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Different mass ratio proportions of PtSn (m/m) electrocatalysts with 20% metal loading 
on a carbon support were prepared for use in ethanol:methanol solutions oxidation reactions. 
PtSn/C (3:1) (91% alloy degree, lattice parameter of 0.399 nm and mean crystallite size 4.8 nm) 
presented the best activity for oxidation of mixed solutions. The highest normalized current 
(ethanol:methanol 80:20) was 4.2 mA mgPt

-1 (measured after 1800 seconds at 0.5 V). Therefore, 
the PtSn/C (3:1) electrocatalyst with an atomic ratio of 65:35 enhanced both the electronic effect 
and bifunctional mechanism in (ethanol:methanol 80:20), which resulted in the formation of CO2 
at low potentials, as well as the highest amount of by-products than ethanol and methanol.
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Introduction

The evolution of technology makes the search for new 
energy sources necessary, preferably using renewable 
alternative fuels.1,2 The use of PEMFCs (proton exchange 
membrane fuel cells) that turn chemical energy into electrical 
energy has been widely studied as an alternative due to its 
high efficiency and low greenhouse gases emission.3-5

However, PEMFCs have a high cost due to the use of a 
Pt electrocatalyst and difficulties related to the transport and 
storage of hydrogen.6-9 Therefore, other fuel options, such 
as methanol and ethanol,10-15 have been studied because 
they are liquids and have a relatively high energy density.16

For the methanol oxidation reaction, formaldehyde, 
formic acid, CO and CO2 are produced, and methanol is 
the least reactive among these molecules in production of 
CO2.17 Therefore, the rate-determining step in methanol 
oxidation to CO2 is associated with the conversion of 
methanol to formaldehyde (i.e., oxidation of the first two 
electrons). In addition, the slow kinetics of methanol as well 
as its crossover and toxicity are problematic.18

Ethanol can be obtained from biomass and has a 
higher energy density (8.0 kW h kg-1) compared to that of 
methanol (6.1 kW h kg-1),19,20 but the oxidation of ethanol 
may involve a complex reaction pathway, and may be 
produced CO, acetaldehyde, acetic acid, CO2 as well as 
2-carbon intermediates.21,22

Therefore, a mixture of ethanol and methanol can 
provide new reaction pathways, which may favor the 
formation of different intermediates and contribute to more 
effective electron transfer than that during oxidation in pure 
solutions. These pathways may improve the electrocatalytic 
activity. Therefore, investigation of the oxidation reactions 
of different ratios of these mixed solutions is important for 
determining the ideal ratio of each alcohol for future use 
in direct alcohol fuel cells.

Based on the study of different ratios of ethanol and 
methanol mixtures, Wongyao et al.23 concluded that 
the PtRu/C electrocatalyst was more efficient than the 
PtRu-PtSn/C electrocatalyst for mixed solutions in direct 
alcohol fuel cells. However, in all of the cases, the solution 
containing only methanol exhibited the best performance 
in tests with a single cell, which indicated that the slow 
kinetics of ethanol may hinder the reaction. In addition, to 
optimize the direct alcohol fuel cells (DAFC)  performance 
using mixed alcohols, the electrocatalyst used for the anode 
must selectively adsorb an alcohol, especially ethanol. 
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Thus, Wongyao et al.23 suggested that different proportions 
of PtSn/C can be used as electrocatalysts because an anode 
composed of this material will selectively adsorb ethanol.

Taking into account previous studies,14,24,25 PtSn/C (3:1) 
with an alloy degree of approximately 92% was one of the 
best materials reported for ethanol oxidation. Additionally, 
to optimize the DAFC performance using mixed alcohols 
(i.e., ethanol and methanol) the electrocatalyst used for 
the anode must selectively adsorb an alcohol, especially 
ethanol (e.g., PtSn/C (3:1)).

In this context, the goal of this study was to investigate 
the oxidation of mixed ethanol and ethanol solutions with 
various ratios using PtSn/C electrocatalysts with mass 
ratios of 3:1, 1:1 and 1:3 aiming to maximize the ethanol 
adsorption. Additionally, the current densities and formed 
by-products were maximized at low potentials compared 
to those of ethanol and methanol solutions.

Experimental

Preparation of the electrocatalysts

The PtSn electrocatalysts were prepared using the 
polymeric precursor method according to a previously 
reported protocol.14,24 Citric acid (CA) was dissolved in 
ethylene glycol (EG) at a 1:4 molar ratio at 60 °C. Different 
amounts of H2PtCl6·7 H2O and SnCl2·H2O were added to 
obtain 3:1, 1:1 and 1:3 mass ratios. The metal:CA:EG 
molar ratio of 1:50:200 was maintained. The catalysts were 
supported in an appropriate amount of Vulcan XC-72 (Cabot 
Corporation®) that was added to the resin (20% metal mass 
load on carbon). Then, the mixtures were homogenized 
in an ultrasonic bath for an hour and thermally treated at 
400 °C for 2 hours under a N2 atmosphere.

Physical characterization

Energy dispersive spectroscopy (EDS) technique using 
a scanning electron microscopy (FESEM JMS-6701F 
JEOL) operating at 20 kV was used in order to measure 
the chemical composition of PtSn/C electrocatalysts. 
X-ray diffraction (XRD) analyses were performed using a 
Bruker diffractometer with a CuKα radiation source that 
was operated in continuous scan mode (2° min−1) from 
20 to 80° (2θ degrees) to determine the crystalline phases 
and estimate the mean crystallite sizes. Morphological 
measurements were obtained using a transmission electron 
microscopy (TEM) technique on a FEI Tecnai G2 20 TEM 
instrument operating at 200 kV. The average particle size 
was estimated using the Image J software package, and 
more than 200 different particles were analyzed.

Electrochemical measurements

The electrochemical characterization was performed 
using cyclic voltammetry (v = 0.05 V s-1), and the activity 
of the materials was evaluated by cyclic voltammetry 
(v = 0.01 V s-1) and chronoamperometry (0.5 V for 1800 s). 
All of the electrochemical measurements were performed 
at room temperature using an Autolab 302N potentiostat in 
a H2SO4 (0.5 mol L−1) solution in the presence and absence 
of ethanol and methanol mixtures (1 mol L-1) with various 
EtOH:MeOH ratios (i.e., 100:0, 80:20, 60:40, 40:60, 20:80 
and 0:100). In addition, a conventional three-electrode 
electrochemical cell was used, and this cell consisted of a 
2 cm2 Pt plate as the counter electrode, a reversible hydrogen 
electrode (RHE) as the reference electrode and a glassy 
carbon electrode as the support for the working electrodes.

Spectroelectrochemical in situ ATR-FTIR (attenuated 
total reflectance Fourier transformed infrared spectroscopy) 
measurements were performed using a Varian® 660 IR 
spectrometer equipped with a MCT detector cooled with 
liquid N2, a MIRacle with a Diamond/ZnSe Crystal Plate 
(Pike®) ATR accessory and a special cell, as described 
by Silva et al.,14 using a conventional three-electrode 
scheme. The electrocatalytic activity of the materials was 
studied using a 0.1 mol L−1 HClO4 solution containing 
ethanol and methanol mixtures with various EtOH:MeOH 
ratios (i.e., 100:0, 80:20, 60:40, 40:60 and 20:80). All 
spectroelectrochemical measurements were carried out 
in duplicate. The working electrodes were prepared using 
3 µL of electrocatalytic dispersion.

Results and Discussion

The elemental composition of PtSn/C electrocatalysts 
was measured by EDS as shown in Table 1. In general, 
the percentage of carbon Vulcan XC - 72 in the samples 
was 80 ± 2% and the oxygen percentage increases with Sn 
amount in the electrocatalysts (11-16%).

Figure 1a shows the XRD patterns of the PtSn/C (3:1), 
(1:1) and (1:3) electrocatalysts. The peaks positions are 
also included for reference. Significant alloy formation was 

Table 1. Chemical semiquantitative analysis by EDS for PtSn/C 
electrocatalysts prepared by polymeric precursor method

Electrocatalyst
Mass ratio / % Atomic ratio / %

Pt Sn Pt Sn

PtSn/C (3:1) 77 23 67 33

PtSn/C (1:1) 51 49 41 59

PtSn/C (1:3) 22 78 16 84
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observed for PtSn/C (3:1) based on a shift in the 2θ values 
for the Pt peaks. The alloying degree (91%) and TEM 
(Figure 1b) morphology/mean particle diameter results were 
very similar to those reported by Silva et al.14 However, in 
the PtSn/C (1:1) and PtSn/C (1:3) electrocatalysts, barely 
any alloy formation was observed, and different sizes and 
mean particle distributions were observed compared to that 
for PtSn/C (3:1). As expected, high amounts of Sn increased 
the formation of SnO2 in the electrocatalysts.26 In addition, 
the peaks observed for SnO2, carbon and Pt are consistent 
with those reported in the literature.27

Based on the results in Figure 1a, the lattice parameters 
and crystallite sizes of the electrocatalysts were calculated 
from the Pt (200) peak position and are presented in 
Table 2. The lattice parameter (α) was calculated based 
on equation 1,28 and the crystallite size (τ) was calculated 
from equation 2.

 (1)

 (2)

In these equations, h, k and l are the Miller indexes, λ 
is the wavelength, n is the reflection order, θ is the incident 
X-ray angle, k is the shape coefficient (k = 0.9), and β is the 
full width at half maximum. For all of these cases except 
PtSn/C (3:1), the lattice parameter calculated was consistent 
with the expected value because the Pt lattice parameter 
was approximately 3.917,24 and the slight displacement 
(especially for PtSn/C (1:1) and PtSn/C (1:3)) was due to 

an increase in the amount of SnO2 in the electrocatalysts 
because the lack of alloy formation decreases the lattice 
parameter.29

In addition, the observed crystallite sizes are consistent 
with those observed by Silva et al.,14 who employed the 
polymeric precursor method to produce PtSn/C (3:1) 
electrocatalysts with a high alloy degree and crystallite sizes 
of approximately 5 nm. Due to the low alloy formation in 
the PtSn/C (1:1) (39%) and PtSn/C (1:3) electrocatalysts, 
their crystallite sizes were expected to be high because an 
increase in SnO2 results in an increase in the crystallite 
size,20,30 and the diffraction peaks become larger.

Figure 2a shows the cyclic voltammograms of all of 
the studied electrocatalysts in acidic media. The hydrogen 
adsorption and desorption potential regions (0.05-0.4 V) 
are less important for these electrocatalysts compared to 
those of a Pt/C electrocatalyst due to the addition of Sn 
decreasing the interaction between hydrogen molecules 
and the Pt surface. Hydrogen molecules can block Pt sites 
and even modify their electronic properties.31,32

The cyclic voltammograms of the catalysts indicate an 
increase in the current at the double layer between 0.4 and 

Figure 1. (a) X-ray diffractograms of the PtSn/C (3:1), PtSn/C (1:1) and PtSn/C (1:3) electrocatalysts prepared using the polymeric precursor method. 
Transmission electron microscopy (b) image and (c) size distribution histogram for the PtSn/C (3:1) electrocatalyst.

Table 2. Lattice parameters and crystallite sizes calculated for all of the 
electrocatalysts

Electrocatalyst
Lattice 

parameter / nm
Crystallite 
size / nm

Alloy 
degree28 / %

PtSn/C (3:1) 0.399 8.4 91

PtSn/C (1:1) 0.394 3.6 39

PtSn/C (1:3) 0.392 3.5 −
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0.8 V, which may be related to Sn oxide species. The peaks 
that appeared at approximately 0.66 and 0.60 V are maybe 
due to O2 adsorption/desorption from the dissociation of 
water on Sn oxide.14 In this potential region, for a lower 
amount of Sn in the electrocatalyst, the current values 
are broader, which is most likely due to a decrease in 
electroactive surface area (ESA) of the SnO2 species. A 
higher mean crystallite sizes corresponds to a lower ESA for 

SnO2.30 Between 0.8 and 1 V, the peak corresponding to Pt 
oxidation and PtO reduction was observed, the current for 
this peak was the smallest for the electrocatalysts containing 
less Pt, as expected.

It is important to note that the results for the oxidation 
of ethanol, methanol and ethanol and methanol mixtures 
were not inserted because the electrocatalytic activity was 
too small using PtSn/C (1:1) and PtSn/C (1:3). Subsequent 
experiments were only performed using PtSn/C (3:1).

The cyclic voltammograms of the oxidation of solutions 
using PtSn/C (3:1) are shown in Figure 2a. As expected, 
the higher ethanol volume present the less positive onset 
oxidation potentials because the adsorption of ethanol 
molecules was favored for this material, which results 
from the change in the Pt electronic structure due to Sn.24 
However, the highest normalized current peak was observed 
for the solution that contained only methanol, which is most 
likely due to the CO adsorption step.33 This step is favored 
in methanol and oxidizes at the highest positive potentials 
(in the peak current region).

The activity of the PtSn/C (3:1) electrocatalyst for the 
oxidation of the solutions in the potentiostatic experiments 
is shown in Figure 2c. The oxidation of the EtOH:MeOH 
(80:20) solution exhibited the highest normalized current 
after 1800 seconds. However, from the beginning of the 
oxidation reaction to 1200 seconds, the EtOH:MeOH 
(60:40) solution exhibited the highest normalized current.

This result indicated that in the presence of Sn, the Pt sites 
primarily adsorb ethanol molecules. However, the complete 
oxidation of ethanol is slower than that of methanol.6 The 
addition of a small amount of methanol could contribute to 
the result because some free sites on Pt and SnO2 are available 
to participate in the bifunctional mechanism in the methanol 
oxidation reaction. These sites are due to PtSn/C (3:1) not 
being a perfect alloy. Thus, this composition may optimize 
both the electronic and bifunctional effects for the oxidation 
of mixtures. In addition, the potential formation of a large 
variety of by-products using mixed solutions compared 
to that using ethanol and methanol may lead to the larger 
number of effective electrons being transferred during the 
oxidation processes than when CO2 is produced (with slow 
kinetics) at low potentials. Here, it is important to point out 
that the lower the current densities for oxidation the lower 
the kinectics. This behavior was also observed in a previous 
work.14 In that work using Pt3Sn/C non-alloyed catalysts, 
the C−C bond breaking is favored, and a high conversion 
of ethanol to CO2 is obtained. However, in the case related, 
the kinetics are slow, and appreciable current is observed 
only at high potential values. For alloyed catalysts, acetic 
acid is preferentially formed with fast kinetics which is the 
case of this work.

Figure 2. (a) Cyclic voltammograms (v = 0.05 Vs-1) in H2SO4 (0.5 mol L-1) 
of the PtSn/C (3:1), PtSn/C (1:1) and PtSn/C (1:3) electrocatalysts 
prepared by polymeric precursor method; (b) cyclic voltammograms 
(v = 0.01 V s-1) and (c) chronoamperometries obtained from the oxidation 
of solutions (1 mol L-1) containing MeOH and EtOH in different volume 
ratios using PtSn/C (3:1) in H2SO4 (0.5 mol L-1), with E = 0.5 V for 
1800 s. T = 25 °C.
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The enhancement of activity using P3Sn/C electro-
catalysts for ethanol oxidation it is suggested to be 
explained using FTIR and density functional theory 
(DFT) studies.34 Based on those studies Sn inhibits the 
ethanol C−C bond breaking at the step edge on Pt (211) 
but promotes active surface oxidant by OH formation 
on Pt (111) with a lower onset potential. Thus, Sn 
facilitates ethanol dehydrogenation and partial oxidation 
to acetaldehyde and acetic acid leading to a higher rate 
of ethanol oxidation but low selectivity to CO and CO2. 
The addition of methanol to ethanol solutions increases 
the total current densities because methanol is easier to 
be oxidized to CO2. For this reason, one can obtain high 
current densities for oxidation of mixed ethanol and 
methanol solutions.

Therefore, the normalized current during the 
chronoamperometric measurement for the oxidation of the 
mixed solution was the highest. This effect was confirmed 
by the in situ ATR-FTIR measurements (Figure 3).

Based on the results obtained from the electrochemical 

experiments, in situ ATR-FTIR measurements of the 
ethanol and methanol mixture with a 80:20 ratio using 
the PtSn/C (3:1) electrocatalyst were performed (see 
Figures 3c and 3f). For comparison, in situ ATR-FTIR 
measurements were also performed for the PtSn/C (3:1) 
electrocatalyst using solutions containing ethanol and 
methanol, as shown in Figures 3a/3d and Figures 3b/3e, 
respectively. These measurements were performed using 
HClO4 (0.1 mol L-1) to avoid sulfate adsorption.

A comparison of the results in Figures 3a and 3d to 
literature data indicates that the main products formed 
in the ethanol oxidation reaction using the PtSn/C (3:1) 
electrocatalyst were CO2, acetaldehyde and acetic acid 
with bands at approximately 2343,35 933 and 1280 cm-1, 
respectively. Therefore, ethanol was oxidized preferentially 
to acetic acid, and the integrated band intensity of CO2 
was less pronounced than the acetic acid one, which was 
similar to the measured for acetaldehyde produced. This 
result indicates that the oxidation reaction preferentially 
occurred via transfer of 4 electrons.14

Figure 3. In situ ATR-FTIR spectra of the products and their corresponding integrated intensities obtained for the oxidation of (a) and (d) ethanol (EtOH, 
1 mol L-1); (b) and (e) methanol (MeOH, 1 mol L-1); (c) and (f) mixtures of ethanol and methanol in a volume ratio of 80:20 (1 mol L-1) using the Pt3Sn1/C 
electrocatalyst in HClO4 (0.1 mol L-1) media.
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As shown in Figures 3b and 3e, the main products 
formed in the methanol oxidation reaction were CO2, 
formic acid and formaldehyde with bands at approximately 
2343, 1715 and 1027 cm-1,36 respectively. In addition, it is 
important to note that at 0.7 V, the intensities for formic 
acid substantially increase at 0.8 V.

The results from the in situ ATR-FTIR measurements of 
the PtSn/C (3:1) electrocatalyst using solutions containing 
EtOH:MeOH (80:20) are shown in Figures 3c and 3f. The 
products obtained in the oxidation reaction of ethanol and 
methanol mixtures are the same as those obtained in the 
oxidation reaction of methanol and ethanol separately, and 
the same bands were also observed. The integrated band 
intensities of acetic acid followed a similar pattern as that 
observed in Figure 3d. However, in this case, the pattern 
was less pronounced, and the low integrated band intensity 
of acetic acid may indicate an improving of the CO2 band 
intensities. In addition, in this case, the formic acid band 
intensities increased at 0.8 V.

Based on the electrochemical results and in situ ATR-
FTIR experiments, the normalized currents were the highest 
for the EtOH:MeOH (80:20) mixtures using PtSn/C (3:1) 
due to the amount of by-products formed (an effective 
number of electrons were transferred compared to that for 
methanol and ethanol), and more CO2 was produced at low 
potentials during the oxidation reaction compared to that 
for the oxidation of ethanol and methanol separately. This 
result was most likely due to this composition optimizing 
both the electronic and bifunctional effects for the oxidation 
of EtOH:MeOH (80:20) mixtures. If two mixed solutions 
of ethanol and methanol (80:20 and 60:40) presented 
higher currents, ca. 3.7 mA mgPt

-1, for oxidation at 0.5 VRHE 
than when using ethanol (2.5 mA mgPt

-1) and methanol 
(3.4 mA mgPt

-1) individual solutions, probably using a direct 
fuel cell containing mixed ethanol and methanol solutions 
will improve the power densities of the device. Further 
studies will be perfomed using a direct fuel cell operating 
with mixed ethanol and methanol solutions.

Conclusions

In this study, an ethanol and methanol mixture with a 
80:20 ratio exhibited the potential for future application 
in direct alcohol fuel cells when the PtSn/C (3:1) 
electrocatalyst was used (atomic ratio of 65:35). This 
result may be due to this composition optimizing both 
the electronic and bifunctional effects for the oxidation 
of mixed solutions. In addition, the normalized current 
that was obtained was the highest due to the amount of 
by-products formed (an effective number of electrons were 
transferred compared to that for methanol and ethanol), and 

the band intensities for CO2 were observed at low potentials 
during the oxidation reaction compared to that for ethanol 
and methanol separately.

Supplementary Information

The Supplementary information with EDS analysis 
spectra and the electrooxidation of EtOH:MeOH solutions 
using PtSn/C (1:1) and PtSn (1:3) is available free of charge 
at http://jbcs.sbq.org.br.
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