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Abstract: Low content Pt based catalysts (Pt-Mx, Mx: SnO,, Sn) were prepared by microwave assisted-thermal synthesis. Pt-SnO,/C
catalyst showed good performance for methanol oxidation reaction. Besides, Pt;Sn;/C showed good performance for catalyzing the oxygen
reduction reaction. The catalysts were characterized structurally by X-ray diffraction and transmission electron microscopy techniques. It
was possible to observe the presence of nanoparticles obtained by the synthesis method used in this work. The chemical composition of
every material was determined by energy dispersive spectroscopy analysis. The electrochemical characterization of the electrocatalytic
materials was carried out in acid medium by cyclic voltammetry and rotating disk electrode techniques. Pt-SnO,/C and Pt,;Sn;/C were com-
pared with commercial PtRu/C and Pt/C catalysts respectively. Pt-SnO,/C showed better electrochemical characteristics than commercial
PtRu/C for performing the methanol oxidation reaction (MOR). Pt;Sn;/C showed an exchange current density two orders of magnitude
higher than commercial Pt/C for performing the oxygen reduction reaction (ORR). The materials were evaluated in an experimental direct
methanol fuel cell (DMFC) operating during 10 hours. The electric power density loss showed by the DMFC made with commercial cata-
lysts (PtRu/C and Pt/C) was 67% while the DMFC made with Pt-SnO,/C and Pt,;Sn,/C showed an electric power loss ca. 16%. It means
that the catalysts synthesized in this work can be considered as good candidates for experimental direct methanol fuel cells.
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1. INTRODUCTION When it occurs, the activity of the electrocatalyst diminishes rapid-
ly as an irreversible reaction. The poisoning by CO affects the
reaction onset and the oxidation of intermediate species requires
more energy to complete the oxidation reaction. Platinum has been
extensively studied for performing the redox reactions in direct
methanol fuel cells, but Pt is easily poisoned by intermediate spe-
cies during methanol oxidation. It is then necessary the addition of
a second material to Pt for promoting the bifunctional process of
adsorbed species. Platinum ruthenium supported on carbon
(PtRu/C) is still considered as a better electrocatalyst than Pt/C for
the methanol electrooxidation. PtRu is more tolerant to poisoning
by the intermediate species during the methanol oxidation [2].
However, it is necessary to develop new materials with better tol-
erance characteristics to CO.

There are many studies indicating that SnO, added to Pt could

Direct methanol fuel cells (DMFCs) have extensively been in-
vestigated due to their simple design and the facility for using
alcohol as liquid fuel. Methanol is a cheap alcohol, easy to obtain
as liquid fuel and it is safer to store and transport than hydrogen
for PEM fuel cell applications. The use of a DMFC is limited prin-
cipally due to the fast decay of the catalytic activity of the elec-
trodes, it means that the performance of electrocatalyst is one of
the impediments for the application of direct methanol fuel cells
[1]. The problem occurs when methanol is oxidized on the electro-
catalyst and at that moment some intermediate reactions take place
at the surface of the active material. The most important reaction
produces carbon monoxide (CO). This compound could be trapped
on the surface of the electrocatalyst or in its chemical structure.

*To whom correspondence should be addressed: Email: sags@ier.unam.mx be a better electrocatalyst for methanol oxidation reaction [3-11].
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Higuchi et al [12] synthesized electrocatalysts with different Pt/Sn
ratios by the modified Bonnemann method and they reported nano-
particles around 3.0 + 0.5 nm and these electrocatalysts showed
high specific activity and low overpotential for methanol oxidation
reaction. Neto et al [13] prepared PtSn/C, PtRu/C and PtSnRu/C by
alcohol reduction process and they discussed that PtSn/C based
electrocatalyst showed better methanol oxidation characteristics
than PtRu/C and PtSnRu/C. Guo and You [14] obtained platinum
nanoparticles supported on sulphated SnO,/multi-walled carbon
nanotube composites (Pt-S-SnO,/MWCNT) and this composite
showed higher catalytic activity to oxidize methanol than commer-
cial Pt/C and PtRu/C. Lim et al [15] synthesized PtSn/C nanoparti-
cles by chemical reduction and hydrothermal treatment. The elec-
trocatalyst was formed by nanoparticles of 2.3 nm. The methanol
electrooxidation on PtSn/C occurred at overpotential lower than
commercial Pt/C. It is believed that Sn has the capability to pro-
mote the oxidation of adsorbed CO at lower overpotential. Pang et
al [16] prepared nanoparticles of Pt/Ru-doped SnO, and Pt/SnO, by
chemical precipitation and thermal annealing at 823 K. Pt/Ru-
doped SnO, showed better electrocatalytic activity than Pt/SnO, for
a long-term cycling process. Zhang et al [17] synthesized SnO,
nanoflowers and nanorods by hydrothermal method. These
nanostructures were used as a support of Pt for methanol electroox-
idation and flower-Pt/SnO, showed higher electrocatalytic activity
and better long-term cycle stability than other electrocatalysts. Xu
et al [18] synthesized IrO,/SnO, by the Adams method for solid
polymer electrolyte water electrolysis. The result showed that the
catalytic properties of IrO,/SnO, for the methanol oxidation were
strongly dependent on the mass ratio of iridium to tin (2:1). Cui et
al [19] synthesized Pt-SnO,/GMC supported on graphitized meso-
porous carbon (GMC) and they compared some results with Pt-
SnO,/C supported on commercial carbon black at the same electro-
catalytic loading. Pt-SnO,/GMC showed higher catalytic activity
than Pt-SnO,/C. Lin et al [20] synthesized Pt-SnO,/CNTs at differ-
ent Sn content. The methanol oxidation onset potential on Pt-
SnO,/CNTs was lower than Pt/C and the current density of the
methanol oxidation on Pt-SnO,/CNTs was two times higher than
commercial Pt/C. These results indicate that SnO, needs to be in-
vestigated during the methanol oxidation reaction at different over-
potentials [21].

The oxygen reduction reaction is a complex kinetic mechanism
that has been extensively investigated during the last three decades.
The oxygen can be reduced via two or four electrons forming hy-
drogen peroxide or water respectively [22]. In a direct methanol
fuel cell, it is necessary that the oxygen reduction reaction occurs
via four electrons for maximizing the transfer of electric power.
Pt/C is still used for this application [23, 24] but it is very expen-
sive and it is easy to be poisoned by intermediate species coming
from the alcohol crossover through the membrane from the anode
to the cathode of the fuel cell. There is a publication where PtSn/C
is used for performing the oxygen reduction reaction [25].

In this work we propose the use of Pt-SnO,/C like anodic electro-
catalyst and Pt;Sn,/C like cathodic electrocatalyst for carrying out
the redox reactions occurring in a direct methanol fuel cell. These
electrocatalysts were synthesized by thermal heating using micro-
wave irradiation at different conditions. The results indicate that
both synthesized materials can be proposed for experimental fuel
cells operating for a long time.

2. EXPERIMENTAL

2.1. Preparation of anodic and cathodic electrocata-
lysts and physical characterization

2.1.1. Synthesis of Pt-SnO,/C as anodic electrocata-
lyst in a direct methanol fuel cell

Pt-SnO, based electrocatalyst was synthesized by thermal heat-
ing using microwave irradiation [26, 27]. It was formed a solution
containing 0.039 mmol of chloroplatinic acid hexahydrate
(H,PtClg, sigma-Aldrich ™ 99.9%), 0.35 mmol of stannous chlo-
ride dehydrate crystal (SnCl,, J. T. Baker ™ 99%) in 7.5 ml of
ethylene glycol (HOCH,CH,OH, J.T. Baker 99.9%) and 7.5 ml of
deionized water (18.2 MQ-cm). The solution was then raised to pH
13 by adding 1 M sodium hydroxide (NaOH, Meyer 98.7%) drop
wise by using a micropipette and it was vigorously stirred during
20 min at 25 °C. The pH value of the synthesis solution assured the
formation of metallic oxidized species. The solution was placed in
a reactor located inside the microwave synthesis device (Synthos
3000). The synthesis was carried out at 180 °C for 30 min. The
product was filtered to obtain the electrocatalytic powder (Pt-SnO,)
and it was washed twice with deionized water at 80 °C and acetone
(CH;3CH;CO, Fermont 99.6%). At the end, the powder was dried at
room temperature for 5 h following the experimental details dis-
cussed elsewhere [28].

2.1.2. Synthesis of Pt;Sn,;/C as cathodic electrocata-
lyst in a direct methanol fuel cell

Pt;Sn; based electrocatalyst was also synthesized by thermal
heating using microwave irradiation. It was prepared a solution
containing 0.096 mmol of chloroplatinic acid hexahydrate and 0.22
mmol of stannous chloride dehydrate crystal dissolved in 7.5 ml of
ethylene glycol and 7.5 ml of deionized water. In this case, a pH 3
was adjusted for the solution by adding 1 M NaOH dropwise by
using a micropipette. The synthesis of Pt;Sn, was carried out in a
Synthos 3000. It was followed the same experimental procedure as
for the preparation of the anodic electrocatalyst.

Pt-SnO, and Pt;Sn; nanoparticles were supported on Vulcan
carbon XC-72 (Cabot) to obtain Pt-SnO,/C and Pt;Sn,/C. Vulcan
carbon shows the following characteristics: (1) high specific sur-
face area of 250 m® g”! and (2) because the commercial electrocata-
lysts used in this study as reference (Pt and PtRu) was supported on
the same carbon, hence it is possible to compare results independ-
ent of the supporting material.

PtRu/C and Pt/C were acquired from E-TEK. The commercial
electrocatalysts were used as reference materials for comparing the
electrocatalytic performance of the materials synthesized in this
work. It was possible to investigate the redox reactions occurring in
an experimental DMFC. PtRu/C and Pt/C have the capability of
catalyzing adequately the MOR and ORR respectively [29-34]. We
consider that PtRu/C and Pt/C from E-TEK are good reference
electrocatalysts for comparing the performance of new electrocata-
lytic materials for DMFC applications in acid medium.

The structural and morphological characterizations of Pt-SnO,
and Pt;Sn; nanoparticles was carried out by XRD, TEM and EDS.
XRD analysis was performed by using a Rigaku DMAX-2200
diffractometer (Cu Kal radiation, 1.5406 A). The XRD spectra
were obtained from 5 to 100 degrees and the phases were identified
with the software Jade 6.5. The Pt-SnO, and Pt;Sn; nanoparticles
were dispersed on Lacey C/Cu grids (300 mesh) and they were
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investigated by TEM analysis using a Jeol JEM2200FS Transmis-
sion Electron Microscope with STEM spherical aberration correc-
tion mode. Scanning transmission electron microscopy (STEM)
technique is the most powerful microscope for characterizing the
physicochemical nature of nanoscale systems. STEM instrument
can provide complementary and unique information [35,36]. The
chemical compositions of synthesized Pt-SnO, and Pt;Sn; were
investigated by EDS analysis using a Leo Scanning Electron Mi-
croscope model 1450VPS with an Oxford X-ray diffraction
(Pentafet link) model 7366.

2.2. Electrochemical characterization

Catalytic inks were prepared for investigating the electrochemi-
cal characteristics of the synthesized nanoparticles. The inks were
prepared by mixing 0.6 mg of metal powder (Pt-SnO,, Pt;Sn,, PtRu
or Pt), 1.4 mg of Vulcan XC-72 and 10 pL of 5% Nafio-
n/isopropanol solution (ElectroChem). The solution in every case
was sonicated for 5 min. It was possible to use this method to ob-
tain supported electrocatalysts for electrochemical applications (Pt-
SnO,/C and Pt;Sn;/C). In each case, 1 YL of the catalytic ink was
deposited as a thin layer on the surface of a glassy carbon disk held
in a Teflon cylinder with a geometrical surface area of 0.071 cm’.
The thin layer was dried at room temperature for 15 minutes. The
electrochemical studies were carried out at room temperature, in a
conventional three compartment electrolytic cell with a water jack-
et for maintaining stable the temperature in the electrolyte. A mer-
cury sulfate electrode (Hg/Hg,SO4/0.5 M H,SO4; K,SO, sat.) was
used as reference electrode (Ref 0.640 V vs. NHE). It was placed in
a lugging capillary. A thick carbon rod was used as counter elec-
trode. A solution of 0.5 M sulfuric acid (H,SO4 J.T. Baker 98%)
and 1 M methanol (CH;OH J.T. Baker 99.9%) was used as electro-
lyte for the analysis of methanol oxidation reaction. An oxygen-
saturated solution of 0.5 M sulfuric acid was used as the electrolyte
for the oxygen reduction studies. A potentiostat/galvanostat
(Solartron Analytical, model SI 1287) and CorrWare™ software
were used for the electrochemical measurements and records of
experiments.

2.3. Direct methanol fuel cell test

The catalytic inks used in the anode and cathode of the DMFC
were prepared by mixing 2.5 mg of the electrocatalyst (Pt-SnO,/C,
Pt;Sn;/C, commercial PtRu/C or commercial Pt/C) with 30 pL of
Nafion solution (Du Pont, 5 wt%, 1000EW, Electrochem) and 50 pl
of isopropyl alcohol (I.T. Baker™ 99.8 %). The mixture was placed
in an ultrasonic bath (Branson 1510) for 1 hour for preparing the
catalytic ink. The total amount of the prepared ink was used to
cover 1 cm” area of the electrodes. The electrodes contained cata-
lytic loading of 0.4 mg cm™ of metal in anodes and cathodes. The
catalytic inks were deposited directly on activated Nafion mem-
brane by spraying at 80 °C [37,38]. At the anode side, it was used a
Toray carbon diffuser and at the cathode side it was used a cloth
carbon diffuser. The membrane-electrodes assembly was obtained
by mechanical pressing at 100 kg cm™ for 5 minutes at 100 °C. A
direct methanol fuel cell of 1 cm?® of apparent area was used for
investigating the chemical to electrical energy conversion. 1 M
methanol was supplied in the anode side of the fuel cell. 50 cc of
oxygen was fed in the cathode side. It was possible to obtain the
polarization plot of the cells by recording the I-V characteristic of
the DMFCs. The experiments were performed at 25 °C.
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Figure 1. XRD patterns for Pt-SnO, and Pt;Sn; catalysts.

3. RESULTS AND DISCUSSION

3.1. Structural analysis by XRD

Figure 1 shows the experimental XRD patterns of Pt-SnO,. It is
important to mention the co-existence of two crystalline phases (Pt
and SnO,). It was observed the presence of a nano-crystalline phase
characterized for a broad diffraction area where defined
peaks/planes were located at 26.54°/(110), 33.88°/(101),
37.88°/(200),  51.76°/(211),  54.739°/(220),  57.941°/(002),
61.959°/(310), 71.183°/(202), 78.796°/(321), 83.737°/(222) and
91.079°/(411). According to JCPDS file #41-1445, the previous
planes correspond to SnO, tetragonal cassiterite phase. It was also
observed the co-existence of Pt fcc phase at 39.96°, 46.04°, 67.8° y
81.7° (JCPDS file #04-0802). The calculated lattice parameters of
SnO, were a=b=4.7456 A and ¢=3.1833 A values. Those values are
different at the standard values obtained from JCPDS file #41-1445
where a=b=4.7382 A and c¢=3.1871 A. This difference could be
attributed to the incorporation of Pt in the SnO, matrix. The esti-
mated crystal size of SnO, was 5.6 nm (obtained by jade 6.5 soft-
ware). It is expected that both phases, Pt and SnO, could complete
the electro-oxidation reaction of methanol on the surface of the
catalyst according to the bi-functional mechanism proposed by
Feng et al [39]. In Figure 1 is also shown the XRD pattern for syn-
thesized Pt;Sn, and it is observed the nanometric nature of the elec-
trocatalyst.

3.2. HRTEM analysis

In Figure 2 are shown the images obtained by TEM at low and
high magnification for Pt-SnO, (Figure 2a and 2b respectively) and
particle size distribution (Figure 2¢). Figure 2a shows a typical low
magnification TEM image of the sample and it is possible to ob-
serve well-defined spherical nanoparticles of Pt-SnO,. The images
show an adequate dispersion of nanoparticles and the calculated
average particle size was 2.2 nm + 0.2 nm. This result explains the
broad area observed in XRD spectrum for Pt-SnO,, it is indicating
the presence of dispersed nanoparticles. The calculated inter-planar
distance was 3.4 A from the TEM image (Figure 2b) and we con-
sider la formation of the system formed by Pt and SnO,. It is possi-
ble according to the data available in the literature, the inter-planar
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Figure 3. a) TEM image, b) HRTEM image and (c) histogram of particle size distribution for the synthesized Pt;Sn; electrocatalyst.

distance for Pt is 3.921 A (220) [40] and that for SnO, is 3.35 A
(110) [41]. This result indicates a possible incorporation of Pt in the
matrix of SnO, because the atomic radius of Sn and Pt are 145 pm
and 135 pm respectively [42]. In Figure 2b it is observed nano-
clusters on the nanoparticle of SnO,, we assume that those particles
could be platinum. In Figure 3 are shown the TEM images and
particle size distribution of Pt;Sn, electrocatalyst. It was observed
that the particles are spherical and uniformly distributed on the
sample. HRTEM showed particles size around 3 + 0.5 nm and it
was corroborated with XRD. The inter-planar distance calculated
by miller indices was 3.21 A for Pt,Sn,. This result shows the pres-
ence of platinum and tin, in agreement with previous XRD results.

3.3. Analysis for determining the chemical composi-
tion

The chemical composition of commercial and synthesized elec-
trocatalysts was investigated by EDS. The result showed that com-
mercial PtRu/C contains more Pt than the sample of Pt-SnO, syn-
thesized in this work. For PtRu/C, the atomic ratio (Pt:Ru) was
49.61:50.39. In this case, its stoichiometric proportion can be con-
sidered as almost 1:1 [43-44]. The composition analysis for Pt-
SnO, showed a weight ratio (Pt:SnO,) of 5.7:94.3. It is possible to

consider that the atomic stoichiometric content of Pt in synthesized
Pt-SnO;, is almost 85% lower than E-TEK PtRu/C. Pt;Sn; showed a
wt.% chemical composition of 28:52 (Pt:Sn). There was no detec-
tion of oxygen in the sample due to the fast reduction process oc-
curring during the synthesis, where oxygen was incapable of partic-
ipating during the Pt-Sn reduction.

3.4. Electrochemical results
3.4.1. Methanol oxidation reaction

Figures 4 (a and b) shows the results of the methanol oxidation
reaction on Pt-SnO,/C and PtRu/C respectively. The experiments
were performed in acid medium. The onset potential for performing
the methanol oxidation reaction on Pt-SnO,/C was 0.2 V/NHE and
the onset potential of the reaction on commercial PtRu/C was 0.34
V/NHE. In this case, the lower threshold potential shown by Pt-
SnO,/C was a better electrocatalytic characteristic than commercial
PtRu/C for carrying out the methanol oxidation reaction. Moreover,
the oxidation potential on commercial PtRu/C showed a shift from
0.75 V/NHE in cycle 1 to 0.94 V/NHE at cycle 100. It means that
the catalytic activity of PtRu/C decreases with time and it is needed
more energy for oxidizing the methanol on PtRu/C due to adsorp-
tion of intermediate species on the surface of the catalyst. In the
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Figure 4. a) Methanol oxidation reaction on Pt-SnO,/C and b) PtRu/C. 0.5 M H,SO, + 1 M CH;0H nitrogen saturated at 20 mV s for 100

cycles. The experiments were carried out at room temperature.

case of Pt-SnO,0/C the potential for the methanol oxidation re-
mained the same during 100 cycles, indicating that the adsorption
of intermediate species did not produce any significant affection on
the catalytic activity of the material. Principal catalytic parameters
were calculated for the methanol oxidation reaction on Pt-
Sn0,0/C. The principal results were 400 mVdec™ for Tafel slope,
0.85 the charge transfer coefficient, 3.03 X10° mAcm™ the ex-
change current density and 0.104 cm™ the electrochemical active
area. The parameters obtained from the methanol oxidation on Pt-
SnO,/C indicated that the kinetic mechanism was controlled by the
formation of metallic oxide and one electron transition during the
bi-functional process for oxidizing CH;OH and it was probably
activated by the co-existence of a SnO, phase. The electrochemical
mechanism for the oxidation reaction of methanol on Pt-SnO,0/C
follows the reactions (1) and (2) [48]:

SnO, +H,0 —> SnO, —OH,, +H" +e (1)

Pt— CO,, +8n0,-0OH, — Pt+Sn0,+CO,H" +e (2)
It was not possible to investigate the kinetic characteristics of
commercial PtRu/C because it showed instability during the metha-

nol oxidation reaction.

ads

3.4.2. Oxygen reduction reaction

In figure 5 it is shown the oxygen reduction reaction on Pt;Sn,/C
at room temperature. The experiments were carried out from 100 to
1500 rpm of scan rate to obtain kinetic information from the ORR.
The reduction reaction threshold occurred at 0.95 V/NHE. The j-E
plots at different scan rates were stable and dependent of the con-
vection process. The reaction mechanism in this case involved the
transfer of 4 electrons for forming water and it was corroborated by
analyzing the tendency of the limiting current vs scan rate [45-47].
In Table 1 are shown the kinetic parameters, Tafel slope, charge
transfer coefficient, exchange current density and specific electro-
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Figure 5. Oxygen reduction reaction on Pt;Sn,/C. Oxygen saturat-
ed 0.5 M H,SO4, 5 mV s, The experiments were carried out at
room temperature.

chemical area of commercial Pt/C and Pt;Ru,/C that was synthe-
sized in this work. The results showed that Pt;Sn,/C was a better
catalyst than Pt/C for reducing oxygen at the established condi-

Table 1. Kinetics parameters obtained from the oxygen reduction
reaction on Pt;Sn,/C.

b o io Aea

Electrocatalyst mV dec”! mA om? om?
Commercial Pt/C -115 -0.51 7.22x10°° 0.099
Pt;Sn,/C -117 -0.51 1.83x10* 0.149
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Figure 6. Electric characterization of experimental DMFCs. Synthesized catalysts: a) I-V characteristic, b) Electric power density. Commer-

cial catalysts: c) I-V characteristic, d) Electric power density

tions. The results also indicated that the kinetic current on Pt;Sn;/C
was two orders of magnitude higher than Pt/C, with this result we
consider that a higher value in exchange current density assures the
transfer of 4 electrons during the ORR and it contributed to better I-
V characteristics when the experimental fuel cell was operating at
room temperature.

3.4.5. Direct methanol fuel cell performance

Two DMFCs were prepared in the lab by using the catalysts
discussed in this work. The fuel cells were operating during 10 hr
at room temperature. The liquid and gas fluxes containing the fuel
and oxidant were at a constant ratio of 100 cc/methanol and 80
cc/O,. One DMFC was operating with the catalysts synthesized in
this work and the results are shown in figure 6(a), Figure 6(b). The
other one was made with commercial catalysts and the results are
shown in Figures 6(c) and Figure 6(d). In Figure 6(a) is shown the

I-V polarization of the direct methanol fuel cell where Pt-SnO,/C
was used like anodic catalyst and Pt;Sn,/C as cathodic catalyst. The
maximum voltage recorded at the initial operation conditions was
0.40 V and it was obtained a maximum current density of ca. 0.014
Acm™. The I-V data were recorded every two hr during the experi-
ment time. The electric power of this DMFC diminished ca. 16%
during 10 hr of continuous operation as can be observed in Figure
6(b). The performance of this DMFC remains almost constant. It
means that the catalysts used in this fuel cell are adequate for carry-
ing out the redox reaction for producing steadily electric power at
room temperature. In Figure 6(c) is shown the I-V characteristic of
the DMFC made with commercial catalysts. The initial voltage was
recorded as 0.45 V and its corresponding maximum current density
was 0.015 Acm™. The fuel cell was also operating during 10 hr and
it was observed a drastic decay in I-V characteristic after 6 hr of
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operation and the calculated power density decay was more than
67% in this DMFC. It means that the commercial catalysts PtRu/C
and Pt/C for anodic and cathodic reactions respectively are strongly
affected by intermediate species during the methanol oxidation
during the first 6 hr of operation. The evaluation of the catalysts in
an experimental DMFC showed that Pt-SnO,/C and Pt,;Sn,/C can
be considered as promising catalysts to be used in long-term opera-
tion DMFCs.

4. CONCLUSION

Pt-SnO,/C catalyst was properly prepared by thermal heating
using microwave irradiation. This material was formed by two
structural phases with low Pt content. The material was nanostruc-
tured with a mean particle size of 5.6 nm. Pt-SnO,/C showed ade-
quate properties for performing the methanol oxidation reactions.
The calculated kinetic parameters for MOR showed better catalytic
characteristics than PtRu/C. On the other hand, Pt;Sn;/C was also
prepared by thermal heating using microwave irradiation and this
material showed better kinetic parameters for performing the ORR
than commercial Pt/C. The kinetic results were proved in the per-
formance of experimental DMFCs. Pt-SnO,/C and Pt;Sn,/C are
promising catalysts for DMFC applications.
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