 → Pt-SnR(4-x) + x RH
Pt-SnR(4-x) + (4-x)/2 H2 → Pt-Sn + (4-x) RH

(1)
(2)

The use of the above two-step CSR method guarantees the exclusive introduction of tin
onto platinum, i.e. the suppression of Sn-support interaction. In case of the Pt-Sn system the
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net result is the exclusive formation of Sn-Pt alloy phases.17 In the previous studies of our research group the modes and ways to increase the amount of tin introduced directly onto the
parent metal has also been established.13,18 It has been demonstrated7,19 that the use of extremely high SnR4 concentration should be avoided, since it can lead to the concentration gradient of the anchored modifier. In those studies it has already proved that long reaction time,
high reaction temperature and high [SnEt 4] concentration leads to the non-desired reaction between the surface groups of the support and the tin precursor. The use of consecutive reaction
steps avoids any inhomogeneity of the modifier over the metallic particles.
As aforementioned stable and CO-tolerant catalysts can be formed not only by the formation of platinum alloys, but also by the modification of the support with oxophilic metals.
Numerous studies can be found in the literature about W-based CO-tolerant electrocatalyst,
which was realized either by the modification of Pt with tungsten or by the deposition of Pt
onto the surface of WO3.20,21 The co-catalytic effect of the tungsten was assigned to the quick
and easy oxidation-state changes. Based on the literature results enhanced CO-tolerance of the
W-modified anode electrocatalysts was explained not only in the frame of bifunctional
mechanism and/or by the influence of W on the interaction between Pt and adsorbed CO
(electronic effect). Comparing to other popular modifiers the promotional effect of tungsten
was also to increase catalytic activity through „hydrogen spill-over” effect.22,23 It has been
demonstrated22 that the proton conducting tungsten bronze (HxWO3 (0.3<x<0.5)) provides
rapid hydrogen oxidation leading to the improvement of the overall catalytic activity.
It is known that W can be easily oxidized to WO3 even at lower potentials, so it cannot be
applied in fuel cells in metallic form, furthermore WO 3 is an n-type semiconductor with a
band gap of 2,6-2,7 eV, so it cannot be used as a support for electrocatalysts. Recent literature
suggests,20 however, that the beneficial properties of the tungsten co-catalyst can be preserved
if it is incorporated into TiO2. TiO2 is an n-type semiconductor, but it has excellent mechanical, chemical and redox stability, low cost, non-toxicity and corrosion resistance in acidic environment, furthermore its conductivity can be substantially improved by cation substitution.
Since the ionic radius of W is similar to that of Ti24, it is a promising substituent to modify
TiO2 and form a conductive Ti(1-x)WxO2 mixed oxide.
Electroconductive Ti0.7W0.3O2 mixed oxide has been applied as a support for Pt in anode
electrocatalysts.25 These materials showed unique CO-tolerance compared to commercial
catalysts,25 although in order to ensure sufficient conductivity 20 wt% activated carbon was
added to the catalyst ink before the measurements.
Upon the development of novel electrocatalysts in this thesis two pathways were followed: (i) alloying the active noble metal (Pt) with another oxophilic metal (Sn) and (ii) modification of the active carbon support by more corrosion resistant, electrical conductive Wcontaining Ti(1-x)WxO2 mixed oxide.
In the development of the Pt-Sn/C catalysts the goal was to determine the optimal synthesis parameters of the CSR method for the exclusive formation of the Pt 3Sn phase, which
shows enhanced catalytic behaviour in both CO and methanol oxidation reactions.
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Following the second pathway the goal was to prepare a W-modified CO-tolerant and stable catalyst support with sufficient electroconductivity. The stabilization of the modifier from
leaching in acidic electrolyte was attempted by isovalent substitution of tungsten into the rutile-TiO2 lattice, while the conductivity and corrosion resistance across the anticipated potential/pH window was ensured by a Ti-W mixed oxide – activated carbon composite type structure. The main goal was to study the influence of the experimental conditions, mainly the
preparation method used and the multistep heat treatment applied on (i) the rutile/anatase
phase ratio, (ii) oxidation state of W, and (iii) presence or absence of free WO3 and/or WO2
phases, not incorporated into the rutile crystal-lattice. My efforts were concentrated on finding
the optimum experimental conditions for synthesizing Pt/Ti 0.7W0.3O2-C catalysts with good
electrochemical stability and enhanced CO tolerance, and understanding the relationships between the synthesis parameters, structure development and electrocatalytic properties.

3. Experimental part
40 wt% commercial Pt/C catalyst (Quintech) was modified with tetraethyltin (SnEt 4) by
CSR in order to obtain Sn-Pt/C electrocatalysts with Pt/Sn=1.8-3.0 ratios. The Pt/C catalyst
was suspended in n-decane in a stainless steel autoclave, then after adjusting the H 2 pressure
to 5 bar, the reactor was heated to 170 °C. After reaching the desired temperature the first
amount of SnEt4 solved in n-decane was added under vigorous stirring. The requested amount
of SnEt4 was divided into 3, 4 or 5 uniform portions and was introduced to the reactor after
equal periods of time, each anchoring period was 1 hour. After the modification procedure,
the catalyst was separated by centrifugation and carefully washed. Then, the powder was
dried at 60 °C for 1 hour, and was treated in hydrogen atmosphere by Temperature Programmed Reduction (TPR) at 250, 350 or 400 °C.
The conductive Ti-W mixed-oxide – carbon composites were prepared by three different
synthesis methods: (i) microwave-assisted solvothermal synthesis route I, (ii) sol-gel synthesis
route II, and (iii) a low temperature sol-gel-based multistep synthesis route III. The scheme of
the synthesis routes is shown on Fig. 1. The supports were loaded with 40 wt% of Pt by
NaBH4-assisted ethylene-glycol reduction method.
The crystalline structure of the samples was examined by XRD, and the particle size distribution was determined by TEM. The chemical composition of the samples was determined
by several methods (SEM, EDS, XRF, XPS), and the chemical states were identified by XPS.
The electrocatalytic activity was measured by cyclic voltammetry.
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Fig. 1. Flow chart for preparing Ti0.7W0.3O2-C composite materials.

4. Results
4.1. Synthesis and characterization of Pt electrocatalysts supported on Ti0.7W0.3O2-C
composite materials
A new synthesis route was designed to prepare Pt/Ti0.7W0.3O2-C type catalysts. The synthesis parameters, the structure and chemical properties of the novel Ti0.7W0.3O2-C composite
materials were determined by various methods. Three synthesis methods were compared and
the parameters of the synthesis (time of room temperature aging, conditions of high temperature treatment (HTT) and reduction) were optimized. The most important results are the followings:
 Results of powder X-ray diffraction indicated that upon using the synthesis route III high
reproducibility in the formation of rutile phase with high crystallinity (98-100 %) and almost exclusive tungsten incorporation can be achieved [1].
 The samples prepared by three different routes were characterized by XRD before and after the heat treatment steps. Prior to any heat treatments, a mixture of anatase and WO 2
phases were achieved by synthesis route I, the second method resulted in amorphous precipitates, while pure rutile phase was achieved by route III. A two-step heat treatment
(annealing for 8 h at 750°C in He, followed by reduction for 10 min at 650°C in H 2) produced a mixture of rutile TiO2 with some tungsten incorporation and anatase for synthesis
route I, anatase and non-incorporated WO2 for synthesis route II and a high level of tungsten incorporation into rutile for synthesis route III [1]. According to these results, in case
of the sample prepared by synthesis route II the lack of crystalline rutile phase hindered
the incorporation of W, and as a consequence free WO2 phase not incorporated into the
titania was observed.
 The comparison of the three methods supports the idea that anatase or amorphous-type
TiO2 starting structure hinders the formation of mixed oxide with rutile lattice and high
level of W incorporation in the presence of activated carbon. This confirms that synthesis
5











route III is the most sufficient method to prepare Ti(1−x)WxO2 in the presence of carbon
with high reproducibility, since upon using of this method the necessary rutile crystallites
are formed at room temperature [1,2].
Since one of the most critical parameters of the synthesis route III is the duration of the
aging at room temperature, its effect on the structure of the materials was revealed by
XRD measurements [1,2,4]. The results showed that at least 2 days of aging is necessary
to obtain pure rutile phase. After the heat treatment high level of crystallinity and high
degree of W incorporation (Wsubst= 30 %) was achieved in case of the sample aged for 4
days. It is important to note that the longer aging time did not increase the crystallite size
of the Ti0.7W0.3O2-C composite materials [1].
Decomposition of the W precursor compound and its subsequent reduction was studied
by TPR [1]. According to TPR results the hydrogen consumed in the range ~220 ºC ≤ T ≤
650 ºC was only slightly higher than the amount of H2 calculated for the reduction of W6+
→ W4+. In accordance with the above findings, the temperature of the reductive treatment
was set to 650 °C.
Upon using the composite materials prepared by synthesis route I the influence of the final temperature and duration of the HTT in He on the rutile/anatase phase ratio and oxidation state of W was investigated [1]. It was demonstrated by XRD that HTT at 750 °C
for 8 h followed with reduction at 650 °C resulted in the disappearance of free, nonincorporated tungsten-oxide phases and almost total incorporation of W.
XPS measurements were carried out to determine the chemical state of tungsten before
and after reduction in samples prepared by synthesis routes II and III (see Fig. 2.A). In
line with the TPR findings the results of XPS measurements confirmed that in spite of the
air exposure, incorporated tungsten predominantly was in the +4 oxidation state [1].
The valence band XPS spectra of the non-reduced and reduced carbon-free Ti0.7W0.3O2
samples were compared with the spectra of TiO2, WO3 and WO2 (see Fig. 2.B) [1]. The
appearance of the emission at the Fermi energy in the reduced Ti0.7W0.3O2 sample (similar to WO2) confirmed the presence of W4+ species with a metallic-like electronic structure in the mixed oxide. The data, along with those obtained during the in situ XPS study
of the two-step annealing process [2] confirm that enhanced tungsten incorporation and
activation was achieved by the short reduction, which transforms the material into a metallic state.
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Fig. 2. (A): W 4f core level spectra of the non-reduced and the reduced carbon-free
Ti0.7W0.3O2 samples (route II), and the reduced 50Ti0.7W0.3O2-50C composite (route III)
along with the WO3 and WO2 references. (B): valence band spectra of the non-reduced
and reduced carbon-free Ti0.7W0.3O2 samples (route II) compared with the spectra of
WO3, WO2 and TiO2.
According to results of the EDS, XRF and XPS measurements the Ti/W and
Ti0.7W0.3O2/C ratios are in a good agreement with the expected ones, so the composition
of the samples can be successfully controlled by varying the amount of the activated carbon and Ti and W precursors [1,2,4].
The uniform distribution of highly dispersed Pt particles (2.3 ± 0.8 nm) in 40 wt%
Pt/50Ti0.7W0.3O2-50C anode electrocatalysts was verified via TEM technique. In case of
the composite support materials the main Pt particle size was significantly smaller than
that of 40 wt% Pt/C catalyst (4.5 ± 1.8 nm) [1-3]. Our results confirm that the presence of
TiO2 prevents the Pt particles from agglomeration and helps to control the nanostructure
of the catalyst.

The electrocatalytic behaviour and CO-tolerance of the catalysts were examined by cyclic
voltammetry.
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Enhanced CO tolerance of the electrocatalyst prepared using the composite material synthesized in route III was evidenced by the appearance of a CO-oxidation related “prepeak” between 150 and 540 mV and by a shift of the maximum of the main CO oxidation
peak by ca. 110 mV towards less positive potential compared to Pt/C in the COads stripping voltammogram (see Fig. 3.A-B) [1-3].
Upon using the H2-purged COads stripping (see Fig. 3.C) an immediate and pronounced
increase of the current in the “pre-peak” potential range between 0.05 and 0.60 mV was
demonstrated for the Pt/Ti0.7W0.3O2-C electrocatalyst (route III) compared to the PtRu/C
benchmark (Quintech C-20-/10-Pt/Ru, Pt= 20 wt%, Ru= 10 wt% on Vulcan). On the contrary, on the parent Pt/C catalyst the adsorbed CO blocks the Pt catalytic sites in the potential region studied, independently of the atmosphere used upon purging [1,3].
The electrochemically active surface area (ECSA) value of the composite supported Pt
catalyst (33.4 m2/gPt), which was calculated from the charge associated with a CO
monolayer adsorbed onto the Pt nanoparticles (ECSACO), is significantly higher than that
of the unmodified home made Pt/C (12.6 m2/gPt) or the carbon-free Pt/Ti0.7W0.3O2 sample
(13.8 m2/gPt) [2]. This observation is in agreement with TEM results, which showed that
the Pt nanoparticles are highly dispersed on the Ti0.7W0.3O2-C composite support.
It was demonstrated that H insertion/deinsertion into the WOx support influenced the
Coulombic charge of the hydrogen region by the so called hydrogen “spill-over” effect.
The difference observed between the ECSACO and the charge calculated from hydrogen
adsorption/desorption region (ECSAH-UPD) values for the Pt/Ti0.7W0.3O2-C catalyst was
related to the formation of tungsten bronzes HxWO3 [2]. In accordance with the literature23 H+ insertion at low electrode potentials were claimed to be responsible for the high
tolerance to CO of the composite supported electrocatalyst.
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Fig. 3. Ar purged COad stripping voltammograms recorded on (A) Pt/C, (red) and PtRu/C
(blue) catalysts, and on (B) Pt/ Ti0.7W0.3O2 (yellow, after mixing 20% of activated carbon
prior to the measurements) and Pt/ Ti0.7W0.3O2-C (green, synthesis route III) catalysts.
(C) COad stripping voltammogram after H2 purging in the “pre-peak” potential range between 0,05 and 0,6 V on Pt/C (green), PtRu/C (blue) and Pt/Ti0.7W0.3O2-C (yellow, synthesis route III) catalysts. Recorded in 0.5 M H2SO4, at 10 mV/s, T= 25 ºC. The current
density j was normalized to the geometrical surface area.




A major issue concerning the catalyst support durability is carbon corrosion, which occurs at potentials above 0.9 V (vs. RHE). Electrochemical corrosion of the carbon supports causes the agglomeration and sintering of the Pt particles, which result in decrease
of the ECSA values. After 5000 cycles (see Fig. 4) the loss in the integrated Coulombic
charge associated with hydrogen adsorption/desorption (QH-UPD) for Pt/Ti0.7W0.3O2-C was
ca. 30 %, while on Pt/C this value was more than 70 % [1].
After the electrochemical stability test experiments the Pt particle size distribution was
verified via TEM technique [1,2]. After 5000 cycles, some extent of sintering and agglomeration of the Pt nanoparticles was observed for both catalysts. On the Pt/C catalyst
the Pt particle size grew from 4.5 ± 1.8 nm to 10.0 ± 5.7 nm, while on the compositesupported catalyst after 5000 cycles the particle size was 6.5 ± 2.3 nm. These results confirm that upon using of the composite support, more effective protection of the Pt particles from agglomeration can be reached.
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Fig. 4. Electrochemical stability study by cyclic polarization: the loss of Q H-UPD charges
associated with hydrogen adsorption/desorption as a function of the number of cycles on
the Pt/Ti0.7W0.3O2-C catalyst prepared by route III (blue) and the home made Pt/C (red).
Recorded at ν=50 mV/s scan rate between 0.05 and 1.25 V in 0.5 M H2SO4, at 25 ºC for
66.7 h.


The measurements in the fuel cell test device showed that the Ti0.7W0.3O2-C compositesupported catalyst prepared by route III has similar activity than Pt/C in the hydrogen
oxidation reaction. However, upon using the Pt/Ti0.7W0.3O2-C catalyst 100 ppm CO concentration in the H2 fuel caused 140 mV voltage loss at 1 A/cm 2 current density, while in
9

the case of Pt/C catalyst the loss was 360 mV, confirming its CO tolerance even under
true reaction conditions.
4.2. Synthesis and characterization of Sn-Pt/C electrocatalysts
The formation of carbon supported Sn-Pt alloys with different Pt/Sn ratios (Pt/Sn= 1.83.0) have been achieved by CSR. Optimum experimental conditions were found for the controlled synthesis of Sn-Pt/C electrocatalysts containing Pt 3Sn alloy phase almost exclusively.
During the preparation of the Sn-Pt/C catalysts the effect of the number of consecutive tin anchoring periods, the amount of added tin in each period and the influence of the final temperature (Tred) of the reduction in the second step of the CSR on (i) the actual composition of
formed bimetallic phases, (ii) chemical state of Sn and Pt, and (iii) presence or absence of
both unmodified Pt and SnOx phases was studied extensively. It was demonstrated that the
method of CSR is a powerful tool to create Pt-Sn bimetallic nanoparticles, without tin deposition onto the carbon support.
 XRD demonstrated that the electrocatalysts with the desired Pt/Sn= 3 ratio contain a nearstoichiometric fcc Pt3Sn alloy phase (75-85 %) along with a certain amount of the Pt-rich
Pt(1-x)Snx solid solution. The presence of a solid solution phase was evidenced by the
broadening of the diffraction peaks at their higher diffraction angle side. Superlattice reflections ascribed to the fcc Pt3Sn alloy phase were also observed (see Fig. 5). In the catalysts with higher tin content (Pt/Sn≤ 2.2) the formation of hcp PtSn phase (Pt:Sn= 1:1)
was also demonstrated. No evidence of the presence of SnO2 phase was found by means
of the XRD analysis [5].
 The content and dispersion of the fcc Pt3Sn phase within the electrocatalysts depends on
(i) the amount and concentration of n-decane solution of SnEt4, (ii) the number of consecutive tin anchoring periods, and (iii) final temperature of H2 pre-treatment (Tred) applied during TPR (the second step of the CSR) [3,5].

Fig. 5. X-ray diffraction pattern of the tin modified Pt/C sample. ♦: Pt3Sn, ○: Pt(1-x)Snx




According to XRD and TEM results upon reduction at T red= 250°C the size of bimetallic
particles in the Sn-Pt/C catalysts was rather smaller than after treatment in H2 at 350°C.
Taking into account the fact that relative abundance of Pt 3Sn phase in samples treated at
350°C and 250°C was quite similar (ca. 80 %), the use of the 250°C as a final temperature in step II was recommended [5].
The mean particle size of the best Sn-Pt/C catalyst with the desired Pt/Sn= 2.9 atomic ratio prepared using the lowest concentration of SnEt 4 in n-decane and four consecutive tin
anchoring periods was 5.0 ± 1.9 nm. According to TEM images the incorporation of tin
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resulted only in a small increase of the mean size comparing to that observed on the parent Pt/C catalyst (4.1 ± 1.6 nm) [5].
Homogeneous distribution of tin in the Pt matrix was evidenced by EDS analysis. Mean
atomic Pt/Sn ratio (Pt/Sn= 2.86) was in a good agreement with the nominal values calculated from the amount of tin introduced during CSR (Pt/Sn= 2.90). In line with XRD results, no evidence of tin segregation or presence of SnO2 phases in the Sn-modified Pt/C
samples were found by means of the EDS analysis [3,5].
According to XPS studies (see Fig. 6.), the air-exposed Sn-Pt/C catalyst contained both
SnO2 and metallic Sn. An in situ treatment in hydrogen at 350°C resulted in complete reduction of the ionic tin to Sn0 [3,5]. A one day air exposure of the H2-treated sample partially restored the SnO2 content. This behaviour confirms the presence of exclusive Sn-Pt
interactions as it is in good agreement with the previous results of our research group,15,26
evidencing the enrichment of tin in the surface layers of the alloy-type SnPt catalysts. In
those studies it was established that in the presence of O 2 and H2 the reversible
interconversion of PtSn ↔ Sn4+ + Pt can easily proceeded even at room temperature [5].

Fig. 6. Sn 3d core level spectra of the Sn-Pt/C sample with Pt/Sn = 3.0 ratio after storage
of the synthesis product in air, after reduction at 350 °C in H2 and after re-oxidation. Fitting components due to metallic Sn and SnO2 are presented by means of red and blue
lines, respectively.
The electrocatalytic activity of the catalysts in the oxidation of CO (see Fig. 7.A) and
methanol (see Fig. 7.B) was evaluated by means of cyclic voltammetry.
 Upon addition of tin the onset potential of CO oxidation has been shifted by 500 mV to
less positive potentials, which indicates a significant improvement in the CO oxidation
ability of the Sn-modified samples in comparison to the Pt/C catalysts (see Fig. 7.A)
[3,5]. Also, the shape of the peaks is rather different; COad oxidation on Sn-modified Pt/C
is a broad peak from ca. 200 to 800 mV, whereas a rather well-defined peak is recorded
for the COad electrooxidation on Pt/C. The difference of the shapes of the CO oxidation

26

J.L. Margitfalvi, I. Borbáth, M. Hegedűs, Á. Szegedi, K. Lázár, S. Gőbölös, S. Kristyán, Catal. Today 73
(2002) 343-353.
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peak indicates that Sn sites nucleate OHad species necessary for the COad oxidation at less
positive potentials than Pt.
CO and methanol electrooxidation activity was the highest over the catalyst prepared using the lowest concentration of SnEt 4 in n-decane ([SnEt4]= 0.023 M) and four consecutive tin anchoring periods. It was demonstrated that the increasing tin content above a certain (optimal Pt/Sn= 3) amount gives rise to a negative effect on the catalyst performance
in the CO and methanol electrooxidation. The high activity is mainly attributed to the (i)
small particle size, (ii) the presence of fcc Pt3Sn phase and (iii) the absence of hcp Sn-Pt
phase [3,5].
The performance of the Pt/C and the most active Sn-Pt/C catalyst for the electrooxidation
of COad and methanol has been also evaluated by in-situ EC-IRAS technique. The obtained results confirmed that Sn is a good promoter for both oxidation reactions on Ptbased catalysts.

A

B

Fig. 7. (A) CO and (B) methanol oxidation on Pt/C (blue) and Sn-Pt/C catalyst with Pt/Sn
= 3.0 ratio (red). Recorded in 0.5 M H2SO4, at 10 mV/s, T= 25 ºC. The current density j
was normalized to the geometrical surface area.


It was demonstrated that tin had a strong dilution effect of the platinum sites decreasing
the number of Pt ensembles necessary for the methanol dehydrogenation to CO. As deduced from the results of the in situ EC-IRAS the actual reaction pathway on Pt/C and
Sn-Pt/C catalysts is different, the direct oxidation of methanol to CO 2 is promoted in the
Sn-modified electrodes [5].

5. Theses
1. Optimum experimental conditions were found to synthesize rutile phase, isovalent tungsten-doped Ti0.7W0.3O2 mixed oxide – activated carbon composites.
1.1.

It was shown that the presence of rutile phase before the high temperature
treatment is prerequisite for complete W incorporation. A sol-gel preparation
method was developed to achieve rutile crystallites on the activated carbon at
room temperature [1-4].

1.2.

It was shown by means of the combination of several analytical methods that
the desired Ti0.7W0.3O2 mixed oxide – activated carbon composite structure is
formed by the high temperature treatment in inert atmosphere followed by reduction in hydrogen of the products of the sol-gel synthesis. The parameters of the
high temperature treatment were optimized in order to minimize the presence of
metallic W and non-incorporated WO2/WO3 phases [1].
12

2. Enhanced CO tolerance of the electrocatalyst prepared using the composite material synthesized in route III was evidenced by the appearance of a CO-oxidation related “prepeak” and by pronounced shift of the maximum of the main CO oxidation peak towards
less positive potential compared to Pt/C [1-3]. The electrochemical stability tests revealed
that the degradation rate of the Pt/Ti0.7W0.3O2-C catalyst is much smaller than that of the
Pt/C catalyst [1-3]. The electrochemical activity and CO-tolerance was confirmed by
measurements in a fuel-cell test device as well.
3. It was shown that the structure of the Sn-Pt/C-type catalysts can be tuned by the parameters of the Controlled Surface Reaction. The synthesis led to the exclusive formation of
Sn-Pt alloy phases with high content of fcc Pt3Sn phase. No evidence of the presence of
SnO2 phases were found, therefore the interaction between Sn and the carbon support was
avoided, Sn interacts solely with Pt [3,5].
4. Direct correlation was observed between the Pt 3Sn content of the catalysts and the
electrocatalytic activity. The onset potential of the CO ad oxidation reaction shifted by 500
mV to less positive potentials compared to Pt/C, together with an increased activity in the
methanol electrooxidation reaction. The reasons of the enhanced activity are (i) the small
particle size, (ii) the presence of fcc Pt 3Sn phase and (iii) the absence of hcp Sn-Pt phase
[5].

6. Application possibilities
The novel 40 wt% Pt/Ti0.7W0.3O2-C electrocatalyts are suitable candidates for the application in PEM fuel cells. Successful investigations in a fuel cell test device demonstrate the
suitability of the material for real life applications. Since the catalysts increased CO-tolerance,
even hydrogen produced by reforming can be introduced to the anode of the system. Stability
tests showed that the support is resistant towards electrocorrosion, the assembled PEM fuel
cells can be used in vehicles as well, where the high potential during start/stop switches would
otherwise lead to severe carbon corrosion in case of conventional Pt/C catalysts.
The Sn-Pt/C type catalysts prepared by Controlled Surface Reaction could be applied in
direct methanol fuel cells (DMFC) as anode electrocatalysts. DMFCs are promising energy
sources for smaller mobile applications or vehicles, due to the easy handling and transportation of the liquid-phase fuel.
In general, for the widespread application of fuel cells it is necessary to reduce the price of
the systems. A major part of the price is contributed to the noble metal content of the catalysts, therefore more in-depth research is needed to improve the performance and decrease the
Pt-content of the catalysts.
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