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Abstract

In the present work several Pt-based anode catalysts supported on carbon XC-72R were prepared with a novel method
and characterized by means of XRD, TEM and XPS analysis. It was found that all these catalysts are consisted of uniform
nanosized particles with sharp distribution and Pt lattice parameter decreases with the addition of Ru or Pd and increases
with the addition of Sn or W. Cyclic voltammetry (CV) measurements and single direct ethanol fuel cell (DEFC) tests jointly
showed that the presence of Sn, Ru and W enhances the activity of Pt towards ethanol electro-oxidation in the following
order: P{Sn/C > P4Ru; /C > PyW;/C > Py Pdi/C > Pt/C. Moreover, PiRw/C further modified by W and Mo showed
improved ethanol electro-oxidation activity, but its DEFC performance was found to be inferior to that measuresaCPt
Under this respect, several PtSn/C catalysts with different Pt/Sn atomic ratio were also identically prepared and characterized
and their direct ethanol fuel cell performances were evaluated. It was found that the single direct ethanol fuel cell having
Pt;Smy/C or PgSmp/C or PESm/C as anode catalyst showed better performances than those y8th/Rtor P4Sm/C. It was
also found that the latter two cells exhibited higher performances than the single cell ustug/€f which is exclusively
used in PEMFC as anode catalyst for both methanol electro-oxidation and CO-tolerance. This distinct difference in DEFC
performance between the catalysts examined here would be attributed to the so-called bifunctional mechanism and to the
electronic interaction between Pt and additives. It is thought that an amount qfjz@Rl amount of surface Pt active sites
and the conductivity effect of PtSn/C catalysts would determine the activity of PtSn/C with different Pt/Sn ratios. At lower
temperature values or at low current density regions where the electro-oxidation of ethanol is considered not so fast and its
chemisorption is not the rate-determining step, thé&SRYC seems to be more suitable for the direct ethanol fuel cell. At
75°C, the single ethanol fuel cell with £8rp/C as anode catalyst showed a comparable performance to that ysth /€1,
but at higher temperature of 9Q, the latter presented much better performance. It is thought from a practical point of view
that P£Smn/C, supplying sufficient —Okls and having adequate active Pt sites and acceptable ohmic effect, could be the
appropriate anode catalyst for DEFC.
© 2003 Elsevier B.V. All rights reserved.
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weight alcohols. Compared to thex®, PEMFCs, alloys with a second or a third metal is a convenient
direct alcohol PEMFCs are more compact without way to modify the electrocatalytic properties of plat-
the heavy and bulky external fuel reformer and can inum in order to overcome poisoning due to methanol
be applied especially to power electric vehicles. Lig- or ethanol electro-oxidation intermediates, especially
uid fuels, such as low-molecular weight alcohols, the adsorbed CO. It was found that several metals can
featuring higher volumetric and gravimetric energy definitely enhance Pt activity for alcohol oxidation
densities and better energy efficiency, can be easily [2]. Among them, Ru is the favorite metal. Tungsten
handled, stored and transported in comparison with represents also a potential additive to Pt for the al-
gaseous fuels. At present, direct methanol fuel cell cohol electro-oxidation improvement. According to
(DMFC) is being widely investigated and consid- the electro-oxidation bifunctional mechanig5j, the
ered as a possible power source for electric vehicles synergistic effect is resulted from the fact that Ru or
and other portable applications in the near future. W activate water molecules and provides preferen-
However, it is well-known that methanol is volatile tial sites for —-OHqys adsorption at lower potentials
and relatively toxic, therefore it is not thought as a than Pt. Abundant —O}ds species are necessary to
favorable and friendly fue[1,2]. Other short chain  completely oxidize the poisoning intermediates to
organic chemicals, such as ethanol, ethylene glycol, CO,. It has been also very briefly report¢@d] that
propanol[3,4] and dimethyl oxalatg2], were also Pt-Pd alloy catalyst dramatically enhances ethanol
tested as fuels for direct liquid electro-oxidation PEM- electro-oxidation activity in presence of basic elec-
FCs. As one of the alternative fuels, ethanol is safer trolyte. For methanol electro-oxidation, Pt-Sn cat-
and has more energy density compared to methanolalytic activity and their optimum atomic ratio are still
(8.001kWhkg! versus 6.09kWhkg!). Moreover, controversial at present. In addition to the oxidation
as a green fuel, ethanol can be easily produced in of intermediates, such as G the cleavage of C-C
great quantity by fermentation of sugar-containing bond plays a very important ro[&] in the reaction of
raw materials. Therefore, ethanol is more attractive ethanol complete electro-oxidation to gicreasing
than methanol for direct alcohol oxidation fuel cells energy conversion efficiency and fuel utilization. The
operating at lower temperature values. complexity of this reaction and the presence of so
The adsorption and oxidation of ethanol for fuel many intermediates require the development of novel
cells at lower temperature values have already beenanode catalysts, able to break the C—C bond at low
investigated, but most of the prior studies were re- temperature, to release 12 electrons and to completely
stricted to the analysis of ethanol anodic oxidation oxidize the poisoning species at lower overpotentials.
mechanism and the identification of the reaction Many different platinum-based anode catalysts, such
intermediates and products. The complete ethanol as Pt—Ru[8], Pt—-Sn[9], Pt-Mo [10,11] and so on,
electro-oxidation to C@ involves 12 electrons per have been investigated and demonstrated to display to
molecule and many adsorbed intermediates. Besides,a certain extent electrochemical activity for methanol
ethanol is electrochemically oxidized through dif- and ethanol electro-oxidation. The electro-oxidation
ferent pathways on different catalytic surfaces or in of ethanol on other catalysts, such as rhodium and
different media. Thus, it is more difficult to elucidate iridium [12], has also been investigated and different
exactly the mechanism of ethanol electro-oxidation. reaction mechanisms have been proposed. As another
High activity and stability of Pt, especially under potential catalyst, golfiL3] was found to show higher
acidic environment, makes it a suitable electrocat- selectivity for ethanol electro-oxidation while its ac-
alyst for electro-oxidation of many small chemical tivity is lower than platinum. It is very interesting
molecules. However, as well-known, at room or to be mentioned that most results from above cat-
moderate temperature values pure platinum is not alysts were obtained through half-cell experiments.
a very good anode catalyst for ethanol or methanol So, it is worthy evaluating the electro-oxidation cat-
electro-oxidation, because it is readily poisoned by alysts in single direct ethanol fuel cell (DEFC) tests
the strongly adsorbed intermediates, among which by adopting them as anode catalysts. It has been re-
COyqgs is always considered as one of the main poi- cently reported by Lamy et gl1] that the nature and
soning species at low operating temperature. Making structure of the anode catalysts play a key role in the
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adsorption and electro-oxidation of ethanol and other 2. Experimental details
aliphatic alcohols. Increasing the operating temper-
ature of PEMFCs directly fed with liquid ethanol 2.1. Chemicals
(direct ethanol fuel cell, DEFC) can effectively in-
crease the ethanol electro-oxidation rate and decrease All chemicals were analytically pure and used as
the overpotential. It was foun@3] that at higher received. The precursors of Pt, Pd, Ru, and Sn were
temperature of 170C, Pt-Ru Cata]yst shows almost their Corresponding chlorides. Ammonium tungstate
comparable activity for both methanol and ethanol and ammonium molybdate were used as precursors
electro-oxidation. On the other hand, increasing oper- of W and Mo, respectively. The solid electrolyte was
ation temperature needs new solid electrolytes other the Nafiof 115 of Du Port Co. and active carbon of
than the usual Nafiéh membraneg14] that cannot ~ Vulcan XC-72R with a BET area of about 256y
operate at higher temperatures for a long time. Thus, (Cabot Corp.) was used as carrier.
in order to improve the performance of DEFC based
on Nafior? membrane used extensively at present, 2.2. Catalyst preparation and physical
it is of great importance to hunt for more active an- characterization
ode catalysts for ethanol electro-oxidation at lower
temperatures. Some methods have been demonstrated Several carbon-supported platinum, platinum-bi
good to prepare Pt-based electrode catalfisisl 6], and tri-metallic catalysts, such as PtRu/C, PtWIC,
while it still remains a challenge to prepare highly PtSn/C, PtPd/C, PtRuwW/C and PtRuMo/C were pre-
dispersed supported Pt-based catalysts with uniform pared in this study. All of them were synthesized
nanopaticle structure in the presence of high metal according to previous work21] with some modi-
loading. fications. The metal precursors were dissolved, re-
In the present work, a novel method is used for spectively, in ethylene glycol or its mixture solution
the preparation of carbon-supported Pt and Pt-basedwith water, in which the water volume content was
catalysts in presence of higher metal loadings. Based 10%. Then following them, the pH of solution was
on our previous exploratory workfd 7—-20] several modified to 12 and the temperature was increased up
Pt-based binary and ternary metallic anode catalyststo 130°C and kept constant for 2 h so that the met-
were studied by cyclic voltammetry and tested as an- als were reduced adequately. Then the ultrasonically
odes in single direct ethanol fuel cells at lower temper- dispersed carbon slurry was added dropwise. After
atures in order to identify the most appropriate. In spite impregnation for 4 h, the mixture was filtered and the
of many factors affecting its performance, the single filter cake was dried in a vacuum oven at°@D for
fuel cell is still considered as a very effective and ul- 12 h. The Pt loading of all anode catalysts was always
timate reactor to evaluate electrocatalysts when other 20 wt.%. All catalysts were marked as,Ft,(N;)/C,
operation parameters are well defined. In this work, where M(N) denotes additive to Pt, and the subscript
Nafior®-115 membrane was used as identical solid denotes the atomic ratio of Pt with other elements.
electrolyte and commercial Pt/C as identical cathode XRD patterns of all samples were obtained with a
catalyst for the reaction of oxygen reduction in all Rigaku X-3000 X-ray powder diffractometer using Cu
single fuel cell tests. Other parameters, such as elec-Ka radiation with a Ni filter. The angular resolution
trode preparation and membrane-electrode assemblyin the -scans was 0.05or the wide-angle 2-scans.
(MEA) preparation procedure were kept consistent. The scan range is from 2@o 9C°, and the scan rate
Anode catalyst was the only variable in the single fuel was 4/min. It is worth noticed that the range from60
cell test. The structure and chemical composition of to 75 was scanned finely at a rate of @1&in to get a
the catalysts were investigated by transmission elec- fine Pt(2 2 0) reflection peaks of the different catalysts.
tron microscopy (TEM) and X-ray powder diffraction Specimens were prepared for TEM analysis by ul-
(XRD). X-ray photoelectron spectroscopy (XPS) was trasonically suspending the catalyst powder in ethanol.
also used to obtain information concerning possible A drop of the suspension was then applied onto clean
differences between the surface and bulk composition holy copper grids and dried in air. Samples were exam-
in the prepared bi-metallic and tri-metallic catalysts. ined using the JEOL JEM-2011 electron microscope
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operated at 100 kV. More than 300 particles were cal- oxygen was used with a total flow rate of 120 ml/min
culated to get the integrated information about the and pressure of 0.2 MPa.
overall distribution of every Pt-based catalyst samples.

2.3. Cyclic voltammetry experiments 3. Results and discussion

The cyclic voltammetry spectra were recorded us-  The different diffractograms of the various carbon-
ing a potentiostat/galvanostat (EG&G Model 273A). supported Pt and Pt-based catalysts are shown in
Five milligram of Pt-based catalyst was suspended in Figs. 1 and 2The diffraction peak at 20-2®bserved
1 ml of ethanol and 5@ of Nafion® solution (5 wt.% in all the XRD patterns of the carbon-supported cat-
Aldrich solution) to prepare catalyst ink. Then 2b alysts is due to the (002) plane of the hexagonal
of ink was transferred with an injector to clean glassy structure of Vulcan XC-72 carbon. The diffraction
carbon disk electrode (with area of 0.1256%3mAf- peaks at about 39 46°, 68 and 8T are due to Pt
ter the ethanol volatilization, the electrode was heated (111), (200), (220), and (311) plane, respectively,
at 75°C for 10 min. A mixture solution containing  which represents the typical character of a crystalline
0.5M H,SOy, and 1.0M ethanol was used as elec- Pt face centered cubic (fcc) phase. There are no other
trolyte, which was saturated by pure argon in order to distinct reflection peaks in all spectra than those of
expel oxygen in the solution. During the experiment the four peaks mentioned above, indicating that all
the temperature was kept constant at@5The scan in-house supported Pt and Pt-based catalysts have pre-
rate was 10 mV/s, and a saturated calomel electrodevailed Pt (fcc) crystal structure. The (220) reflections
(SCE) was used as reference electrode, and a platinumof Pt are used to calculate the average particle size
wire was used as counter electrode. The data wereaccording to the Scherrer formuja4]. The particle
recorded after three cyclic curves overlapped each mean size and lattice parameter obtained from XRD

other. patterns and the TEM results are summarized in the
Table 1

2.4. The MEA preparation and single fuel By examining the XRD results reported Fig. 1,

cell test there are obvious differences among the bimetallic

catalysts in both the noble metal particle size and the

The membrane electrode assembles (MEAs) were shift of the reflection peak of (22 0) plane, while as is
fabricated according to the method described in pre- shown inFig. 2 no differences are found among those
vious works [19,20,22] The anode contained the Pt—Ru based ternary metallic catalysts. TheRet/C
in-house carbon-supported Pt-based catalysts with catalyst has the smallest particle diameter calculated
a Pt loading of 1.33mg/cfn(except the case when from the fitted (22 0) plang24]. The lattice param-
pure Pt/C was used as anode catalyst where theeter of the (fcc) Pt/C 20wt.% is estimated to be
platinum loading was 2.0mg/&nand the cathode 3.9156 A, while the lattice parameter of 1Ruy/C
contained commercial Pt/C catalyst (20wt.%) pur- catalyst synthesized by the same method is 3.8830 A,
chased from Johnson Matthey with a Pt loading which indicates the improved interaction between
of 1.0mg/cnt, which was kept identical in all the Pt—Ru. It was also found that the addition of Ru and
MEAs. NafiorP-115 membrane was used as solid Pd to Pt/C can decrease the lattice parameter of Pt
electrolyte, which was pre-treated with diluted®p (fce) crystal inducing the (2 2 0) reflection peak shift

solution and HISOy solution successivelf23]. Then, to higher position, while the addition of Sn and W to
the sandwich of anode-membrane-cathode was as-Pt/C induces opposite results, which indicates that the
sembled by hot-pressing constantly at 1@0or 90 s. interaction between Sn and Pt is different from that

The single cell with an active area of 9 émwas fed between Pt and Ru. The calculated lattice parameters
with an ethanol aqueous solution of 1.0 M. The fuel of P4Sm/C and PtW1/C are 3.9873 and 3.9223A,
cell operating temperature was less than A@Pand respectively. The respective additions of W and Mo
the fuel flow rate controlled by a peristaltic pump to P4Rui/C have no obvious effect on its XRD pat-
was 1.0ml/min. On the cathode side, unhumidified tern, showing that both additives do not change its
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Fig. 1. X-ray diffraction patterns of carbon-supported Pt, Pt-based bimetallic, and Pt-based trimetallic catalysts.

crystal structure. Furthermore, from the XPS results From the TEM micrographs, it was found that
of these catalysts it was found that Sn was mainly in metal particles of all Pt-based catalysts were very
the oxidized state, while Pt and Ru were in reductive uniform. Fig. 3 depicts a typical TEM image of

state. in-house PtRuw/C catalyst and its metal particle size
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Fig. 2. X-ray diffraction patterns of carbon-supported PtSn catalysts with different Pt/Sn atomic ratio.
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2.3nm, slightly higher than that of f/Ru/C. The

XRD and TEM Results of carbon-supported Pt and Pt-bimetallic sgmples of RW;/C and PtPd/C have mean size of

Table 1
catalysts
Catalyst Mean particle size (nm) Lattice parameter (A)
TEM  XRD
Pt/C 2.7 2.6 3.9156
PtyRw/C 1.9 18 3.8830
PyPd/C 3.0 2.8 3.9064
PyW./C 34 3.2 3.9223
PtSn/C (Pt/Sa)
1:1 2.3 2.1 3.9873
3:2 2.2 1.9 3.9735
2:1 3.0 2.6 3.9562
31 2.2 1.9 3.9530
4:1 2.3 1.9 3.9383

3.6 and 3.0 nm, respectively. The values of the mean
particle size obtained by TEM analysis are almost
in good agreement with those calculated from the
XRD results, but the former are always higher. The
TEM results show that the present method is suitable
to prepare nanometer-sized Pt-based catalysts in the
presence of high metal loadings. It is important to
notice that nanoscaled noble metal catalysts were pre-
pared in the present work without the employment of
any expensive surfactants, which are used in previous
preparation method®5]. Furthermore, compared to
the sulfite-complex rout§26] that has been demon-
strated suitable to prepare Pt and Pt-Ru nanosized
catalysts, more various Pt-based catalysts, such as

distribution with a mean particle size of about 1.9nm pt-Sn and so on can also easily be synthesized by
and a sharp distribution. Other three PtRu-based cat-the method used in the present work. Indeed, in the
alysts have similar particle size. The mean particle method proposed here inexpensive ethylene glycol

size of P{Sm/C was similarly found to be about

Number of particles [%]

Fig. 3. A typical TEM image (A) of PtRu/C catalyst and the
histogram (B) of the PtRu particles size distribution.

1.0

15 20 25 3.0 35 40

Diameter [nm]

plays the role of both reducing agent and protective

agent during the metal reduction process. Given the
above reasons and the results of XRD and TEM,

the method adopted here is convenient and inexpen-
sive, suitable to prepare various supported Pt-based
catalysts with higher metal loading.

Furthermore, another interesting result is reported
in Fig. 4in which it is clear that in the Pt-Sn catalysts,
the lattice parameter of Pt crystalline increases as the
Sn contentincreases. The mean particle size and lattice
parameter obtained from the XRD patterns and TEM
results are listed ifable 1 As easily can be noticed,

398}

3.96

Lattice parameter (A)

3.94 GG

392

1 1 1 a 1 a 1 s 2

0 10 20 30 40 50
Atomic percentage of Sn (%)

Fig. 4. The relation between lattice parameter and Sn content in
different PtSn/C catalysts.
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Table 2

CV results of Pt/C and carbon-supported Pt-bimetallic catalystsq25
Methanol (1.0 M) Ethanol (1.0 M)
Positive peak potential Peak current density Positive peak potential Peak current density
(mV vs. SCE) (mA/cn?) (mV vs. SCE) (mA/cn?)

pt/IC 680 27.63 800 195

PtRw/C 551 48.05 547 25.8

Pt Sm/C 638 36.72 710 56.2

Pty W1/C 592 39.15 755 49.4

Pt Pdi/C 625 34.56 668 24.4

according to the TEM micrographs, all Pt-Sn catalysts PtjRu/C appears at the most negative potential, at
have almost very similar particle size ranging between about 0.53V (versus SCE), and the peak potential is

2.2 and 3.0nm. about 0.23V lower than that on Pt/C catalyst. The
The main results of CV test of carbon supported Pt first electro-oxidation peak of ethanol on;Pth/C
and Pt-bimetallic catalysts are listedTiable 2includ- is around 0.65V (versus SCE), higher than that on

ing the positive peak potentials and corresponding Pt Ru/C. The current density at the first peak of the
peak current densities of ethanol electro-oxidation. ethanol electro-oxidation on fRu/C is higher than
Peak position reported ifable 2is for the first ethanol that on PiPdi/C, but less than these onB/C,
oxidation peak, and the second oxidation peak may PtW1/C and Pt/C, respectively. The & /C shows
appear at higher potential, where the bimetallic cat- the highest current density, but also has a higher over-
alysts are not so stable. The CV results of methanol potential (0.71 versus SCE). 1#¥1/C catalyst also
electro-oxidation on these catalysts are also listed in exhibits a higher current density than these of Pt/C
Table 2in order to compare their activity with respect and P{Ru;/C and PiPd/C, but has a similar over-
to the electro-oxidation of ethanol. Frofable 2and potential (0.75 versus SCE) to Pt/C4Pth/C shows
Fig. 5, it is clear that the addition of the second metal lower activity to ethanol oxidation than fRu/C

to Pt results in the negative shift of the first ethanol and P{Sm/C. The positive peak current density of
electro-oxidation peak. The first oxidation peak on ethanol on RW1/C is close to that on PEm/C, but

Pt Ru /C [ Ptw/C | PtPd/C [ Pt Sn/C [Ptic
N
g SOF 50 = 50 50 f
(2]
<
E w} 40 | = 40 40 |
2
t
g 30 30 f = 30 30 |
[}
Q
t 20 - = 20 20 |-
£
=
° 10 = L 10 10k
0 PR U Y a1 . 1 0 a1 a1 0 PR NS Y
0 300 600 900 0 300 600 900 0 300 600 900 0 300 600 900

Potential (mV vs SCE)

Fig. 5. Cyclic voltammetry spectra of carbon-supported bimetallic catalysts“a@.25lectrolyte is 0.5 M HSO, solution containing 1.0 M
ethanol. The scan rate was 10 mV/s.
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the peak appears at higher positive potential. It is clear
that P§Sm/C presents a higher positive peak current
density, and consequently higher activity to ethanol
electro-oxidation from the point of current density.
Pt Ruw/C shows the lowest overpotential to ethanol
electro-oxidation among the above electrocatalysts,
which indicates that PRw/C is also a promising
catalyst for ethanol electro-oxidation. It is also found
from Table 2andFig. 5that ethanol electro-oxidation
on the PtSm/C and PtRuw/C catalyst seem opposite
from methanol electro-oxidation on them.;Rty/C
catalyst shows higher activity to methanol oxidation
than P{Sn/C, while the latter shows higher activity to
ethanol oxidation than PRu;/C. As one can observe

in Fig. 5, the negative peaks of f8m/C and P1W;/C
also differ from those of RRu;/C and PiPd;/C, indi-
cating that there are different interactions between the
catalyst surfaces and ethanol electro-reaction inter-
mediates. The positive peak positions of ethanol oxi-
dation on ternary metallic catalysts were 600 mV (vs.
SCE) for PtRwuMo4/C, 700mV for PtRuW1/C.
The CV test identifies that P$n/C is the more
suitable electro-catalyst for ethanol electro-oxidation
among these four Pt-bimetallic catalysts.

W. Zhou et al./Applied Catalysis B: Environmental 46 (2003) 273-285

Then, the four Pt-based bimetallic catalysts and Pt/C
were employed as anode catalysts for the MEA prepa-
ration and their DEFC performances were tested. In
Fig. 6 are reported the performances of single ethanol
cells with different anode catalysts at 9D. As iden-
tified in the CV test, RiSm/C shows higher activity
with respect to Pt/C and to the other bimetallic catalyst
in the single fuel cell tests. IRig. 6, it can be distin-
guished that adopting P8 /C as the anode catalyst,
the open circuit voltage (OCV) of the single fuel cell
approaches 810 mV, about 140 mV more than the fuel
cell employing PiRw/C. The OCVs of the single cells
with Pt;W1/C and P{Pd,/C as anode catalysts are 540
and 505 mV, respectively. The performance of the sin-
gle cell with Pt/C as anode catalyst is similar to that of
single cell with PtPd;/C. The single cell test demon-
strates that, from a practical point of view, Pt/C and
Pt1Pd;/C do not seem to be good catalysts for ethanol
oxidation. W and Ru can dramatically enhance the ac-
tivity of Pt with respect to methanol oxidation due to
the so-called synergetic effect. In the present work, as
one can observe from tikég. 6, the addition of the two
additives (Ru and W) to Pt also enhances the ethanol
oxidation activity, and by examining the single cell

3 Anode catalysts and loading of Pt:
09 | —O—Pt/C, 2.0 mgPt/cm’; —e—Pt Ru/C, 1.33 mgPtiem’; 60
s —&—Pt,Sn /C, 1.33 mgPtiem’; —w— Pt Pd /C, 1.33 mgPt/em’;
08} @ —*P,W/C20 mgPt/cm’
| % 50
07} é"
-~ [ 4
S o6 08
& f 5
8 05F 30 2.
° I <
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Fig. 6. Comparison of direct ethanol fuel cell characteristics wit

Nafior®-115 membrane. Ethanol aqueous solution is 1.0 mol/l and its flow rate is 1.0 mli/min; cathode contains Pt/C (Johnson Matthey

Co.) with 1.0 mg Pt/crh

h different bimetallic anode catalysts’@t 96lid electrolyte is
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performances Ru is better activator than W. As far as methanol or synthesis gas. Based on Pt-Ru, many
Sn is concerned, its effect on Pt activity for methanol ternary and quaternary metallic catalysts have been
electro-oxidation is yet controversial in recent litera- prepared, among which PtRuW and PtRuMo showed
ture. Here, as observdble 2 the methanol CV test  excellent behavior. In the present study, B W,/C
on P§Sm/C demonstrates the promoting effect of Sn and Pi{RuiMo1/C with Pt weight loading of 20%
towards methanol electro-oxidation on Pt although it were also prepared by adopting the same method. As
is inferior to that of Ru. But the single fuel cell ex- shown inFig. 7, the single fuel cells employing the
periment result irFig. 6 and the ethanol CV results in  two tri-metallic catalysts, respectively, as anode cata-
Fig. 5jointly indicate that adding Sn to Pt can remark- lysts demonstrate really improved performance. From
ably increase the electro-oxidation of ethanol on Pt. the Fig. 7, it can be also seen that the addition of
Thus, as far as ethanol electro-oxidation is concerned, Mo increases the open circuit voltage, while the ad-
Pt;Sm/C is evidently the more suitable anode catalyst dition of W can greatly increase the maximum power
among the four bimetallic catalyst mentioned above. density.
As concerned the life time, it was found from the ex- The results of single direct ethanol fuel cell tests
periments that the power output of almost all single adopting the different catalysts mentioned above are
direct ethanol fuel cells was constant for three days at summarized irTable 3 in which is including the open
least. More precisely the performance of single cells circuit voltage of various single cells, the working out-
with different anode on the second day was compara- put voltages at current densities of 30 and 60 m&/cm
ble to that on the third day and both were relatively the corresponding power densities, and the maximum
improved compared to the single cell performance on power densities and its corresponding current densi-
the first day. Here the results for every anode catalyst ties. Although compared to fRu;/C, the addition of
were recorded on the second day after the single cell W to Pt-Ru can greatly improve the activity of Pt-Ru
fixed and tested. toward ethanol electro-oxidation, the performance of
At present Pt-Ru catalysts are still used exten- the single DEFC with RRuW1/C is still inferior to
sively as anode catalysts for fuel cells fueled with that employing RtSn/C.

Anode: 1.33 mg P/em’ —®— Pt Ru,/C

442
07k —V—Pt]Ru]WI/C —O—PtIRulMOI/C
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Fig. 7. Comparison of the performance of single cell with PtRu-based anode catalystCatSafid electrolyte is Nafidh-115 membrane.
Ethanol aqueous solution is 1.0 mol/l and its flow rate is 1.0 ml/min; cathode contains Pt/C (Johnson Matthey Co.) with 1.CmgPt/cm
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Table 3
Summary of performance of single fuel cell tests adopting different catalystsC{90
Anode Open circuit At 30 mA/cn? At 60 mA/cn? Maximum Current density at
catalysts voltage - - power density  maximum power
(mv) Output Corresponding  Output Corresponding (mWicn?) density (mA/cr)
voltage power density  voltage power density
(mV) (mA/cn?) (mV) (mA/cn?)
Pt/C 547 275 8.25 177 10.62 10.85 75.1
PyPd/C 500 285 8.55 193 11.58 11.97 75.1
PtyW4/C 540 312 9.36 232 13.92 15.88 86.4
PyRw/C 677 461 13.83 368 22.08 28.54 120.3
Pt Sm/C 811 662 19.86 576 34.56 52.22 135.55
Pt RuW;4/C 698 503 15.09 425 25.50 38.54 142.2
PtiRuMo,/C 720 486 14.58 389 23.34 31.19 120.5

Based on the fact that f8n/C demonstrated to  alysts are more suitable for ethanol electro-oxidation
be a very active anode catalyst for the direct electro- than PtRu/C. Moreover, even &y /C, which is the
oxidation of ethanol in PEM, additional work has been less active catalyst for ethanol electro-oxidation, ex-
done to investigate the effect of Pt/Sn atomic ratio. hibits higher performance in single fuel cell operation
Fig. 8shows the performances of single fuel cells with than P{Rw/C. The single fuel cell with REm/C as
different PtSn/C catalysts as anode catalysts. The re-anode catalyst shows a comparable performance to
sults of these single ethanol fuel cells at different op- that with P§Ru;W1/C, which, as mentioned above, is
eration temperature values are depicte#im 9. This an improved PtRu-based catalyst supported on carbon
part of work demonstrates again that the PtSn/C cat- for ethanol electro-oxidation.

—m— Pt Sn /C;—O—Pt,Sn /C
09F  —w—PtSn/C;—®—Pt,Sn/C
-, —%—PtSn/C

Cell Voltage (V)
(_lum/ A W) AISud( 19Mod

[ 50 100 150 200
Current Density (mA/cmZ)

Fig. 8. Performances of single direct ethanol fuel cell with different PtSn/C catalysts as anode catalystS.at®fide is PtSn/C with
different Pt/Sn atomic ratio (1.33 mgPt/&n Solid electrolyte is Nafidh-115 membrane. Ethanol aqueous solution is 1.0 mol/l and its
flow rate is 1.0 ml/min; cathode contains Pt/C (Johnson Matthey Co.) with 1.0 mgPt/cm
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Fig. 9. Summary of single fuel cell performance with different PtSn/C as anode catalysts operate€ a760C, and 90C. Anode is
PtSn/C with different Pt/Sn atomic ratio (1.33 mgPt#nSolid electrolyte is Nafidh-115 membrane. Ethanol aqueous solution is 1.0 mol/l
and its flow rate is 1.0 ml/min; Cathode contains Pt/C (Johnson Matthey Co.) with 1.0 mgPt/cm

In Fig. 9itis also observed that at 6C, the power oxygen-containing species. It is report@®] that al-
densities of single fuel cell at 30 and 40 mA&in- loying Pt with Ru leads to a downshift of the Pt d states,
crease with the Sn content in PtSn/C catalysts, and thewhich leads to the weakening of the Pt-CO bond,
best cell performance (according to the peak power increasing CO-tolerance of Pt and improving its activ-
density) appears when §8np/C is employed as an- ities to CO, methanol and ethanol electro-oxidations.
ode catalyst. When the temperature increases €75 At the same time the Ru d-band is shifted to higher
the best performances are exhibited by the single fuel energy levers leading to a stronger adsorption of CO
cell with PbSm/C and P§Snp/C. At 90°C, the max- on the Ru sites. Thus, a fraction of Ru surface active
imum power densities and power densities at 30, 60 sites are probably not free for —Qid formation. By
and 90 mA/crd all indicate that PiSm/C is the opti- combining calculated binding energy valyes] and
mum anode catalyst for direct ethanol fuel cell. experimental resultf29] it is assumed that CO does

A possible explanation of the behavior observed not prefer to bind with Sn surface atoms. Conse-
above is the following: it is well known that G guently, the Sn surface sites are always free to supply
is one of the main and common intermediates during adsorbed —OH species. Furthermore, as mentioned
the electro-oxidation of ethanol, methanol and formic earlier, -OH species prefers to be adsorbed mostly on
acid. Thus the oxidation of CO-like intermediates is Sn than on Pt sites. It is obvious that Sn (or Sn-oxide
crucial to ethanol electro-oxidation. According to XPS [30]), Ru and W are able to form oxygen-containing
results about these in-house Pt-based catalysts as menspecies at lower overpotentials than Pt. These oxygen-
tioned above, Pt and Ru of PtRu/C catalyst surface are containing surface species are necessary for the ox-
in metallic states while Sn of PtSn/C catalyst surfaces idation of adsorbed CO-like intermediates. This is
is in oxide state. Itis easy, as demonstrated in previousthe so-called bifunctional mechanism and explains
works, for Ruand W to provide —Ofgsspecies during  partially the enhanced effect of Sn, Ru and W on
methanol or ethanol electro-oxidati¢®7]. Sn or its the ethanol electro-oxidation. However, the enormous
oxides[5] are also helpful to the formation of surface difference between single fuel cells performance with
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the three bimetallic catalysts, /% /C, Pt Rw/C and the performance of single cell, which partially coun-
Pt W1/C, could not be explained adequately in terms teracts the promotion of Sn. At lower temperatures,
of bifunctional mechanism alone. when the electro-oxidation of ethanol is not fast and
It is observed from the XRD results that the addi- the effect of resistance-overvoltage is not very ob-
tion of Sn, Ru and W produces different changes of vious, the cleavage of C—C bond and the oxidation
Pt lattice parameters. Thus, a plausible explanation is of adsorbed intermediates other than chemisorption
that the stretch of Pt lattice parameter catalyzes the of ethanol represent the RDS of the entire reaction
cleavage of C—C bond and consequently increases theprocess. Thus, higher Sn content is helpful to the
efficiency of ethanol electro-oxidation. Electronic in- formation of abundant —Olds and accelerates the
teraction between Pt and the modifier may be another entire reaction. This explains why the performance of
main cause. It has been reported that charge transfersingle fuel cell with P{Srnp/C is better than that with
from Sn to Pt would attract the oxygen-containing PtSm/C at 60°C. Thus, the experimental results that
species to the surface at the more electropositive Snthe performance of the single fuel cell withyBty/C
atoms[31]. Another effect is probably due to the fact at higher temperature values is inferior to those with
that the addition of Sn could decrease oxidic Pt state PbSm/C and P$Snp/C are due probably to both the
from catalyst surface and increase the free active Pt ohmic effect and the less active sites of Pt surface for
sites for ethanol chemisorption and the consequent de-ethanol chemisorption.
hydrogenation reaction. Xig32] found enhanced
catalytic effect of tin adatoms for the oxidation of ad-
sorbed formic acid and explained it in terms of com- 4. Conclusion
bination of bifunctional mechanism and electronic

interaction between Sn adatoms and Pt substrate. In the present work, the novel catalyst preparation

The electronic interaction is emphasized in the initial
oxidation region. The electronic interaction between
Pt and Sn is proportional to the Sn content, and the

method is demonstrated to be suitable to prepare
nanometer-sized carbon supported Pt-based bimetal-
lic and trimetallic catalysts in the presence of higher

performance of single fuel cell with $8m/C or
Pt3Snp/C or P§Sn/C as anode catalyst is better than
that with P§Sm/C or P S /C at a temperature value
close to 90C.

At higher temperatures or at higher current den-
sity regions, the performance of single fuel cell with
PtLSm/C as anode catalyst is superior to the per-
formance of a single fuel cells with £8np/C or PtSm/C > PyRu/C > P4yW1/C > PyZPd;/C >
Pt Sm/C catalysts. It is assumed that separate SnO Pt/C.
phase could occur on the catalyst surface, and the Although considered as a good catalyst for methanol
separate oxide phase would cover active Pt sites andelectro-oxidation in DMFCs, PRu;/C does not show
impede ethanol chemisorption. The decrease of Ptthe best activity for ethanol electro-oxidation. The ad-
sites would result in the shift of rate determining dition of W and Mo, especially W, improvesfRu;/C
step (RDS) of ethanol electro-oxidation process to activity for ethanol electro-oxidation and its perfor-
the chemisorption step. Besides, Sn oxide content mance in direct ethanol single cell, but the activity of
increases with the Sn content in PtSn/C catalysts, PtiRuyW1/C is still inferior to that of PtSm/C. The
and Sn oxide, on the other hand, probably results in current density—voltage characteristics of single direct
the decrease of conductivity of anode catalyst, which ethanol fuel cell show evidently that the;Bty/C is a
consequently brings the increase of ohmic resistancebetter catalyst than carbon supportegRh and other
of electron-conductof33] and single cell internal  PtRu-based ternary metallic catalysts.
resistance. The resistance increase, although has no Besides supplying abundant —@fdat catalyst sur-
correlation with chemical process, unavoidably results face, the different interactions between Pt and Sn
in the fuel cell resistance—overvoltage and worsens or Ru result in the obvious difference between the

metal loadings. The results of the cyclic voltammetry
tests are coordinated with those of single fuel cells
from the point of current. The addition of a second
element to Pt can evidently improve the reaction of
ethanol electro-oxidation. It was found that Sn, Ru
and W are good additives, affecting the activity of
ethanol electro-oxidation in the following sequence:
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performances of single fuel cells employing &t /C
and P{Rw/C as anode catalysts, respectively. The
amount of —OHys the amount of surface Pt active
sites and the ohmic effect of PtSn/C catalysts de-
termine the activity of PtSn/C with different Pt/Sn
ratios and their performances in single ethanol cells.
The single direct ethanol fuel cell tests show that
PtSm/C or PgSnp/C or P4Sm/C is better than
PtSm/C or Py Sm/C as a result of —Olgs supply-
ing. At lower temperatures or in low current density
region, the P§Snp/C seems to be more suitable for
the direct ethanol fuel cell. At 78, the single cell
with PzSnp/C as anode catalyst gives performance
comparable to the cell with PSr/C at higher tem-
perature, the single fuel cell with #8n/C shows
the best performance. It is confirmed tha; 3 /C,
supplying sufficient —Ollys having adequate active

Pt surface sites and acceptable ohmic effect, is the

appropriate anode catalyst for direct ethanol fuel cell.
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