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a b s t r a c t

PtSnO2/C electrocatalysts with Pt:Sn atomic ratios of 75:25, 50:50 and 25:75 were prepared in water/2-
propanol using electron beam irradiation. The materials were characterized by energy-dispersive X-ray
analysis, X-ray diffraction, Mössbauer spectroscopy and transmission electron microscopy. The electro-
oxidation of ethanol was studied by chronoamperometry at room temperature and on direct ethanol fuel
cell (DEFC) at 100 ◦C. The X-ray diffraction and Mössbauer measurements of the PtSnO2/C electrocata-
lysts showed typical face-centered cubic (fcc) structure of platinum and the presence of a SnO2 phase
(cassiterite). The PtSnO2/C electrocatalysts were active for ethanol electro-oxidation and the material
with Pt:Sn atomic ratio of 50:50 showed the best performance.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells convert chemical energy directly into electrical energy
with high efficiency and are extremely attractive as power sources
for mobile, stationary and portable applications [1]. However, the
use of hydrogen as combustible continues to present problems
especially for mobile and portable applications [2]. Thus, there
has been an increasing interest in the use of alcohols directly as
combustible (Direct Alcohol Fuel Cell—DAFC). Methanol has been
considered the most promising alcohol and carbon-supported PtRu
nanoparticles (PtRu/C electrocatalyst) the best electrocatalyst [3].
In Brazil ethanol is an attractive fuel as it is produced in large quan-
tities from sugar cane and it is much less toxic than methanol,
however, its complete oxidation to CO2 is more difficult than that
of methanol due to the difficulty in C–C bond breaking and to
the formation of CO-intermediates that poison the platinum anode
catalysts [4–6]. Thus, more active electrocatalysts are essential to
enhance the ethanol electro-oxidation. PtSn-based electrocatalysts
have been shown good performances for ethanol electro-oxidation
[6,7]. Depending on the preparation procedure PtSn/C electrocat-
alysts have been obtained with different particle sizes and surface
composition. Moreover, Sn could be found as PtSn alloys and/or in
a non-alloyed oxidized state (SnOx). Considering that the chemi-
cal and physical characteristics of these electrocatalysts depend on
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the preparation procedure, the way of preparation becomes a key
factor regarding their electrochemical activity [6]. Thus, until now,
the optimum Sn content in the PtSn electrocatalysts has not been
determined because it depends on the intrinsic characteristics of
the obtained material [6].

Active carbon-supported metal nanoparticles for fuel cell appli-
cations has been prepared by radiation-induced reduction of metal
ions precursors [8–12]. We prepared PtRu/C electrocatalysts for
methanol oxidation using gamma and electron beam irradiation
[13–15]. Using electron beam irradiation, active PtRu/C electrocat-
alysts could be prepared within few minutes of irradiation [15].
In this work, PtSnO2/C electrocatalysts with different Pt:Sn atomic
ratios were prepared in water/2-propanol using electron beam
irradiation. The obtained materials were tested for ethanol electro-
oxidation.

2. Experimental

PtSnO2/C electrocatalysts (20 wt% of metal loading) were pre-
pared with different Pt:Sn atomic ratios using H2PtCl6·6H2O
(Aldrich) and SnCl2·2H2O (Aldrich) as metal sources, which were
dissolved in water/2-propanol solution 50/50 (v/v). After this, the
Carbon Vulcan® XC72R, used as support, was dispersed in the
solution using an ultrasonic bath. The resulting mixtures were sub-
mitted (at room temperature and open atmosphere) under stirring
to electron beam irradiation (Electron Accelerator’s Dynamitron Job
188–IPEN/CNEN–SP) and the total dose applied was 288 kGy (dose
rate 1.6 kGy s−1, time 3 min). After electron beam irradiation, the
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mixtures were filtered and the solids (PtSnO2/C electrocatalysts)
were washed with water and dried at 70 ◦C for 2 h [13–15].

The Pt:Sn atomic ratios were obtained by energy-dispersive
X-ray analysis (EDX) using a Philips XL30 scanning electron micro-
scope with a 20 keV electron beam and provided with EDAX DX-4
microanalizer.

The X-ray diffraction (XRD) analyses were carried out in a
Miniflex II model Rigaku diffractometer using Cu K� radiation
(� = 0.15406 nm). The diffractograms were recorded at 2� in the
range 20–90◦ with step size of 0.05◦ and scan time of 2 s per step.
The average crystallite size was calculated using Scherrer equation
[16].

Transmission electron microscopy (TEM) was carried out using
a JEOL JEM-2100 electron microscope operated at 200 kV. The par-
ticle distribution histogram was determined by measuring 150
particles from micrograph.

The 119Sn Mössbauer experiments were performed employing
a conventional constant acceleration spectrometer and a source of
119mSn in a CaSnO3 matrix. The samples were kept at 77 K inside a
closed cycle helium cryostat with the CaSnO3 source at room tem-
perature. All spectra were computer-fitted assuming Lorentzian
lines.

Electrochemical studies of the electrocatalysts were carried out
using the thin porous coating technique [17]. An amount of 20 mg
of the electrocatalyst was added to a solution of 50 mL of water
containing 3 drops of a 6% polytetrafluoroethylene (PTFE) suspen-
sion. 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 cm2 area) of the working electrode. The reference electrode
was a RHE and the counter electrode was a platinized Pt plate.
Electrochemical measurements were made using a Microquimica
(model MQPG01, Brazil) potentiostat/galvanostat. Cyclic voltam-
metry was performed using 1.0 mol L−1 of ethanol in 0.5 mol L−1

H2SO4 solution saturated with N2. Chronoamperometry experi-
ments were performed using 1.0 mol L−1 of ethanol in 0.5 mol L−1

H2SO4 at 0.5 V and at room temperature. For comparative purposes
a commercial PtSn/C BASF electrocatalyst (20 wt%, Pt:Sn atomic
ratio of 3:1, alloy, Lot #F0930203) was used.

The membrane electrode assemblies (MEA) were prepared by
hot pressing a pretreated Nafion 117 membrane placed between
either a commercial PtSn/C BASF or PtSnO2/C prepared in this
work as anode (1 mg Pt cm−2 catalyst loading) and a 20 wt% Pt/C
E-TEK cathode (1 mg Pt cm−2 catalyst loading) at 125 ◦C for 2 min
under a pressure of 225 kgf cm−2. The direct ethanol fuel cell perfor-
mances were determined in a single cell with an area of 5 cm2. The
temperature was set to 100 ◦C for the fuel cell and 80 ◦C for the oxy-
gen humidifier. The fuel was 2 mol L−1 ethanol solution delivered
at approximately 2 mL min−1 and the oxygen flow was regulated
at 500 mL min−1 and pressure of 2 bar. Polarization curves were
obtained by using a TDI RBL 488 electronic load.

3. Results and discussion

Electron beam irradiation of a water solution causes the ion-
ization and excitation of water molecules producing the species
shown in Eq. (1) [9]:

H2O → eaq
−, H+, H•, OH•, H2O2, H2 (1)

The solvated electrons, eaq
−, and H• atoms are strong reducing

agents and were able to reduce metal ions down to the zero-valent
state (Eqs. (2) and (3)):

M+ + eaq
− → M0 (2)

M+ + H• → M0 + H+ (3)

Table 1
Pt:Sn atomic ratios and crystallite sizes of the PtSnO2/C electrocatalysts prepared
with different Pt:Sn atomic ratios using electron beam irradiation.

Pt:Sn atomic ratio (nominal) Pt:Sn atomic ratio (EDX) Crystallite size (nm)

25:75 32:68 3.2
50:50 51:49 3.0
75:25 69:31 3.3

On the other hand, OH• radicals could oxidize the ions or the
atoms into a higher oxidation state and thus to counterbalance the
reduction reactions (2) and (3). Thus, an OH• radical scavenger is
added to the solution, in this case 2-propanol, which reacts with
these radicals leading to the formation of radicals exhibiting reduc-
ing power that are able to reduce metal ions (Eqs. (4) and (5)) [9]:

(CH3)2CHOH + •OH → (CH3)2COH + H2O (4)

M+ + (CH3)2COH → M0 + (CH3)2CO + H+ (5)

In this manner, the atoms produced by the reduction of metals
ions progressively coalesce leading to the formation of the metal
nanoparticles.

The PtSnO2/C electrocatalysts prepared with different Pt:Sn
atomic ratios using electron beam irradiation are shown in Table 1.
For all samples, Pt:Sn atomic ratios determined by EDX anal-
ysis were similar to the nominal ones. After separation of the
obtained PtSnO2/C electrocatalysts by filtration, a qualitative test
using potassium iodide [18] did not detect Pt ions in the filtrates,
which suggest that all Pt(IV) ions were reduced to metallic Pt. As
no Pt ions were not detected in the filtrates and the obtained Pt:Sn
atomic ratios were similar to the nominal ones, it was considered
that all electrocatalysts were obtained with 20 wt% of metal load-
ing.

The XRD diffratograms of Pt/C and PtSnO2/C electrocatalysts
(Fig. 1) showed a broad peak at about 25◦, which was associated
to the Vulcan XC72R support material, and five diffraction peaks
at about 2� = 40◦, 47◦, 67◦, 82◦, and 87◦ that are associated to the
(1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes, respectively, which
are characteristic of the fcc structure of platinum and platinum
alloys [19]. The (2 2 0) reflections of the Pt fcc structure were used
to calculate the average crystallite size according to Scherrer for-
mula [16] and the values were in the range of 3.0–3.5 nm (Table 1).
For comparative purposes it is shown in Fig. 1 the diffractogram
of the commercial PtSn/C BASF electrocatalyst (PtSn alloy). In this
case, it was observed a shift of the peaks relative to Pt(fcc) phase
to lower angles compared to those of Pt/C electrocatalyst. This
shift was not observed for all PtSnO2/C electrocatalysts showing

Fig. 1. X-ray diffractograms of Pt/C and PtSnO2/C electrocatalysts prepared using
electron beam irradiation.
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Fig. 2. Mössbauer spectra of the PtSnO2/C electrocatalyst prepared with Pt:Sn
atomic ratio of 50:50.

that no PtSn alloys were formed. However, two peaks at approx-
imately 2� = 34◦ and 52◦ were observed in the diffractogram of
the PtSnO2/C electrocatalyst prepared with Pt:Sn atomic ratio of
25:75, which were identified as a SnO2 phase (cassiterite) [7,20,21].
The X-ray diffractogram of the cassiterite SnO2 phase showed the
most intense peaks at about 2� = 27◦, 34◦ and 52◦ [21]. The peak
at 2� = 27◦ was not observed in the diffractogram of PtSnO2/C elec-
trocatalyst prepared with Pt:Sn atomic ratio of 25:75, which could
be due to the broad peak of the carbon support at about 2� = 25◦.
Besides, the peaks of the SnO2 phase were not clearly seen in
the diffractograms of PtSn/C electrocatalysts prepared with Pt:Sn
atomic ratios of 75:25 and 50:50 probably due the low intensi-
ties and broadness of the peaks. The presence of SnO2 phase on
these electrocatalysts was observed by Mössbauer spectroscopy.
The 119Sn Mössbauer spectrum of the PtSnO2/C electrocatalyst pre-
pared with Pt:Sn atomic ratio of 50:50 is shown in Fig. 2. It consisted
of a broad peak centered near zero velocity that is typical of Sn(IV)
and can be assigned to SnO2 (the typical quadrupole doublet of
cassiterite). No peaks of Pt3Sn, PtSn, SnO and Sn(0) species were
observed in the spectrum [22,23]. Thus, from Mössbauer and XRD
measurements it can be concluded that Pt(fcc) and a SnO2 phases
coexist in the obtained electrocatalysts. Henglein and Giersig [24]
described the preparation of colloidal Sn by radiolytic reduction
of SnCl2 in water/2-propanol. In this case, all process steps were
performed under controlled argon atmosphere. In our case, the
experiments were performed in open atmosphere and the SnO2
phase was probably formed through hydrolysis–oxidation of SnCl2
[25]. Thus, only Pt(IV) ions were reduced to metallic Pt under the
used conditions.

TEM micrograph and the corresponding particle size distribu-
tion histogram of the PtSnO2/C electrocatalyst prepared with Pt:Sn
atomic ratio of 50:50 are shown in Fig. 3a and b, respectively. It can
been seen that the nanoparticles were homogeneously distributed
on the carbon support and the mean particle size was 2.7 nm.

The cyclic voltammograms (CV) of PtSnO2/C electrocatalysts
in 0.5 mol L−1 H2SO4 containing 1.0 mol L−1 of ethanol are shown
in Fig. 4. The current values were normalized per gram of plat-
inum, considering that ethanol adsorption and dehydrogenation
occur only on platinum sites at room temperature [26]. The electro-
oxidation of ethanol started at low potential (around 0.2–0.3 V) for
all electrocatalysts. PtSnO2/C eletrocatalysts prepared with Pt:Sn
atomic ratio of 50:50 and 75:25 showed similar performance in
the region of 0.3–0.5 V and above 0.5 V the material prepared with
Pt:Sn atomic ratio of 50:50 showed higher oxidation current values
than the other ones.

Fig. 3. (a) TEM micrograph and (b) particle size distribution of PtSnO2/C electrocat-
alyst prepared with Pt:Sn atomic ratio of 50:50.

Fig. 4. Cyclic voltammetry of PtSnO2/C electrocatalysts in 0.5 mol L−1 H2SO4 con-
taining 1.0 mol L−1 ethanol with a sweep rate of 10 mV s−1.



Author's personal copy

264 D.F. Silva et al. / Materials Science and Engineering B 175 (2010) 261–265

Fig. 5. Current–time curves at 0.5 V for PtSnO2/C electrocatalysts in 1.0 mol L−1

ethanol in 0.5 mol L−1 H2SO4.

The chronoamperometric curves of PtSnO2/C electrocatalysts in
1 mol L−1 ethanol in 0.5 mol L−1 H2SO4 at 0.5 V for 30 min are shown
in Fig. 5. In all current–time curves there is an initial current drop in
the first minutes followed by a slower decay. The following order of
activity for ethanol oxidation was observed: 50:50 > 75:25 � 25:75.
In comparison to the commercial PtSn/C BASF electrocatalyst the
material prepared with Pt:Sn atomic ratio of 50:50 showed a supe-
rior performance while the material prepared with 75:25 showed
a similar behavior.

Fig. 6 shows the performances of single cell with commercial
PtSn/C BASF and PtSnO2/C prepared with Pt:Sn atomic ratio of
50:50 as anode electrocatalysts. The open circuit voltage of the
fuel cell using PtSnO2/C electrocatalyst was 0.66 V, while the cor-
responding value for PtSn/C BASF electrocatalyst was 0.65 V. The
maximum power density of PtSnO2/C electrocatalyst (35 mW cm2)
was similar to the obtained using the commercial electrocata-
lyst (37 mW cm2). Despite of the commercial PtSn/C BASF (PtSn
alloy) and the prepared PtSnO2/C electrocatalyst has different
Pt:Sn atomic ratios and chemical species, these electrocatalysts
showed good performances for ethanol electro-oxidation. Simi-
lar results were described in the literature showing that PtSnO2/C
[6,7,20,27–32] and PtSn/C with a high degree of alloying [33–37] are

Fig. 6. I–V curves of a 5 cm2 DEFC and the power density at 100 ◦C using commercial
PtSn/C BASF and PtSnO2/C electrocatalysts as anodes (1 mg Pt cm2 catalyst loading)
and commercial Pt/C E-TEK electrocatalyst as cathode (1 mg Pt cm2 catalyst loading,
20 wt% catalyst on carbon), Nafion® 117 membrane, ethanol (2.0 mol L−1), oxygen
pressure (2 bar).

good electrocatalysts for ethanol electro-oxidation. Zhu et al. [38]
prepared carbon-supported Pt–Sn electrocatalysts using different
processes and evaluated the electrocatalytic activity and the final
products of ethanol electro-oxidation. For PtSnO2/C electrocatalyst
it was observed an enhancement of the yield of acetic acid, while
for PtSn/C electrocatalysts (with different alloy degrees) it was
observed an increase of acetaldehyde with the increase of the alloy
degree. It was proposed that non-alloyed SnO2 species oxidized
the adsorbed poisonous intermediates of ethanol electro-oxidation
to acetic acid by providing OH species, according to bi-functional
mechanism, whereas PtSn alloy phase strengthened the electronic
effect of PtSn/C catalyst and accelerated the rate of the dehydro-
genation of ethanol to acetaldehyde [37].

4. Conclusions

Active PtSnO2/C electrocatalysts for ethanol oxidation were
obtained in a single step at room temperature within few min-
utes using electron beam irradiation. The PtSnO2/C electrocatalysts
showed the typical Pt (fcc) structure and a cassiterite SnO2 phase.
The average crystallite sizes of the Pt (fcc) phase were around 3 nm.
The PtSnO2/C electrocatalyst prepared with Pt:Sn atomic ratio of
50:50 showed the best activity for ethanol electro-oxidation. Fur-
ther work is now necessary to elucidate the mechanism of ethanol
electro-oxidation using these catalysts.
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