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Abstract

PtRu/C and PtSn/C electrocatalysts were prepared by the alcohol-reduction process with different atomic ratios.
The electrocatalysts were characterized by EDAX, XRD, TEM and cyclic voltammetry and the electro-oxidation of
ethylene glycol was studied by cyclic voltammetry and chronoamperometry using the thin porous coating technique.
PtRu/C and PtSn/C electrocatalysts were found to be active for ethylene glycol oxidation, which starts at lower
potentials by increasing the ruthenium and tin content. In the region of interest for direct alcohol fuel cell
applications PtSn/C electrocatalysts were more active than PtRu/C electrocatalysts.

1. Introduction

Fuel Cells employing alcohols directly as fuel (Direct
Alcohol Fuel Cell - DAFC) are extremely attractive as
power sources for mobile, stationary and portable
applications. The alcohol is fed directly into the fuel
cell without any previous chemical modification and is
oxidized at the anode while oxygen is reduced at the
cathode. This avoids the problems related to produc-
tion, purification and storage of hydrogen. However,
alcohols are very difficult to electrooxidize completely,
which results in products like aldehydes and acids [1-5].

Methanol has been considered the most promising
organic fuel because it is more efficiently oxidized than
other alcohols; on the other hand, it is toxic and the
methanol crossover through the polymer-electrolyte
membrane results in a decrease of efficiency [6-8].

Ethanol is a renewable and attractive fuel as it can be
produced in large quantities from biomass and it is
much less toxic than methanol. Until now, however, in
direct ethanol fuel cells it cannot be completely oxidized
to CO,, acetaldehyde and acetic acid being the principal
products formed [9, 10].

Recently, Peled et al. [11, 12] reported that methanol/
oxygen and ethylene glycol/oxygen fuel cells equipped
with a new nanoporous proton-conducting membrane
and using PtRu/C (atomic ratio of 1:1) as anode catalyst
provided a maximum power density of 400 and
300 mW cm ™2, respectively, which puts ethylene glycol
in direct competition with methanol as a promising
candidate for practical electric vehicles and stationary

applications [12]. Kelaidopoulou et al. [13] observed
that the addition of ruthenium and tin onto platinum
dispersed in polyaniline increases the electro-oxidation
of ethylene glycol in acid medium; however, the influ-
ence of PtRu or PtSn composition was not investigated.
Based on these results, Vielstich et al. [14] prepared
PtRu electrodes with different compositions (Pt:Ru
atomic ratios between 1:0.087 and 1:0.61) to study the
electro-oxidation of ethylene glycol in acid medium.
They observed that the catalytic activity increased with
the ruthenium content; however, electrodes with higher
ruthenium content could not be prepared by this
methodology.

In this work PtRu/C and PtSn/C electrocatalysts
with Pt:Me atomic ratios between 1:3 and 3:1 were
prepared by alcohol-reduction process [15, 16] and
tested for ethylene glycol oxidation at room
temperature using the thin porous coating technique
[10, 17].

2. Experimental

PtRu/C and PtSn/C electrocatalysts were prepared using
H,PtClg - 6H,O (Aldrich), RuCl;-xH,O (Aldrich) and
SnCl,-2H,0O (Aldrich) as metal sources, ethylene glycol
(Merck) as solvent and reducing agent and Carbon
Vulcan XC72R as support [15, 16].

The Pt:Ru and Pt:Sn atomic ratios were obtained by
EDAX analysis using a scanning electron microscope
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Philips XL30 with a 20 keV electron beam and provided
with EDAX DX-4 microanaliser.

The XRD analyses were performed using a Rigaku
diffractometer model Multiflex with a CuKa radiation
source.

Transmission electron microscopy (TEM) was carried
out using a Carl Zeiss CEM 902 apparatus with a
Proscan high-speed slow-scan CCD camera and digital-
ized (1024 x 1024 pixels, 8 bits) using the AnalySis
software. The particle size distributions were determined
by measuring the nanoparticles from micrographs using
Image Tool Software.

Electrochemical studies of the electrocatalysts were
carried out using the thin porous coating technique
[10, 17]. An amount of 20 mg of the cletrocatalyst was
added to a solution of 50 ml of water containing 3
drops of a 6% polytetrafluoroethylene (PTFE) sus-
pension. The resulting mixture was treated in an
ultrasound bath for 10 min, filtered and transferred to
the cavity (0.30 mm deep and 0.36 cm” area) of the
working electrode. The quantity of electrocatalyst in
the working electrode was determined with a precision
of 0.0001 g. In cyclic voltammetry and chronoampe-
rometry experiments the current values (I) were
expressed in amperes and were normalized per gram
of platinum (4 g Pt™"). The quantity of platinum was
calculated considering the mass of the electrocatalyst
present in the working electrode multiplied by its
percentage of platinum (Table 1). The reference elec-
trode was a RHE and the counter electrode was a
platinized Pt plate. Electrochemical measurements
were made using a Microquimica (model MQPGO1,
Brazil) potentiostat/galvanostat coupled to a personal
computer and using the Microquimica software. Cyclic
Voltammetry was performed in a 0.5 mol I™! H,SO,
solution saturated with N,. The evaluation of ethylene
glycol oxidation was performed at 25°C in three
different concentrations: 0.1, 0.5 and 1.0 mol I"!. For
comparative purposes a commercial carbon supported
PtRu catalyst from E-TEK (20 wt. %, Pt:Ru molar
ratio 1:1, Lot # 3028401) was used. For chronoampe-
rometry, the electrolyte solution was 1 mol 17! of
ethylene glycol in 0.5 mol 1"! H,SO,.

Table 1. Pt:Me atomic ratio (from EDAX) and particle sizes (from
TEM) of the prepared electrocatalysts

Electrocatalyst Pt Me Pt:Me Pt:Me  Particle size
/wt. % /wt. % atomic atomic /nm
ratio  ratio
EDAX
PtRu/C 1:1 13.2 6.8 1:1 1:1.1 4.0 £ 1.5
PtRu/C 1:3 7.8 12.2 1:3 1:2.5 55 £ 20
PtRu/C 3:1 17.0 3.0 3:1 3:1 50 £ 1.5
PtSn/C 1:1 12.4 7.6 1:1 1.2:1 4.0 + 1.0
PtSn/C 1:3 7.1 12.9 1:3 1:2.5 50 £ 1.5
PtSn/C 3:1 16.6 3.4 3:1 2.5:1 -
PtRu/C E-TEK 13.2 6.8 1:1 1:1.1 2.5 £ 0.7

3. Results and discussion

The carbon-supported platinum-ruthenium and plati-
num-tin nanoparticles were prepared in a single step
(co-reduction of mixed ions) using ethylene glycol as
solvent and reducing agent in the presence of carbon
Vulcan XC72R [15, 16]. The Pt:Ru and Pt:Sn atomic
ratios of the obtained electrocalysts were similar to the
atomic ratios used in the preparations (Table 1). The
X-ray diffractograms of the electrocatalysts are shown
in Figure 1. For all PtRu/C electrocatalysts the first
broad peak at about 25° is associated with the Vulcan
XC-72R support material. The diffractograms of PtRu/
C electrocatalysts with a Pt:Ru molar ratio of 3:1 and
1:1 show peaks at approximately 20=40°, 47°, 67° and
82° that are associated with the (111), (200), (220) and
(311) planes, respectively, of the fcc structure of plati-
num and characteristic of PtRu alloys with up to 50
at.% of ruthenium [16]. The electrocatalyst PtRu/C with
a Pt:Ru molar ratio of 1:3 shows the typical peaks of the
fee structure of platinum with a shoulder at about 44°
corresponding to a metallic ruthenium or to materials
rich in Ru with hexagonal structure [17]. The PtSn/C
electrocatalysts with a Pt:Sn atomic ratio of 3:1 and 1:1
also show four diffraction peaks at about 20=40°, 47°,
67° and 82° characteristic of the fcc structure of
platinum and platinum alloys. Recently, Xin et al. [18]
prepared PtSn/C electrocatalyst with a Pt:Sn atomic
ratio of 2:1 by a similar procedure. The analysis of the
diffractogram also revealed the typical peaks relative to
the fcc structure of platinum. The comparison to the
lattice parameter of bulk platinum showed that the
addition of Sn increases the lattice parameter, indicating
a Pt and Sn alloy to some extent [18]. Interestingly, the
typical peaks relative to the fcc structure of platinum are
not evident for PtSn/C electrocatalyst with a Pt:Sn
atomic ratio of 1:3. The diffractogram of this sample
shows peaks at about 20=27°, 34°, 52°, 54°, 62° and 66°
that are associated with the planes (110), (101), (211),
(220), (310) and (301), respectively, and characteristic of
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Fig. 1. X-ray diffractograms of PtRu/C and PtSn/C electrocatalysts.



Fig. 2. TEM micrographs (a) PtRu/C 1:1 and (b) PtSn/C 1:1 electro-
catalysts.

cassiterite SnO, phase [19]. The peaks of cassiterite
phase (20=34° and 52°) are also present in the diffra-
tograms of PtSn/C electrocatalysts with a Pt:Sn atomic
ratio of 3:1 and 1:3. The TEM micrographs of PtRu/C
electrocatalysts (Figure 2a) show the nanoparticles with
a good distribution on the carbon support and particle
sizes in the range 4-5 nm [16]. PtSn electrocatalysts
(Figure 2b) have similar particle sizes; however, the
nanoparticle distribution on the carbon is not as good as
observed for PtRu/C electrocatalysts.

Cyclic voltammograms for the PtRu/C and PtSn/C
electrocatalysts with different atomic ratios, in the
absence of ethylene glycol, are shown in Figures 3a
and 3b, respectively. In this case, all the electrocatalysts
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Fig. 3. Cyclic voltammetry of (a) PtRu/C and (b) PtSn/C electrocat-
alysts in 0.5 mol 1”' H,SO, with a sweep rate of 10 mV s~ .

do not have a well-defined hydrogen adsorption—
desorption region and the currents in the double layer
increase with increase in ruthenium and tin content. This
may be attributed to the presence of more ruthenium
and tin oxide species, which are very important to
methanol, ethanol and ethylene glycol oxidation at low
potentials [14, 20-23].

The electro-oxidation of ethylene glycol was studied
varying the concentration from 0.1 to 1.0 moll™!
(Figure 4). In a general manner, for all electrocatalysts,
the current values in the hydrogen region (0-0.4 V)
decrease with increase in ethylene glycol concentration,
most likely due to the increase in ethylene glycol
adsorption on the nanoparticles surface [20, 21]. For
potentials more positive than 0.4 V the current values
increase with ethylene glycol concentration even for
1.0 mol 17",

The PtRu/C and PtSn/C electrocatalysts perfor-
mances in ethylene glycol oxidation are shown in
Figures 5a and S5b, respectively. In these figures the
anodic cyclic voltammetry responses were plotted after
subtracting the background currents [10, 17] and the
current values were normalized per gram of platinum,
considering that ethylene glycol adsorption and dehy-
drogenation occur only on platinum sites at ambient
temperature [24-27]. The electro-oxidation of ethylene
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Fig. 4. Cyclic voltammetry of (a) PtRu/C 1:3 and (b) PtSn/C 1:1
electrocatalysts in 0.5 mol 1”' H,SO, containing different concentra-
tions of ethylene glycol with a sweep rate of 10 mV s™'.

glycol in the presence of PtRu/C electrocatalysts only
starts above 0.4 V. The PtRu/C electrocatalysts with a
Pt:Ru atomic ratio of 1:1 and 3:1 give poorer perfor-
mance than the commercial PtRu/C E-TEK electrocat-
alyst, while the electrocatalyst with a Pt:Ru atomic ratio
of 1:3 shows a better performance than the commercial
electrocatalyst above 0.5 V. Vielstich et al. [14] studied
the electro-oxidation of ethylene glycol in acid medium
using PtRu electrodes prepared by electrodeposition and
observed that the performances increased with increase
in ruthenium content. In that study, in situ FTIR
spectroscopy was used to monitor the reaction products,
showing that the dissociative adsorption of ethylene
glycol produces as intermediate adsorbed carbon mon-
oxide. Besides CO,, glycolic and/or oxalic acid were
observed as soluble products. Contrary to expectation,
as in the case of methanol where the oxidation of the CO
intermediate to CO, is improved in the presence of
ruthenium, the product analysis showed that the com-
plete oxidation of ethylene glycol to CO, was favored by
a high platinum content. It was suggested that the
dissociative adsorption of ethylene glycol was unfavor-
able in the presence of ruthenium and that ruthenium
promotes not only the oxidation of CO to CO,, but also
parallel pathways, which require oxygen donor species
for product formation [14].
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Fig. 5. Cyclic voltammetry of (a) PtRu/C and (b) PtSn/C electrocat-
alysts in 0.5 mol 1! H,SO, containing 1.0 mol ™! of ethylene glycol
with a sweep rate of 10 mV s~!, considering only the anodic sweep.

PtSn/C electrocatalysts showed better performance
than the commercial PtRu/C electrocatalyst for ethylene
glycol electro-oxidation (Figure 5b). In addition, the
electro-oxidation of ethylene glycol with PtSn/C elect-
rocatalysts starts at lower potentials than PtRu/C
electrocatalysts and a desirable decrease in these values
was observed with increase in tin content. For instance,
the electro-oxidation starts at approximately 0.25 V for
the electrocatalyst with a Pt:Sn molar ratio of 1:3. The
electrocatalysts with more tin content (Pt:Sn molar ratio
of 1:1 and 1:3) showed better performance than those
(Pt:Sn molar ratio of 3:1) with higher platinum content.
Similar behavior was observed by Xin et al. [22, 23] in a
single direct ethanol fuel cell. The PtSn/C electrocata-
lysts with a Pt:Sn atomic ratio of 1:1, 1.5:1 and 2:1
showed better performance than those with 3:1 and 4:1
and all of them were more active than the PtRu/C
electrocatalyst with a Pt:Ru atomic ratio of 1:1. The
better performance of PtSn/C electrocatalysts in ethanol
oxidation was attributed to changes in the platinum
lattice due to the addition of tin and to the electronic
interaction between Pt and Sn, both of which favor C-C
bond cleavage, while the CO intermediate formed
during breaking of the C—C bond was removed by tin
oxide species (bifunctional mechanism) [22, 23].
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Fig. 6. Cyclic voltammetry of PtSn/C 1:1, PtSnRu/C 1:0.5:0.5, PtRu/C
1:1 and PtRu/C 1:3 electrocatalysts in 0.5 mol ™' H,SO, containing
1.0 mol I"' of ethylene glycol with a sweep rate of 10 mV s,
considering only the anodic sweep.

The performances of PtRu/C (Pt:Ru atomic ratio of
I:1 and 1:3), PtSn/C (Pt:Sn atomic ratio of 1:1) and
PtSnRu/C (Pt:Sn:Ru atomic ratio of 1:0.5:0.5) electro-
catalysts for ethylene glycol eletro-oxidation are shown
in Figure 6. The performance of the PtSnRu/C 1:0.5:0.5
electrocatalyst was better than that of PtRu/C 1:1 but
inferior that of to PtSn/C 1:1 electrocatalyst, which
presents the best performance in the region of interest
for direct alcohol fuel cell applications (0.2-0.6 V). The
PtRu/C 1:3 clectrocatalyst showed a superior perfor-
mance but only above 0.6 V. The current-time curves
for PtSn/C 1:1 and PtRu/C 1:3 electrocatalysts are
shown in Figure 7. In all of the current-time curves there
is an initial current drop in the first 5 min, followed by a
slower decay. The current values for PtSn/C 1:1 elect-
rocatalyst are always higher than those obtained for
PtRu/C 1:3 electrocatalyst.

1.0 mol L™ ethylene glycol

PtSn/C 1:1 400 mV
—o—PtSn/C 1:1 500 mV
—o—PtRu/C 1:3 400 mV
——PtRu/C 1:3 500 mV

O e G i

T )

t/ min

Fig. 7. Current-time curves at 0.4 and 0.5V in 1 mol I"! ethylene
glycol solution in 0.5 mol I"! H,SO, for PtRu/C 1:3 and PtSn/C 1:1
electrocatalysts.
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4. Conclusions

The alcohol-reduction process was an effective method
for making active PtRu/C and PtSn/C electrocatalysts
for ethylene glycol oxidation. The electrocatalysts
prepared with a Pt:Me molar ratio of 3:1 and 1:1 show
the typical fcc structure of platinum and platinum
alloys. Increase in ruthenium and tin content (Pt:Me
molar ratio of 1:3) leads to the formation of a separated
ruthenium and tin oxide phase, respectively. For PtRu/
C clectrocatalysts the electro-oxidation of ethylene
glycol starts at lower potentials and the current values
increase with the increase in ruthenium content. In the
presence of PtSn/C electrocatalysts the electro-oxidation
also starts at lower potentials with increase in tin
content; however, in the region between 0.4 and 0.6 V
the electrocatalyst with a Pt:Sn atomic ratio of 1:1 shows
higher current values than the electrocatalyst with an
atomic ratio of 1:3. Independent of the Pt:Me atomic
ratio used, PtSn/C electrocatalysts are better for ethyl-
ene glycol oxidation than PtRu/C electrocatalysts
because the oxidation starts at lower potentials and
high current values are obtained in the region of interest
for direct alcohol fuel cells. However, in the presence of
platinum and tin oxide species, a detailed study is
needed in order to know if the adsorption of ethylene
glycol occurs with breaking of C—C bond and formation
of CO as intermediate, which is oxidized to CO,
(bifunctional mechanism), or if the dissociative adsorp-
tion is unfavorable and these species leads to the
formation of partial oxidized products like aldehydes
and acids.
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