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In the present work, several carbon supported PtSn catalysts with different Pt/Sn atomic ratios were synthesized and characteriz
iffraction (XRD), Transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Both the results of TEM a
howed that all in-house prepared carbon supported Pt and PtSn catalysts had nanosized particles with narrow size distribution. A
he primary analysis of XPS results, it was confirmed that the main part of Pt of the as-prepared catalysts is in metallic state whil
art of Sn is in oxidized state. The performances of single direct ethanol fuel cells were different from each other with different anod
nd at different temperatures. It was found that, the single DEFC employing Pt3Sn2/C showed better performance at 60◦C while the direc
thanol fuel cells with Pt2Sn1/C and Pt3Sn2/C exhibited similar performances at 75◦C. Furthermore, at 90◦C, Pt2Sn1/C was identified as
ore suitable anode catalyst for direct ethanol fuel cells in terms of the fuel cell maximum power density. Surface oxygen-containin

attice parameters and ohmic effects, which are related to the Sn content, are thought as the main factors influencing the catalyst
onsequently the performance of single direct ethanol fuel cells.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since 1990s, the large potential market for fuel cell ve-
icles, portable electrical devices and stationary applications
as generated an accelerating interest in polymer electrolyte
embrane fuel cells (PEMFCs) directly fed by liquid fu-
ls and operated at lower temperatures. Operating on liq-
id fuels would eliminate the need for any fuel reformer
nd greatly simplify the fuel cell system, and therefore,

t would assist the rapid introduction of fuel cell technol-
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ogy into commercial markets. Low molecular weight a
hols, methanol and ethanol, are reasonably inexpensiv
largely available, having higher electrochemical reactivi
relatively low temperatures. The direct methanol fuel
(DMFC) technology has already been demonstrated by
lard [1], the Los Alamos National Laboratory[2] and oth-
ers [3–6] to possess many beneficial characteristics ap
priate to the commercial application, and great progre
have been made in this field recently[7–8]. The oxidation
of methanol over Pt alloyed with other metals has been
cepted as a method to overcome the insufficient activi
pure Pt for these purposes. Pt alloying for methanol ox
tion intends to the establishment of a bi-functional cata
system that must be capable of both chemisorbing met
on Pt sites and promoting oxidation of the chemisorbed
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fragment by the secondary metal addition. These studies of
Pt alloyed with other noble metals have shown that Ru has by
far the largest promoting effect and the bi-functional mech-
anism of oxidation in PtRu catalysts has been a subject of
detailed experimental investigation over the last 20 years
[9–14].

In order to extend the practical application of low-
temperature fuel cells and facilitate their penetration into the
transport market it is also desirable to increase the number
of liquid fuels that can be employed in these devices. As
an alternative to methanol, ethanol is safer, non-toxic, more
convenient, and has greater energy density (8.01 kWh kg−1

versus 6.09 kWh kg−1). In addition, ethanol can be easily
produced in great quantity through fermentation of sugar-
containing raw materials. Therefore, it is more attractive and
appears to fulfill most of the requirements of the fuel for low-
temperature fuel cells. Thus, besides DMFC, direct ethanol
fuel cell (DEFC) is another promising low-temperature fuel
cell [13–16].

Compared to DMFC, the present development of DEFC
is still not satisfying although ethanol electro-oxidation has
been investigated for over 20 years[17]. At present, the main
obstacles facing DEFC development are the slow anode ki-
netics, the catalyst poisoning brought about by the CO-like
intermediates at low temperatures and the reactants short cir-
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lective anode catalysts. In this case, the addition of Ru to
Pt was found in many cases to decrease its electrocatalytic
activity towards ethanol oxidation, owing to the inactivity
of Ru towards the adsorption of ethanol and the cleavage
of the C C bond [18]. On the contrary, other bimetallic
and trimetallic electrocatalysts such as PtSn and PtRuSn
have been investigated toward ethanol electro-oxidation
and exhibit better activity than pure Pt and PtRu catalysts
[16,18].

The present investigation has been undertaken the effort
to examine in detail the effect of Sn content in the PtSn alloy
catalysts. Following the previous work[19], several carbon
supported PtSn catalysts with different Pt/Sn atomic ratio
were synthesized using a novel preparation method and then
employed as anode catalysts for direct ethanol fuel cells op-
erating at different temperatures. Transmission electron mi-
croscopy (TEM), X-ray powder diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) were employed as catalyst
characterization techniques.

2. Experimental

All carbon (Vulcan XC-72R, Cabot Co.,SBET = 237 m2/g)
supported Pt and PtSn catalysts were synthesized as follows
[ of
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uit. The complete ethanol anodic oxidation, oxygen re
ion and overall reaction of DEFC could be described as
ows:

Anode reaction:

H3CH2OH + 3H2O → 2CO2 + 12H+ + 12e−,

− = 0.084 V versus SHE

Cathode reaction:

O2 + 12H+ + 12e− → 6H2O,
+ = 1.229 V versus SHE

Overall reaction:

H3CH2OH + 3O2 → 2CO2 + 3H2O, Eemf = 1.145 V

Here,E− andE+ denote the anodic and cathodic reac
otentials, respectively andEemfdenotes the standard elect
otive force (E+ −E−). SHE denotes the standard hydro
lectrode.

It is noticed that the complete electro-oxidation of etha
nvolves the release of 12 electrons per ethanol molecul
he cleavage of the CC bond. The latter is believed to pla
ey role in the ethanol electro-oxidation and has a deter
ng effect on the fuel cell efficiency and the electrical ene
ield. Besides the cleavage of the CC bond, the CO-lik
ntermediate fragments, which are formed during the d
iative adsorption of ethanol on the catalyst sites, nee
xidative removal[17]. Both these requirements render
lectro-oxidation of ethanol more complicated than tha
ethanol and impose the necessity for more active an
19]. An ethylene glycol solution containing precursors
t and Sn was mixed with carbon slurry, and kept at 12◦C

or 1 h after pH was adjusted to 13. The reduced mixt
ere then acidified again at room temperature. The red
etals supported on carbon were filtered and washed

opious distilled water. The in-house catalysts were obta
fter the filter cake was dried in vacuum oven at 70◦C for
2 h. All catalysts were marked as PtxSny (subscript denote

he atomic ratio). The Pt content in each sample was 20 w
RD analysis was carried out to obtain all reflection pe
t(2 2 0) reflection peak was scanned finely again and
tted using the Gaussian function to calculate the par
ize and lattice parameters[20]. The nanoparticle sizes
ifferent Pt-based catalysts were also investigated by T
ore than 300 particles were calculated to obtain the

egrated information of each catalyst. X-ray photoelec
pectroscopy characterization of catalysts was perform
VG ESCA LABMKII X-ray photoelectron spectrogra

nder a vacuum of 10−9 Pa. Mg K� ray was used as exc
ation source (hν = 1253.6 eV). C1s was used as the intern
tandard to calibrate the binding energy results. The m
rane electrode assemblies (MEAs), in which the cat
as commercial Pt/C catalyst (20 wt.%) with a metal load
f 1.0 mg Pt/cm2, were fabricated by pressing the electro
nto both sides of Nafion®-115 membranes at 130◦C for
0 s[21]. The anode included the different in-house carb
upported PtSn catalysts with a Pt loading of 1.3 mg/cm2 (ex-
ept that the metal loading was 2.0 mg/cm2 when Pt/C wa
sed as anode catalyst). The MEAs were fastened be

wo stainless steel polar plates with a dotted flow field
xed on an in-house single-cell test apparatus. Two au
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wire nettings were placed between the bipolar plates and the
MEAs to collect current. In the DEFCs, unhumidified oxy-
gen with 2 atm (abs.) backpressure was directly fed to the
cathode side and 1.0 mol/L of ethanol solution without back-
pressure at a flow rate of 1.0 mL/min was directly fed to the
anode side. Every single cell has been operated for at least
three days. On the first day, the single cell was fed only by
distilled water to the anode at 75◦C for at least 4 h in order
to fully hydrate the electrolyte membrane in the MEAs and
remove any low molecular weight organic impurity on the
anode firstly. Then the anode was fed by aqueous solution of
ethanol. The cell voltage–current density data were collected
on the second day. The power density–current density data
were obtained from the multiplication of the cell voltage and
the corresponding current density. The anode polarization
tests of ethanol electro-oxidation over PtSn catalysts were
conducted by employing a Potentiostat/Galvanostat Model
273A (EG&G) under the condition of the single fuel cell
at 90◦C, in which cathode was fed directly not by oxygen
but with the humidified hydrogen and served both as counter
electrode and as reference electrode.

3. Results and discussion

3.1. XRD and TEM results
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between Pt and Sn. Average particle size and fcc lattice pa-
rameters for single-phase Pt-based catalysts were evaluated
according to the full width at half-maximum (FWHM) and
the angular position of the Gaussian-fitted (2 2 0) peaks, re-
spectively.Table 1clearly shows that the addition of Sn to
the Pt extends the fcc lattice parameters and that the lattice
parameters of the PtSn catalyst increase as the Sn content
increases in comparison with that of pure Pt, indicating the
interaction between Pt and Sn[22,23].

As observed from a typical TEM patterns shown inFig. 1
, most of metal particle sizes of each sample are less than
6 nm, and the nanoparticles show homogeneous dispersion
with similar particle sizes. Most of particles are in spheri-
cal shape, and no agglomerations are observed. The particle
size is approximately 1.5–3.5 nm with a very sharp size dis-
tribution, which is in good agreement with the XRD results.
Finally, XRD and TEM results jointly indicate (Table 1) that
the catalysts investigated here have similar mean nanoparti-
cle sizes (1.5–3.5 nm) with homogeneous dispersion, demon-
strating the suitability of the method to prepare nanometer
catalysts with a high metal loading.

3.2. XPS results

In Fig. 2, are reported the Sn 3d (a) and Pt 4f (b) spec-
tra for Pt/C, Pt3Sn2/C and Pt1Sn1/C catalysts. Limited to our
p n ex-
a ing
e ts as
o un-
t
e ll
c large
s ted
t rac-
t h
t Pt of
t ner-
g , due
t ntent
o ental
There were no obvious peaks for Sn or its oxides in
RD patterns of all PtSn catalysts. During our experim
o special XRD peaks for Sn or its oxides were found eve

er the PtSn catalysts, which were synthesized by emplo
novel method, were treated at high temperatures. XRD

erns of all Pt-based catalyst samples clearly and only de
trated the characteristic peaks of the Pt fcc structure. I
lso found from the XRD patterns that there was an obv
θ shift to lower angle for PtSn catalysts, which became m
bvious as the Sn content increased. The 2θ of the Pt(2 2 0
eak for PtSn with different atomic ratio has angle shift lo

han that for Pt as it is summarized inTable 1. The lower angl
hift of the Pt peaks and the absence of XRD peaks for S
ts oxides account for the alloy formation and the interac

able 1
RD and TEM results of carbon supported Pt and PtSn catalysts

atalyst 2θmax
a (◦) Lattice parameter (̊A)

t/C 67.62 3.9156
1/1 66.24 3.9873
3/2 66.50 3.9735

tSn/C
2/1 66.82 3.9562

Pt/Sn=)
3/1 66.89 3.9530
4/1 67.17 3.9383
a The angular position of Pt(2 2 0) reflection peak.
b The full width at half-maximum (FWHM) of the fitted (2 2 0) peak.
B(2θ)
b (mrad) Mean particle size (nm)

XRD TEM

64.18 2.6 2.7
78.88 2.1 2.3
87.26 1.9 2.2

63.88 2.6 3.0

87.47 1.9 2.2
87.60 1.9 2.3

resent analysis conditions, all the spectra have not bee
ctly deconvoluted into different components. The bind
nergies of the elemental Pt and Sn in various catalys
btained from their XPS spectra in company with their co

erparts from literature[22–23] are given inTable 2. In the
ntire Pt spectra, the 4f7/2 signal at around 71.50 eV in a
atalysts are assigned to zero-valent Pt. The relatively
hift from the value of 70.9 eV of bulk Pt-metal is attribu
o a significant contribution from the metal-support inte
ion or small cluster-size effects[23]. The comparison wit
he data from literature suggests that the main part of
he in-house catalysts is in metallic state. The binding e
ies of Sn are slightly higher than both reference data

o interactions between Sn and Pt, due to a higher Sn co
r due to small cluster-size effects. From these experim
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Fig. 1. (A) A typical TEM image of Pt2Sn1/C catalyst and (B) the histogram of the PtSn particles size distribution.

results, it is confirmed that the main part of Sn is in oxidized
state, although the exact amounts of oxidized Sn and metallic
Sn in the catalysts are not defined in the present work.

3.3. Single fuel cell performance results

Carbon supported Pt and PtSn were, respectively used as
catalysts and evaluated in the single cell tests as DEFC an-
odes. The anodes of all single cells employing PtSn as cat-
alysts contain the same platinum loading and different tin
loading, which is much cheaper than platinum. The single
cells with different anode catalysts show different steady-
state polarization curve at 60, 75 and 90◦C, as showed in
Figs. 3–5. When Pt/C was used as anode catalyst, the single
cell exhibited poor performances at any temperature, even

though there was a higher Pt loading (2.0 mg Pt/cm2) at the
anode side.

As seen fromFig. 3 of single cell performance at 60◦C,
the cell voltages at a current density lower than 40 mA/cm2

are increasingly improved as the Sn content in the anode cat-
alysts increases. The single ethanol fuel cell adopting pure
Pt as anode catalysts exhibits a very low open-circuit volt-
age of 0.44 V, which is far from the standard electromo-
tive force of 1.145 V[24]. The great difference between the
open-circuit potential and the standard electromotive force
is mainly attributed to the lower anode catalytic activity and
the ethanol crossover. The ethanol crossover effect is identical
in every case of the present work because of the same elec-
trolyte and MEAs preparation procedure used in all single cell
tests. The maximum power density of this ethanol fuel cell

d Pt4f f
Fig. 2. X-photoelectron spectra of Sn3d an
 or Pt/C, Pt3Sn2/C and Pt1Sn1/C catalysts.
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Table 2
Comparison of binding energies of Pt4f

7/2 and Sn3d
5/2 between literature and experiment

References Data in literature Experimental data

PtO2 PtO Pt Pt/C Pt3Sn2/C Pt1Sn1/C

Pt4f
7/2

[22] 74.5 73.6 70.9 71.50 72.03 71.53
[23] 74.5 72.93 71.55

SnO2 Sn Pt3Sn2/C Pt1Sn1/C

Sn3d
5/2

[22] 486.4 484.6 487.60 487.00
[23] 486.87–487.10a 485.26–485.65a

a This data changes slightly because of the contents of Sn and total metal loadings.

is only 5.2 mW/cm2 at the current density of 38.4 mA/cm2 at
60◦C. When employing Pt4Sn1 as anode, the performance
of the single ethanol fuel cell is obviously improved in com-
parison with the single cell with Pt as anode. The open-
circuit voltage is increased from 0.44 V (for Pt) to 0.65 V (for
Pt4Sn1), and the maximum power density is also increased
to 15.2 mW/cm2 at 65.6 mA/cm2 (Pt4Sn1). It is worth noting
that the anode Pt loading is 2.0 mg/cm2 when Pt is used as
anode catalyst, while the Pt loading is only 1.3 mg/cm2 when
Pt4Sn1 is employed. The total metal loading at the anode for
Pt4Sn1 is only 1.5 mg (Pt + Sn)/cm2. As the Sn atomic con-
tent of the anode catalysts is increased from 20% (Pt4Sn1)
to 25% (Pt3Sn1), the performance of the single ethanol fuel
cell is improved further. The open-circuit voltage increases
by about 0.1 V and the maximum power density increases
to 23.0 mW/cm2 at 75.6 mA/cm2. As the Sn content is in-
creased further, both the open-circuit voltage and the max-
imum power density of the single ethanol fuel cell are en-
hanced. However, the differences among the Pt2Sn1, Pt3Sn2
and Pt1Sn1 are not so obvious as those among Pt3Sn1, Pt4Sn1
and Pt. Although at 60◦C the single ethanol fuel cell with
Pt3Sn2 as anode catalyst shows the highest maximum power
density (30.3 mW/cm2 at 94.4 mA/cm2), the single cell with
Pt1Sn1 shows a better performance in low current density re-
gion. The relation between the single ethanol fuel cell perfor-
m ity) at
6 node
c d
f m
i s of
t f
4 cell
o

s im-
p s
a pari-
s n
f nol
f ,
a t
a

show. The single cells employing Pt3Sn2 and Pt2Sn1 as anode
catalysts give the highest maximum power densities of about
40.0 mW/cm2 at about 105 mA/cm2. Pt3Sn2 and Pt2Sn1 are
thought as more suitable anode catalysts for direct ethanol
fuel cell operated at 75◦C in terms of the maximum power
density.

As presented inFig. 5, at 90◦C, when pure Pt is used as
the anode catalyst, a low open-circuit potential of 0.55 V was
observed for direct ethanol fuel cell. A significant potential
drop of about 0.28 V, more than half of the open-circuit poten-
tial, was observed when a current density of 30 mA/cm2 was
passed through the cell, and the corresponding power density
at 30 mA/cm2 was only 8.1 mW/cm2. This behavior indicates
a strong activation control at low current densities, typical of
the ethanol-oxidation reaction. The maximum power den-
sity of this single cell with Pt/C was only 10.8 mW/cm2 at
75 mA/cm2.

FromFig. 5 it can also be seen that the open-circuit volt-
ages of all single cells with PtSn as anode catalyst are above
0.7 V at 90◦C. Both the performances of single cells with
Pt4Sn1/C and Pt3Sn1/C, respectively are inferior to that of the
cell employing Pt1Sn1/C, but still superior to those employing
Pt/C and Pt1Ru1/C [25]. The maximum power densities with
Pt4Sn1/C and Pt3Sn1/C are 34.6 and 43.0 mW/cm2, respec-
tively at about 130 mA/cm2 at 90◦C. The open-circuit voltage
o he
c V
a cm
a
3 om
0
m
c p
o the
S
i volt-
a 59 V
a n-
s of
1 at-
a 1 V
c all
ances (the cell power density at a defined current dens
0◦C and the Sn atomic content in the corresponding a
atalysts is presented inFig. 3(C). As it can be distinguishe
rom Fig. 3(C), the power densities at 30 and 40 mA/c2

ncrease with the Sn atomic content increment. In term
he maximum power density, the Pt3Sn2 (with Sn content o
0.0 at.%) is more suitable for the single ethanol fuel
perated at 60◦C.

When the operating temperature is increased to 75◦C, the
ingle ethanol cells with different anode catalysts show
roved performances (Fig. 4). Both the open-circuit voltage
nd the maximum power densities are enhanced in com
on with those obtained at 60◦C. In the current density regio
rom 0 to 80 mA/cm2, the performances of the single etha
uel cells with Pt1Sn1, Pt3Sn2 and Pt2Sn1 are very similar
ll of which are better than that of Pt3Sn1, Pt4Sn1 and Pt, jus
s both curves inFig. 4(C) (the lines of 30 and 60 mA/cm2)
f the cell adopting Pt2Sn1/C is 0.81 V, as high as that of t
ell with Pt1Sn1/C. The cell voltage loss was only 0.13
s the current density was increased from 0 to 30 mA/2,
nd the corresponding power density was 20.4 mW/cm2 at
0 mA/cm2. The cell voltage decreased quite slowly fr
.68 V (at 30 mA/cm2) to 0.61 V (at 60 mA/cm2). The maxi-
um power density of this cell reached 61.2 mW/cm2 at the

urrent density of 146 mA/cm2, after which there is a dro
f cell voltage as the current density increases. When
n atomic content increases to 40%, namely when Pt3Sn2/C

s employed as the anode catalyst, the open-circuit
ge is up to 0.82 V. The cell voltages are 0.68 and 0.
t 30 and 60 mA/cm2, respectively. The peak power de
ity is 55.8 mW/cm2 at the corresponding current density
35.6 mA/cm2. As Pt1Sn1/C was employed as the anode c
lyst, the open-circuit voltage of single cell rises to 0.8
ompared to 0.55 V of single cell with Pt/C. There is a sm



W.J. Zhou et al. / Journal of Power Sources 140 (2005) 50–58 55

Fig. 3. Performance comparison of PtSn anode based direct ethanol fuel
cells at 60◦C. Anode catalyst: carbon supported PtSn with different Pt/Sn
atomic ratio with a Pt loading of 1.3 mg/cm2,Cethanol= 1.0 mol/L, flow rate:
1.0 mL/min. Cathode: (20 Pt wt.%, Johnson Matthey Corp.) with a loading
of 1.0 mg Pt/cm2, PO2 = 2 bar. Electrolyte: Nafion®-115 membrane.

voltage drop of about 0.15 V when the current density in-
creases from 0 to 30 mA/cm2 in the activation-control region.
The cell voltage with Pt1Sn1/C at 30 mA/cm2 is comparable
to the open-circuit voltage of the single ethanol cell with

Fig. 4. Performance comparison of PtSn anode based direct ethanol fuel
cells at 75◦C. Anode catalysts: carbon supported PtSn with different Pt/Sn
atomic ratio with a Pt loading of 1.3 mg/cm2,Cethanol= 1.0 mol/L, flow rate:
1.0 mL/min. Cathode: (20 Pt wt.%, Johnson Matthey Corp.) with a loading
of 1.0 mg Pt/cm2, PO2 = 2 bar. Electrolyte: Nafion®-115 membrane.

Pt1Ru1/C [25], which indicates that Pt1Sn1/C is more active
to ethanol electro-oxidation than Pt1Ru1/C, which is primar-
ily used as anode catalysts for methanol electro-oxidation
and CO-tolerance at present. Even at the current density of



56 W.J. Zhou et al. / Journal of Power Sources 140 (2005) 50–58

Fig. 5. Performance comparison of PtSn anode based direct ethanol fuel
cells at 90◦C. Anode catalysts: carbon supported PtSn with different Pt/Sn
atomic ratio with a Pt loading of 1.3 mg/cm2,Cethanol= 1.0 mol/L, flow rate:
1.0 mL/min. Cathode: (20 Pt wt.%, Johnson Matthey Corp.) with a loading
of 1.0 mg Pt/cm2, PO2 = 2 bar. Electrolyte: Nafion®-115 membrane.

60 mA/cm2, the cell voltage is still as high as 0.58 V, and the
corresponding power density is 34.8 mW/cm2, still higher
than the maximum power density of the single cell with
Pt1Ru1/C. The cell voltage decreases to 0.5 V as the current
density increases to 90 mA/cm2, with a corresponding power
density of 45.0 mW/cm2. This single cell gives a peak power
density of 52.0 mW/cm2, nearly five times that of the single
cell with Pt/C. The performances of the single cells with dif-
ferent PtSn catalysts at 90◦C are shown inFig. 5(C). It is clear
that there is a power density peak in each performance curve
at the same Sn atomic content of about 33%, and the corre-
sponding Pt/Sn atomic ratio is 2. From the practical point of
view, the single cell test is the final evaluation criterion for
a novel electrocatalyst and electrolyte, although there are so
many factors affecting the performance of a single cell such
as the MEA fabrication and the activities and conductivities
of the electrocatalysts. In the present work, the anode catalyst
is the one and only variable and other factors such as cathode
catalyst, electrolyte and MEA preparation parameters are de-
fined. Therefore, the single cell performances with different
anode catalysts can be used to compare the activities of anode
catalysts to a certain extent.

For the sake of comparison, PtRu/C prepared by the sim-
ilar method to PtSn/C, with almost the same average particle
size, was also used as the ethanol anode oxidation electrocat-
a r-
i
l tion
t er-
s
a tro-
o re-
s ode
a s are
d and
c

F
P
E /min.
N Pt/C
(

lysts[19]. As one can see fromFig. 6 of the anode pola
zation results of different anode catalysts, the Pt2Sn1 cata-
yst demonstrates higher activity to ethanol electro-oxida
han Pt3Sn2 in the potential region lower than 350 mV (v
us DHE). From this figure, it is also clear that both Pt2Sn1
nd Pt3Sn2 are more active than PtRu for ethanol elec
xidation. The polarization test is in accordance with the
ults of single fuel cell test, both of which indicate that an
ctivities and consequently single fuel cell performance
ifferent from each other with different anode catalysts
urrent densities.

ig. 6. Anode polarization results of ethanol on carbon supported Pt1Sn1,
t3Sn2 and Pt1Ru1 catalysts at 90◦C. Anode metal loading: 1.3 mg Pt/cm2.
thanol concentration and flow rate: 1.0 mol/L ethanol and 1.0 mL
afion®-115 was the electrolyte. Counter and reference electrode:

20%, 1.0 mg Pt/cm2). Scan rate was 2 mV/s.
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The activity of anode catalysts to ethanol electro-oxidation
is affected by catalyst surface structure, metallic particle size,
the interaction between active components and other factors.
In the present work, the metallic particle size effect on the
ethanol electro-oxidation is not excluded, although it was
not verified at present. On the other hand, all the catalysts
synthesized with the same method had similar particle size,
thus there might be almost the same particle size effects if
they exist. Furthermore, Sn or its oxides, as well as Ru, can
supply surface oxygen-containing species for the oxidative
removal of CO-like species strongly adsorbed on adjacent
Pt active sites, which is the so-called bi-functional mecha-
nism [17,26,27], and activate the chemisorbed CO-like in-
termediates[28,29]. Thus, the addition of Sn to Pt enhances
the ethanol electro-oxidation activity, and consequently im-
proves the fuel cell performance compared to the cell with
pure Pt/C as anode catalysts. One of the noticeable differ-
ences among these catalysts is the change in lattice parame-
ters characterized from the XRD results as mentioned above.
Ethanol electro-oxidation is different from methanol electro-
oxidation in that the former involves the cleavage of the
C C bond besides the oxidative removal of the poisoning
species such as COads. A possible explanation is that the
extended lattice parameter favors the cleavage of the CC
bond, improving the fuel utilization and consequently the
p not
o e
t
s ently
e at the
h ased
c ctiv-
i ide.
T nce
o un-
t n Pt
e the
o ntent
c hich
w is
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