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Abstract High surface area carbon-supported Pt, PtRh, and
PtSn catalysts were synthesized by microwave-assisted polyol
procedure and tested for ethanol oxidation in perchloric acid.
The catalysts were characterized by thermogravimetric analysis
(TGA), X-ray diffraction (XRD), scanning tunnelling micros-
copy (STM), TEM, and EDX techniques. STM analysis of
unsupported catalysts shows that small particles (~2 nm) with
a narrow size distribution are obtained. TEM and XRD exami-
nations of supported catalysts revealed an increase in particle
size upon deposition on carbon support (diameter~3 nm). The
diffraction peaks of the bimetallic catalysts in X-ray diffraction
patterns are slightly shifted to lower (PtSn/C) or higher
(PtRh/C) 26 values with respect to the corresponding peaks at
Pt/C catalyst as a consequence of alloy formation. Oxidation of
ethanol is significantly improved at PtSn/C with the onset
potential shifted for~150 mV to more negative values and the
increase of activity for approximately three times in comparison
to Pt/C catalyst. This is the lowest onset potential found for
ethanol oxidation at PtSn catalysts with a similar composition.
Chronoamperometric measurements confirmed that PtSn/C is
notably less poisoned than Pt/C catalyst. PtRh/C catalyst
exhibited mild enhancement of overall electrochemical reaction
in comparison to Pt/C.
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Introduction

Limited sources of fossil fuels as well as the request for
reduction of environmental pollution led to the development
of alternative energy sources, such as fuel cells. Although the
best performance, so far, has been achieved using hydrogen as
fuel, its storage, handling, and distribution appear to be impor-
tant barriers for direct and widespread application. Direct use of
liquid fuels, such as methanol, ethanol, and formic acid, has
been studied as a convenient alternative. Ethanol is receiving
increasing attention due to its low toxicity and large quantity
production from the fermentation of biomass as a renewable
biofuel [1]. However, to oxidize ethanol efficiently, it is neces-
sary to develop a catalyst capable for converting it completely
to CO,. Pt is an excellent catalyst for dehydrogenation of small
organic molecules but, on the other hand, has several signifi-
cant drawbacks: high cost, extreme susceptibility to poisoning
by CO, and, in the case of ethanol, the main products of its
oxidation are acetaldehyde and acetic acid, while CO, is pro-
duced at high potentials [2]. Efforts to improve catalyst perfor-
mance and minimize quantity of Pt in the catalyst have been
centered on the addition of metals such as Ru, Rh, W, Pd, Sn,
etc. [1-10].

PtSn is one of the extensively studied and among the most
active bimetallic catalysts for ethanol oxidation. The activity
of PtSn is attributed to a bifunctional mechanism in which
alcohol is adsorbed and dehydrogenated at Pt, while added
metal supplies OH at significantly lower potentials compared
to Pt, providing oxidation of adsorbed reaction intermediates
(CO-like species strongly adsorbed on adjacent Pt active sites)
leading to carbon dioxide, in the situation that the C—C bond
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was broken and the formation of acetaldehyde and acetic acid
was suppressed [11, 12]. Besides, the electronic interaction
between Pt and alloyed metal results in a weaker bond of
adsorbed species on Pt and contributes to enhanced activity of
these catalysts [12—16]. While there is no doubt in the bene-
ficial role of the bifunctional mechanism in increased activity
of PtSn catalyst for ethanol oxidation, this view on alloying
effect is rather controversial. According to some authors,
higher alloying degree leads to a larger increase in activity
of the PtSn catalyst [14, 15], whereas for others, unchanged
lattice parameter of Pt in nonalloyed Pt-SnOj catalysts enables
remarkable promotion of ethanol oxidation [17—19]. However,
although affecting the overall electrochemical activity in etha-
nol oxidation, addition of Sn does not enhance the yield of
CO,, i.e., C—C bond braking as revealed by differential mass
spectrometry (DEMS) and in situ infrared spectroscopy (FTIR)
[2,7,13].

On the other hand, addition of Rh to Pt leads to increased
ratio of CO,/acetaldehyde and CO,/acetic acid as evidenced by
DEMS and FTIR techniques, which is ascribed to improved
activation of C—C bond dissociation [9, 20]. At the same time,
the overall electrochemical reaction is not enhanced by the
PtRh/C catalyst possibly because of a stronger CO—Rh bond
and/or slower dehydrogenation of ethanol at Rh in comparison
to Pt [21].

In general, electrocatalytic performance of the Pt-based
catalysts considerably depends not only on the nature of the
added metal but also on a variety of conditions of the
synthesis procedures which determine surface composition
and morphology of synthesized materials. In the last decade,
polyol method has been often used for the preparation of Pt
or Pt-based nanoclusters with small particle size and narrow
size distribution [22]. In this procedure, ethylene glycol
(EG) and hydroxide are used as stabilizers. EG acting as
both reaction and dispersion media can efficiently adsorb
and stabilize the surface of the particles [23] and favor
formation of metal particles with good dispersivity [24,
25]. Since EG has high permanent dipole, it is very suscep-
tible to microwave irradiation, which can take up the energy
from the microwave field and get the polar reaction solution
heated up to high temperature instantaneously [26]. The fast
and uniform microwave heating reduces the temperature and
concentration gradients, thus accelerating the reduction of
the metal ions and enabling homogeneous nucleation and
shorter crystallization time leading to formation of small
uniform metal particles [27-30].

In this work, as-prepared carbon-supported nanoparticles,
Pt, PtRh, and PtSn catalysts, synthesized by microwave-
assisted polyol method, were characterized for ethanol elec-
trooxidation reaction. Although microwave-assisted synthe-
sis of Pt/C and PtSn/C catalyst has been described in
literature [28, 31], to our knowledge, only recently have
such catalysts been studied for ethanol oxidation [32]. This
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reaction has not been examined by PtRh/C catalyst prepared
by microwave irradiation so far.

Experimental
Preparation of the catalysts

Stabile Pt, PtRh, and PtSn nanoparticles were prepared by
polyol method. Briefly, equal volumes of 0.05 M water sol-
utions of required metal precursor salts (H,PtClg alone or
either with SnCl, or RhCl;) were mixed with EG, and NaOH
was added dropwise. The solutions mixture was constantly
stirred. In this way, EG/water ratio was 20/1, NaOH/metal
ratio 8/1, and pH of the solutions adjusted to over 12. The
prepared solutions were heated in a microwave oven at 700 W
for 60 s (Pt) or 90 s (bimetallic). After microwave heating,
colloidal solutions were uniformly mixed with water suspen-
sion of high-area carbon (Vulcan XC-72) and 2 M H,SO,4
solution and stirred for 3 h. The resulting suspension was
filtered, and the residue was rinsed with high purity water.
The solid product was dried at 160 °C for 3 h in N, atmo-
sphere. In all cases, the amount of metal and carbon was
adjusted to the loading of 20 mass% of the catalyst.

Characterization of the catalysts

The thermogravimetric (TGA) and differential thermal (DTA)
analyses were performed simultaneously (30—800 °C range)
on a SDT Q600 TGA/DSC instrument (TA Instruments). The
heating rates were 20 °C min ', and the sample mass was less
than 10 mg. The furnace atmosphere consisted of air at a flow
rate of 100 cm® min™"'.

Unsupported Pt, PtRh, and PtSn nanoparticles were char-
acterized by scanning tunnelling microscopy (STM). Samples
were prepared by applying a few drops of a diluted colloidal
solution of a catalyst on a hot HOPG plate. STM character-
izations were performed using a NanoScope III A (Veeco,
USA) microscope. The images were obtained in the height
mode using a Pt-Ir tip (set-point current, i, from 1 to 2 nA,
bias voltage, V,=—300 mV). The mean particle size and size
distribution were acquired from a few randomly chosen areas
in the STM images containing about 100 particles.

The X-ray diffraction (XRD) patterns of the powder cata-
lysts were recorded with an Ital Structure APD2000 X-ray
diffractometer in a Bragg—Brentano geometry using CuKo
radiation (A=1.5418 A) and step-scan mode (range: 15—85 °
26, step-time: 2.50 s, step-width: 0.02 °). The program Pow-
derCell [33] was used for phase analysis and calculation of
unit cell parameters.

Structural examination of the catalysts was performed by
EDX technique coupled with scanning electron microscopy
using JEOL JSM-6610 (USA) instrument with X-Max
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(silicon drift) detector and super atmospheric thin window
(SATW) applying 20 kV. The measurements were per-
formed at ten different regions of each sample.

TEM analysis of the supported catalysts was carried out
using a Philips CM12 TEM microscope (The Netherlands)
operated at 100 kV. The samples were prepared by ultrason-
ically dispersing the catalysts powders in ethanol and apply-
ing a drop of the suspension onto the carbon-coated copper
grid. The size distribution of the catalysts particles were
created based on 450 particles from a few different areas
of the sample for each catalyst.

Electrochemical measurements

All of the electrochemical experiments were performed at
room temperature in a three-electrode compartment electro-
chemical cell with a Pt wire as the counter electrode and a
bridged saturated calomel electrode (SCE) as reference. The
working electrode was a thin layer of Nafion-impregnated
Pt/C, PtRh/C, or PtSn/C catalysts applied on a polished
glassy carbon disk electrode with 20 pg/cm?® loading of
the catalyst. The thin layer was obtained from a suspension
of 2 mg of the respective catalyst in a mixture of 1 ml water
and 50 pl of 5 % aqueous Nafion solution, prepared in an
ultrasonic bath, placed onto the substrate and dried at room
temperature.

The electrocatalytic activity of as-prepared Pt/C, PtRh/C,
and PtSn/C was studied in 0.1 M HCIO4+0.5 M C,HsOH
solution. Ethanol was added to the supporting electrolyte
solution while holding the electrode potential at —0.2 V. The
potential was then cycled up to 0.3 V, i.e., the potential
range of technical interest (£<0.4 V), as well as up to
0.8 V at a sweep rate of 20 mV/s. Current—time transient
curves were recorded after immersion of the freshly pre-
pared electrode in the solution at —0.2 V for 2 s followed by
stepping the potential to 0.2 V and holding the electrode at
that potential for 30 min.

The real surface area of all as-prepared catalysts was
calculated from CO stripping voltammetry. For the CO
stripping measurements, pure CO was bubbled through the
electrolyte for 30 min while keeping the electrode potential
at —0.2 V versus SCE. After purging the electrolyte by N,
for 30 min to eliminate the dissolved CO, the adsorbed CO
was oxidized in an anodic scan (50 mV/s). Two potential
cycles were recorded to verify the completeness of the CO
oxidation. The real surface area was estimated by the calcu-
lation of the charge from CO,q stripping voltammograms
(assuming 420 pC/cm? for the CO monolayer). Assuming
that the active surface area determined in this way is equal to
the area for ethanol oxidation [2, 13], the specific catalysts
activities are normalized with respect to values obtained.

All the solutions were prepared from p.a. reagents with
high purity water. The electrolytes were purged with

purified nitrogen prior to each experiment. Autolab poten-
tiostat/galvanostat (Eco Chemie, The Netherlands) was used
in electrochemical experiments.

Results and discussion
Characterization of the catalysts

STM was used in order to characterize the particle size and
surface morphology of as-prepared Pt, PtRh, and PtSn cata-
lysts synthesized from colloidal solutions by microwave irra-
diation before their deposition onto the carbon support. As
observed from the top view of STM images (Fig. 1), all
catalysts have rather uniform particles of a small diameter.
Most particles are in spherical shape. The particle size distri-
bution, evaluated through cross-section analysis (Fig. 1) based
on statistics of over 100 particles for each catalyst, confirmed
particle size of below 2 nm for both Pt and PtSn catalysts and
somewhat over 2 nm for PtRh as well as narrow size distribu-
tion for all catalysts. The small particle sizes and homogeneous
size distributions of all catalysts should be attributed to the
advantages of microwave-assisted modified polyol process in
EG solution. The dielectric constant (41.4 at 298 K) and the
dielectric loss of EG are high, and hence, rapid heating occurs
easily under microwave irradiation [34]. In polyol process, EG
acts as a reaction agent to reduce the metal ions to metal
powders [35]. In this procedure, hydroxide is used as stabilizer,
and thus, pH value of the solution as well as hydroxide/metal
molar ratio is very important for obtaining stable metal par-
ticles [22]. EG with its high viscosity also helps in preventing
agglomeration of the nanoparticles, and for this reason, the
water content in reaction solution effects this process as well as
the reaction temperature influencing the particle size and size
distribution [25]. Thus, fast and uniform microwave heating
accelerated the reduction of the metal ions, and together with
chosen EG/water and NaOH/metal ratios greatly facilitated
small and uniform particle formation.

XRD patterns of the carbon-supported Pt and Pt-based
catalysts (Fig. 2) show main characteristic peaks of face-
centered cubic (fcc) Pt crystalline structure and the diffraction
peak at around 25 ° related to graphitelike structure of Vulcan
support. The slight shift of the diffraction peaks of PtSn/C and
PtRh/C catalysts to lower and higher 26 values, respectively,
with respect to the corresponding values for Pt/C can be
observed. The lattice parameters of all the catalysts are listed
in Table 1, and as can be seen, the lattice parameter for PtSn/C
is enlarged, while PtRh/C has a smaller one regarding to Pt/C.
This indicates that the addition of Sn or Rh to Pt has a different
effect on the Pt crystal structure that can be explained by their
different atomic sizes. Since Sn and Rh has bigger and smaller
atomic radii, respectively, than Pt, their addition would induce
extension or contraction of Pt lattice, respectively. The slight
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Fig. 1 STM images, cross-
section analysis, and
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Fig. 2 XRD patterns of supported Pt/C, PtRh/C, and PtSn/C catalysts

shift of diffraction peaks of PtSn/C and PtRh/C catalysts with
respect to Pt/C and the values of their lattice parameters should
indicate the alloy formation between Pt and added metals but
in low degree. The average crystallite size of each catalyst is
calculated by Scherrer formula [36], and they are mutually
similar, but for each catalyst larger than obtained by STM
(Table 1). The reason for this difference is most probably
because unsupported catalysts have been used for STM anal-
ysis, while XRD examinations have been performed with
supported catalysts. Since the process of particle deposition
onto the carbon support involves thermal treatment, it is
possible that sintering of the particles occurred. Still, the
agreement can be described as considerably good.

Typical TEM images of supported Pt-based catalysts (Pt/
C, PtRh/C, and PtSn/C) and corresponding histograms of
particle size distribution are displayed in Fig. 3. Observation
of these images points out that catalyst particles are uni-
formly distributed on the carbon support. From the particle
size histograms, it is obvious that the supported catalysts
have similar particle size of ~3 nm which is in a very good
agreement with the mean particles size evaluated from the

Table 1 Pt/C, PtRh/C, and PtSn/C catalyst parameters obtained by
STM, XRD, TEM, and EDX analyses

Catalyst Pt/C PtRh/C PtSn/C
STM? Particle size (nm) 1.4+0.3 2.540.3 1.1+0.4
XRD Lattice parameter 0.3944 0.3934 0.3963
a (nm)
XRD Particle size 2.5 2.6 2.6
(nm)
TEM Particle size (nm) 2.7+0.8 3.1+0.7 2.4+0.7
Elemental composition 50:50 50:50
Nominal (at.%)
Elemental composition 60.16:39.84 53.18:46.82

EDX (at.%)

#STM analysis of unsupported catalyst particles

XRD patterns. This confirms sintering of the metal particles
obtained by microwave irradiation upon their deposition
onto the carbon support and explains the difference with
STM analysis of unsupported catalysts.

Although no peaks for metallic Rh or Sn or their oxides
were detected by XRD, their presence should not be exclud-
ed, since they might be present in amorphous state or have a
smaller particle size. Moreover, they should be present in a
significant amount because EDX and TGA analyses of the
catalysts have indicated practically no loss in the catalysts
components. TGA revealed 20, 18, and 16 wt.% for Pt/C,
PtSn/C, and PtRh/C catalyst, respectively. EDX composi-
tions of bimetallic PtSn/C and PtRh/C catalysts (Table 1)
slightly deviate from the nominal values.

Electrochemical performances

Ethanol oxidation was studied at as-prepared Pt/C,
PtRh/C, and PtSn/C catalysts. Therefore, the initial vol-
tammograms, i.e., only 1 cycle for each of the catalysts
have been recorded and presented in Fig. 4. Steady state
cyclic voltammogram for Pt/C is given in the insert to
illustrate similarity of this catalyst with polycrystalline
platinum or other Pt catalysts supported on high areca
carbon [8, 13]. Cyclic voltammograms for Pt/C and
PtSn/C are characterized by a defined region of hydro-
gen adsorption/desorption, separated by a double layer
from the region of surface oxide formation. In the
hydrogen adsorption/desorption region, the cyclic vol-
tammogram for PtSn/C catalyst is similar to the voltam-
mogram for Pt/C but with smaller currents due to a
smaller amount of Pt sites on the surface. There is no
clear boundary between hydrogen adsorption/desorption,
double layer, and surface oxide regions in the cyclic
voltammogram for the PtRh/C catalyst. The voltammo-
gram reminds us of the one for such catalyst obtained
by Lima et al. [9, 21], characterized by a large single
peak in hydrogen adsorption/desorption region which
the authors associated to adsorption/desorption of hydro-
gen on a PtRh intermetallic phase. Shift of reduction
peak for PtRh/C to a more negative potential value in
comparison to Pt/C should be an indication of more
stable oxides of this catalyst [21].

The real surface area of the as-prepared catalysts was
evaluated from CO stripping measurements (Fig. 5), assum-
ing linear bonding of CO,4s [2, 9, 37]. This enabled calcu-
lation of particle size of Pt/C and PtRh/C catalysts
supposing homogenous distribution of spherical-shaped par-
ticles from the equation [38]:

6000

pxS

where S (square meter per gram) is specific surface area and p
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Fig. 4 Initial basic voltammograms of as-prepared Pt/C, PtRh/C, and
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is the density of platinum or alloy. The density of alloy was
calculated according to Chen et al. [39] from the equation:

1 _ Xt +?(_M
PreM Ppt Pm

where x is the mass fraction of the metal in alloy.

Since CO does not adsorb at Sn [40], the real surface area
for the PtSn/C catalyst refers only to Pt, and therefore,
particle size for this catalyst cannot be evaluated. On the
contrary, as CO adsorbs at Rh, the calculated real surface
area of the PtRh/C catalyst then correlates to whole catalyst
surface and enables particle size calculation. The data are
presented in Table 2. The values obtained for the real surface
area of the catalysts confirm that the surface composition
corresponds to the bulk composition. So, for PtSn/C cata-
lyst, the real surface area, which refers only to Pt, is 52 % of
the real surface area of the Pt/C catalyst that coincides well
with EDX result on the bulk composition of the PtSn/C
catalyst. On the other hand, the values obtained for the
particle size, being slightly higher than those obtained by

045 - PtIC
PtRh/C
T~ -=--Pi8nIC
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Fig. 5 CO,q;, stripping curves for as-prepared Pt/C, PtRh/C, and PtSn/
C catalysts in 0.1 M HCIO,4, v=50 mV/s

Table 2 Particle size, real and specific surface areas of Pt/C, PtRh/C,
and PtSn/C catalysts calculated from CO,q4, stripping and TEM
analyses

Catalyst Pt/C PtRh/C PtSn/C
Real surface area (cm?) 343 3.74 1.79
Mean particle size (nm) 33 34 n/a
Specific surface area (m?/g) 85.8 93.5 81.4%
Specific surface area (TEM)® (m?/g) 88.3 91.7 155.6

* Calculated only on Pt content

®S was calculated taking into account particle size and their fractions,
i.e., size distribution

TEM, confirm agglomeration and sintering of the initial
particles during deposition onto the carbon support. Also,
a good agreement between values for the specific surface
areas for Pt/C and PtRh/C, calculated using particle size
obtained from TEM analysis and from the values for real
surface area obtained by CO stripping, points out mainly
monodispersion of the catalyst particles over the substrate.
The large difference between these values for PtSn/C cata-
lyst, is because the real surface area from CO stripping,
refers only to Pt.

Oxidation of adsorbed CO monolayer enables not only
the estimation of catalyst active surface area but also reveals
the catalyst tolerance to CO. Observing the curves presented
in Fig. 5, it can be noticed that at Pt/C, oxidation of CO
commences somewhat before 0.4 V versus SCE and pro-
ceeds through a single sharp peak with current maximum at
0.55 V. The onset potential for CO oxidation at PtSn/C is
shifted to lower values for more than 0.3 V, and the oxida-
tion curve is significantly broadened as well as split into two
peaks (shoulders). The latter one is centered at the potential
value very close to the value of Pt/C, while the former is
shifted for about 100 mV more negative and corresponds to
CO oxidation peaks at Pt-Sn catalysts [12, 15]. Negative
shift of the onset potential of CO oxidation at PtSn/C cata-
lyst is attributed to the presence of oxygen-containing spe-
cies at Sn at lower potentials in comparison to Pt as well as
to the electronic effect of Sn on Pt [12, 15]. Two signals in
the potential peak during oxidation of CO can be explained
by low alloying degree of this catalyst and thus, part of
nonalloyed Pt. Contrary to the case of PtSn/C, CO oxidation
at PtRh/C commences at practically the same potential as at
Pt/C. Since CO adsorption energy for Pt-CO is 125 kJ/mol
and for Rh-CO is 134 kJ/mol [21], the addition of Rh to Pt
in the PtRh catalyst might increase CO bond energy at PtRh,
and although OH adsorbs at Rh at lower potentials in com-
parison to Pt, the oxidation of CO at PtRh is retarded.

The activity of the as-prepared Pt/C, PtRh/C, and PtSn/C
catalysts for ethanol oxidation was evaluated from potentio-
dynamic and chronoamperometric measurements in 0.1 M
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HCIO4+0.5 M C,H50H solution. Potentiodynamic meas-
urements were carried out in the potential range of technical
interest, i.e., up to 0.3 V. This is also the range where no
leaching of the second metal (Sn or Rh) can occur [5]. One
anodic sweep at each catalyst was recorded in the extended
potential region up to 0.8 V as well, in order to follow
completeness of ethanol oxidation. The first anodic sweep
recorded at each catalyst in low potential region is presented
in Fig. 6. While PtSn/C exhibits significant activity related
to Pt/C, there is almost no difference in electrocatalytic
activity between PtRh/C and Pt/C catalysts. Ethanol oxida-
tion commences at —0.15 V at as-prepared PtSn/C and
proceeds with approximately three times higher currents in
comparison to Pt/C. At higher potentials in the extended
potential region (Fig. 7), PtSn/C remains more active than
Pt/C, whereas PtRh/C losses its activity and becomes infe-
rior in comparison to Pt/C. It should be mentioned here that
Pt/C alone with onset potential for ethanol oxidation as well
as the potential of anodic peak located at values lower for
more than 0.1 V exhibits better performance compared to Pt/
C catalysts described in literature [11, 32, 41, 42]. Analysis
of the voltammetric curves in Figs. 6 and 7 point out that the
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Fig. 6 Potentiodynamic curves in low potential region for the oxida-
tion of 0.5 M C,HsOH at as-prepared Pt/C, PtRh/C, and PtSn/C
catalysts in 0.1 M HCIO,4, v=20 mV/s
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Fig. 7 Potentiodynamic curves for the oxidation of 0.5 M C,HsOH at
as-prepared Pt/C, PtRh/C, and PtSn/C catalysts in 0.1 M HClOy, v=
20 mV/s

addition of Sn in PtSn/C catalyst leads to a significant
increase in activity in comparison to Pt/C specially at poten-
tials of technical interest (lower than 0.3 V). The catalyst
retains higher activity even in the extended potential region,
but the current density increases less with the increase in
potential. The initial potential for ethanol oxidation at as-
prepared PtSn/C surface and the potential of anodic peak at
0.6 V are remarkably shifted to lower values in comparison
to other PtSn catalysts with similar composition [5, 6, 8, 11,
32, 42, 43].

As already mentioned, the presence of Sn can promote
ethanol oxidation by an electronic effect and/or by facilitat-
ing a bifunctional mechanism. Activation of interfacial wa-
ter molecules leading to formation of OH species required
for the oxidation of adsorbates generated by dehydrogena-
tion of ethanol at adjusted Pt sites proceeds in Sn at lower
potentials in comparison to Pt. In this way, by oxidation of
C_aa fragments (mostly CO,q), formed by splitting of C-C
bond, to CO, and C, .4 species with the intact C—C bond,
i.e., acetaldehyde to acetic acid, a beneficial effect of Sn is in
refreshing active Pt surface and supplying enough Pt active
sites for adsorption and dissociation of ethanol [11, 32, 42].
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Further, addition of Sn to Pt results in expansion of lattice
parameter and elongation of bonding structure that changes
geometric environment. The extended lattice parameter may
enable C—C bond cleavage and thus, improve the catalytic
activity [42]. Regarding the electronic effect, since Sn has
four valence electrons available for modification of unfilled
d band states of Pt atoms, this charge transfer from Sn atoms
to neighboring Pt atoms may induce a weaker bond between
adsorbates and Pt atoms. In the case of adsorbates with
carbon atom, the poisoning of Pt should be reduced and
adsorption of ethanol could also be diminished [42]. How-
ever, this charge transfer leads to easier formation of Sn
oxide species, and these oxygen-containing species can
facilitate electrooxidation of adsorbates on Pt sites at lower
potentials.

XRD analysis of our PtSn/C catalyst reveals that the
addition of Sn induced only slight extension of Pt—Pt dis-
tances resulting in rather low alloying degree. Since TG and
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Fig. 9 di/dt versus time plots (from =0 to t=120 s) for as-prepared Pt/
C, PtRh/C, and PtSn/C catalysts
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Fig. 10 Long-term stability of PtSn/C and PtRh/C catalysts in 0.1 M
HCIO04+0.5 M C,HsOH versus number of scans, v=20 mV/s (current
values are at 0.3 V)

EDX analyses indicated negligible loss of catalyst compo-
nents, we could reasonably assume that significant quantity
of nonalloyed Sn is present in the catalyst and on its surface.
XPS and XRD analyses of bimetallic PtSn catalysts pre-
pared by microwave-assisted polyol method identify a sig-
nificant amount of SnO, and rather low alloying degree [28,
31, 32]. Thus, it is very likely that Sn in our PtSn/C catalyst
is present mainly as SnO,. The increased activity of our
PtSn/C in comparison to Pt/C catalyst, therefore, is most
probably enabled by a balanced ratio of Pt ensembles for
ethanol dehydrogenation and C—C bond splitting and tin
oxide for OH formation, i.e., by bifunctional mechanism
although the electronic effect of alloyed Sn could play some
role as well. In addition, high activity of as-prepared PtSn/C,
and also Pt/C, catalyst could be supported by the presence of
Pt adislands as well. These Pt adislands, i.e., highly under-
coordinated Pt atoms on the catalyst surface are detected by
STM on Pt single crystals and their remarkable activity in
the oxidation of CO at lower potentials confirmed by FTIR
[44]. Since polycrystalline Pt should have a number of such
undercoordinated Pt atoms, they might as well contribute to
the high activity of the catalysts.

Contrary to PtSn/C, PtRh/C catalyst exhibits similar ac-
tivity for ethanol oxidation as Pt/C at potentials of technical
interest, i.e., up to 0.3 V (Fig. 6). At higher potentials, the
faradeic currents at PtRh/C are lower in comparison to Pt/C
(Fig. 7). Such behavior of the catalyst is in accordance with
literature data [9, 20, 21] for PtRh catalysts of similar Pt to
Rh molar ratio, with the exception for onset potential, since
the oxidation of ethanol commences at our PtRh/C at lower
values. According to Bergamaski et al. [20, 21] Rh is less
efficient for dehydrogenation of ethanol than Pt, and the
high-energy barrier for dehydrogenation can lower reaction
rate at surfaces containing Rh. Another reason for a low
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reaction rate at PtRh catalysts might be difficulty in electro-
oxidation of CO on Rh because of stronger O-Rh bonding
in comparison to Pt—O that can result in higher activation
energy for CO-O coupling and thus hinder CO oxidation
[20]. In this sense, small particle size plays an important
role, since small particles are more oxophylic. Still, DEMS
and FTIR studies revealed improved CO, and decreased
acetaldehyde yields at PtRh surfaces that should mean that
the role of Rh in PtRh catalysts is more likely to increase C—
C bond splitting and not provide oxygen more readily for
CO electrooxidation [20].

To examine the poisoning tolerance of our Pt/C, PtRh/C, and
PtSn/C catalysts during ethanol oxidation, chronoamperometric
experiments have been performed, and the results are presented
in Fig. 8. The PtSn/C catalyst exhibits higher initial current
density at 0.2 V, while Pt/C and PtRh/C demonstrate similar
behavior with lower currents, which is in accordance with
potentiodynamic measurements (Fig. 6). In Pt/C and PtRh/C
catalysts, contrary to PtSn/C, current decay rapidly and reaches
low steady state values in a few minutes. Current decreases
slowly at PtSn/C and stabilizes at the value which is signifi-
cantly higher than for two other catalysts in the experimental
time period. This proves that PtSn/C is considerably less poi-
soned than Pt/C or PtRh/C. Lower poisoning of PtSn/C is
confirmed by di/d¢ as a function of ¢ for short period of time
(t from 0 to 2 min.) (Fig. 9). A smaller value of the slope means
lower initial poisoning of the electrode surface [45]. Thus, it
appears that the addition of Sn to Pt facilitates lower poisoning
compared to Pt/C or PtRh/C, since the experimental slope is
lower by factors 1.29 and 1.33, respectively.

In addition, long-term stability of PtSn/C and PtRh/C
catalysts was tested for ethanol oxidation in 0.1 M HCIO,4
during 150 cycles in the potential range of technical interest,
i.e., between —0.2 V and 0.3 V. The results are presented in
Fig. 10 as the current value at 0.3 V versus number of the
cycle. For both catalysts after initial decrease during the first
5 cycles, decline in current values is significantly retarded
and for PtSn/C at the end of the test is about 70 % lower in
comparison to the fifth cycle, while for PtRh/C, it is about
50 %. This loss in catalyst activity may be due to the
poisoning of the surface or to leaching of the added non-
noble metal. To test leaching of Sn and Rh, the PtSn/C and
PtRh/C electrodes were examined by EDX after the experi-
ments and the results are shown in Fig. 10 as well. These
analyses revealed minor leaching of both metals from bimet-
allic catalysts and confirmed their stability.

Conclusions
Ethanol oxidation reaction was studied at carbon-supported

Pt/C, PtRh/C, and PtSn/C catalysts prepared by microwave-
assisted polyol procedure. According to lattice constants
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obtained from XRD analysis, low alloyed PtSn and PtRh
catalysts were obtained. STM examinations revealed that
unsupported catalysts have rather uniform small particles of
approximately 2 nm. This should be attributed to the advan-
tages of microwave-assisted polyol process in EG solution.
During deposition of catalyst particles onto the carbon sub-
strate and thermal treatment, sintering and agglomeration
occur, and supported catalysts as determined by TEM have
somewhat larger particles of approximately 3 nm.

It is found that the activity of Pt-based bimetallic catalyst
for ethanol oxidation greatly depends on secondary metal
and the electrode potential. While addition of Sn to Pt leads
to the significant enhancement of ethanol oxidation and
lower poisoning of electrode surface, addition of Rh only
modestly changes overall electrochemical reaction. The on-
set potential for ethanol oxidation at our PtSn/C catalyst is
remarkably shifted to lower values in comparison to other
PtSn catalysts with similar composition. The increased ac-
tivity of PtSn/C catalyst is mainly due to a bifunctional
mechanism, enabled most probably by nonalloyed Sn
(Sn0,), although an electronic effect of low alloyed PtSn
could play some role as well.
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