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Abstract

In the present work, several Pt-based anode catalysts supported on activated carbon XC-72R were prepared by using a nhovel method
characterized and tested. XRD analysis and TEM images indicated that all of anode catalysts consist of uniform nanosized particles with
sharp distribution and that the Pt lattice parameter becomes shorter with the addition of Ru and Pd and bigger with the addition of Sn and
W. Cyclic voltammetry (CV) measurements and single direct ethanol fuel cell (DEFC) tests jointly showed that Sn, Ru and W can enhance
ethanol electro-oxidation activity of Pt in the following ordery &t /C > P4Ru;/C > PyW1/C > PyPdi/C > Pt/C. The PtRw/C
catalyst was modified with Mo, W and Sn, respectively. It was found that the DEFCs performances were improved with these modified
Pt Ru/C catalysts as anode catalysts. This distinct DEFC performance behavior is attributed to the so-called bifunctional mechanism and
to the electronic interaction between Pt and additives.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [2-4], and in particular the direct methanol fuel cells (DM-
FCs) research has been given more attention and investments
The low-temperature fuel cells that can run directly on lig- in the past decade. However, there are still open questions re-
uid fuels such as methanol and ethanol and so on are gainindated to DMFCs such as serious methanol crossover from an-
more and more interest especially for the large potential mar- ode side to cathode side. Another disadvantage of methanol
ket for fuel cell vehicle applicationd]. Operating on liquid is that it is volatile and relatively toxic to eyes. Ethanol has
fuel would assist in rapid introduction of fuel cell technology a similar molecular structure to methanol and is relatively
into commercial markets, because it will greatly simplify the reactive. Moreover, ethanol is a green fuel and readily pro-
on-board system and reduce the infrastructure needed to supduced from renewable resources. Ethanol is rich of hydrogen
ply fuel to passenger cars and commercial fleets. Comparedand can be used indirectly to prepargfdr Ho/air PEMFCs.
to Ho/O, PEMFCs, the direct alcohol PEMFCs are more Therefore, ethanol is attractive to fuel cells whenever it is di-
compact without heavy and bulky fuel reformer and can rectly used to direct ethanol fuel cells (DEFCs) or indirectly
be especially applied to power electric vehicles. Liquid fu- used to fuel H/air PEMFCs by reforming. The electrochem-
els, such as low-molecular weight alcohols, featuring higher ical oxidation of ethanol has been the subject of a large
volumetric and gravimetric energy densities and better en- number of recent investigations. In most of previous stud-
ergy efficiency, can be easily handled, stored and transportedes, spectroscopic techniques such as IR, MS and GC are the
compared to the gas fuels such as pure hydrogen. Amongmost common tools used to identify the products and inter-
these low-molecular weight alcohols, methanol currently ap- mediates of ethanol electro-oxidation. The established major
pears to be the particularly favorite fuel for these direct productsinclude Cg acetaldehyde and acetic acid, and it is
electro-oxidation fuel cells and fuel cell-driven automobiles reported that methane and ethane have been also ddtgcted
Surface adsorbed CO is still identified as the leading inter-
mpondmg author. Tels86-411-4379710; media_te ir_1 ethanol electro-oxi_dation as in the_ methanol (_elec-
fax: +86-411-4379710. tro-oxidation. Other surface intermediates include various
E-mail address: xingin@dicp.ac.cn (Q. Xin). C1 and G small molecular such as ethoxy and ac¢yb].
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It is reported that ethanol electro-oxidation contains several experiments were carried out in a solution containing
reaction pathway§7]. Carbon dioxide is the favorite prod- 0.5M H,SO; and 1.0 M ethanol at room temperature. The
uct and other products and by-products such as acetaldesmembrane electrode assembles (MEAs) were fabricated
hyde and acetic acid will inevitably decrease the fuel effi- according to the method described in literati®,11]
ciency. The electro-oxidative removal of CO-like intermedi- Commercial catalyst 20.0 wt.% Pt/C (Johnson Matthey Co.)
ates and the cleavage of C—C bond are the two main obstaclesvas consistently used as cathode catalyst for oxygen ca-
and rate-determining steps. Although either increasing re- thodic reduction. The catalyst ink was prepared by directly
action temperature or adopting more active electrocatalystsmixing a suspension of NafiGhionomer ethanol solution
can enhance the ethanol electrochemical reaction activity,with catalyst powder in an ultrasonic bath. Then, the re-
increasing reaction temperature is not, at least at present, thesulting paste was spread onto carbon paper backing layer
primary choice because the present perfluosulfonic-basedto prepare the electrode. The Pt loadings of cathode and
polymer electrolyte membranes dehydrate at higher opera-anode are 1.0 and 1.3 mg/énmespectively. The MEA was
tion temperatures, which results in the intrinsic impedance manufactured by pressing the electrodes onto either side of
increase and consequently deteriorate the fuel cell perfor-Nafior®-115 membrane at 13@ for 90s. The MEA was
mance[8]. It is clear that ethanol electro-oxidation involves loaded into an in-house single-cell test fixture. Aqueous
more intermediates and products than that of methanol, andsolutions of ethanol and un-humidified oxygen were fed to
thus more active electrocatalysts are needed to promotethe cell. The operating temperature of the cell was kept at
ethanol electro-oxidation at lower temperatures. The nature90°C. Under the same conditions, the single direct ethanol
and structure of the eletrocatalysts play a crucial role in fuel cell (DEFC) with PtRu; and P{Sm as anode catalysts
ethanol adsorption and electro-oxidation, and the catalystrespectively were also investigated as half-cells, in which
preparation procedure affects the catalyst nature and structhe cathode was fed by the humidified hydrogen and used
ture, especially the various interactions between the differ- as counter electrode and reference electrode. The scan rate
ent elements. was 2mV/s and the anode was still fed by ethanol solution.
The present work reports several carbon-supported Pt-
based bimetallic and ternary metallic catalytic activities for
ethanol electro-oxidation. These catalysts were prepared ac3, Results and discussion
cording to a novel and convenient method and characterized

by X-ray diffraction (XRD) and transmission electron mi- XRD and TEM results: The XRD patterns of various
croscope (TEM). Cyclic voltammetry (CV) measurements carbon-supported binary and ternary metal catalysts were
and single DEFC tests were used to evaluate the electrocatgiven in Fig. 1 Exhibited in Fig. 2 are (220) planes of
alytic activities for ethanol electro-oxidation. Pt/C and carbon-supported Pt-M catalysts. The diffraction
peak at 20-250bserved in all the diffraction patterns of the
carbon-supported catalysts is attributed to the (00 2) plane
2. Experimental of the hexagonal structure of Vulcan XC-72 carbon. All
the carbon-supported catalysts synthesized with the novel
All the carbon-supported Pt-based catalysts were preparedmethod only show the Pt (fcc) crystalline structure. The
according to the method mentioned in the literafi@le As (2 20) reflections of Pt-based catalysts were used to calculate

described briefly, the precursors of Pt and other metals werethe average particle size according to the Scherrer formula
added dropwise to the carbon slurry, which was dispersed

in the mixture solution of water and ethylene glycol. After

being kept at 130C for 2h with a pH of 13, the mixture " ity Pt,Ru,Sn /C
was filtered, washed with copious deionized water and dried et ”'““’””““’“W:,W r“»ww L TNV P WYY S
at 70°C for 12h. The atomic ratio of Pt to other metallic ma '\f”“w‘”” b W, o L — I
elements of these catalysts was 1/1 or 1/1/1, and the Ptload- ~ [~ S A e ;f s :mf
ing of every anode catalyst was always 20.0wt.%. Powder 3 MW T\JM ,"J‘m m‘w‘m. P
X-ray diffraction (XRD) patterns of all samples were ob- £ [ Praanot” & TR L
tained with a Regaku X-3000 X-ray powder diffractometer. £ fiu | i P pa 0
The scan range was from 2@ 90° with a scan rate of E St ;W“ \«” Y s,
4°/min. The range from 60to 75° was scanned finely at WMMMWW* M‘ w’““”‘ ;LMZ’ISL;?;M:“W ,,,,WWMMw:mmwf
a rate of 1.0/min to obtain the Pt (220) reflection. Cata- Wk wwww‘ W“‘ Mottt et Pt b‘R v
lyst samples were also examined using the JEOL JEM-2011 L WM ‘ tfn‘lc

. M ! R TP
electron microscopes operated at 100kV to get TEM pat- L Lt T et
terns. More than 300 particles were calculated to get the 2 W 40 50 60 7 80
integrated information about every Pt-based catalyst. 2 Theta (degree)

The cyclic voltammetry spectra were recorded USiNg Fig. 1. XRD patterns of carbon-supported bi- and tri-metallic Pt-based
the potentiostat/galvanostat (EG&G Model 273A) and catalysts.
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such as W, Ru, Pd and Sn. The interactions between Pt and
Ru, Pd were different from the interaction between Pt and
Sn (W). The addition of Sn and W extended the Pt lattice
parameters, while the addition of Ru and Pd resulted in the
decrease of Pt lattice parameters.

It was observed that metal particles of all Pt-based cata-
lysts were very uniform from the TEM results. The mean
particle size of RiSm/C catalyst was about 2.4 nm with a
sharp size distribution. Other three;Rty-based catalysts
(namely PtRuW1/C, P4RuMo1/C, PtRwSn/C,) had
similar particle size. The samples ofi/Af;/C and P{Pd;/C
had mean particle sizes of 3.4 and 3.0 nm, respectively. The
mean particle sizes according to the TEM and XRD results
were identical for these Pt-based catalysts. The TEM and
XRD results showed that nanometer-sized noble catalysts
can be easily prepared by the method adopted here and the
method was suitable to prepare supported Pt-based catalysts
in the presence of higher metal loadings.

CV and single fuel cell test results. The Fig. 3 shows the
results of CV experiments with different carbon-supported
Pt and PtM catalysts. There are two oxidation peaks when
the ethanol CV is carried out on the Pt/C catalyst. The first
one appears at around 0.76 V (versus SCE) and the second
[12]. There are obvious differences between the bimetallic one appears at higher potential. Only the first oxidation
catalysts in the noble metal particle size and the shift of the peak is reported in the present work and the applied up-
reflections peak of (2 2 0) plane compared to that of Pt/C cat- per potential is not allowed to exceed 1.0V versus SCE to
alyst, while no obvious differences among those tri-metallic prevent the assistant metals to dissolve out. The addition
catalysts from the XRD results. The;Ry/C catalyst had  of the second metal to Pt results in the negative shift of
smaller particle diameter compared to that of Pt/C, and the first ethanol electro-oxidation peak. The first oxidation
the mean particle size of flRuy/C and Pt/C were 1.8 and peak on PfRw/C appears at the most negative potential,
2.6 nm calculated from the (2 2 0) reflection parameters. Theat around 0.53V (versus SCE), and the peak potential is
metal particle size was about 3.2nm for\®4/C, 2.8 nm about 0.23V lower than that on Pt/C catalyst. The first
for PtyPdi/C and 1.9 nm for RSny/C, respectively. The lat-  electro-oxidation peak of ethanol oniPth/C is around
tice parameter of PtM catalyst fcc place was 3.9223 A for 0.65V (versus SCE), higher than that oafR;/C. The cur-
Pt;W1/C, 3.9064 A for PiPd;/C and 3.9873 A for RSn,/C, rent density at the first peak of the ethanol electro-oxidation
respectively. The lattice parameter of the fcgFRy/C was on P4Rw/C is higher than that on FRd,/C, but less than
3.8830A, while the lattice parameter of 20% Pt/C catalyst these on RSm/C, PtW1/C and Pt/C, respectively. The
synthesized by the same method was 3.9162 A. The shift of P Sry/C catalyst has the highest electrocatalytic activity
(2 20) plane and the difference of lattice parameters indicatetowards ethanol oxidation in terms of first peak current
that there were interactions between Pt and other addictivesdensity, but also has a higher overpotential (0.71 versus

Intensity (a.u.)

2 Theta (degree)

Fig. 2. XRD patterns of different carbon-supported Pt-based bimetallic
electrocatalysts. (1) PPdi/C; (2) PEW1/C; (3) PESn/C; (4) PtRw/C;
(5) Pt/C.
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Fig. 3. The CV results of different anode catalysts for ethanol electro-oxidation. Operation temperati@e:S2an rate: 10 mV/s. Electrolyte: 1.0 M
EtOH+ 0.5M HySOs.
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SCE). PtW1/C catalyst also exhibits a higher current den- catalytic activity to ethanol electro-oxidation and ethanol
sity than those of Pt/C and f/Rw/C and PiPd/C, but crossover from anode to cathode. The maximum output
has a similar overpential (0.75 versus SCE) to Pt/C. It power density is only 10.8 mW/ctn The performance of
seems that RBm/C is the best electrocatalyst for ethanol single direct ethanol fuel cell has no obvious improvement
oxidation from the point of current density. 1Ru/C when Pt/C is replaced with fRd;/C as anode catalyst, and
has the lowest overpotential to ethanol electro-oxidation the two single cells have similar current density—voltage
among the above electrocatalysts, which indicates that(I-V) curves. The single cell with PtV,/C as anode catalyst
P4Rw/C is also a promising catalyst for ethanol electro- exhibits an improved performance compared to that with
oxidation. Pt/C and PiPdi/C, respectively, especially in the intrinsic
The above five catalysts were evaluated as anode catalystsesistance-controlled region and mass transfer region. The

for ethanol electro-oxidation by the single DEFC test. The maximum output power density is close to 16.0 mW{cm
single fuel cell test is not the optimal tool for electrocatalyst at 90°C. The single cell using either fRu;/C or P§Sry/C
evaluation, because there are so many influencing factors.exhibits superior performance to those with Pt/GFeg/C
But the performances of single fuel cells with different an- and Pi{W1/C. Both the OCV and the maximum power
ode catalysts are greatly different when other factors such asdensity increase when fRu;/C or P§Sm/C is used. The
electrolyte, cathode catalyst are defined. On the other hand OCV of single cell with P{Ru/C is 0.67V, about 0.12V
from a practical point of view every potential electrocata- higher than that with Pt/C, and the maximum power density
lyst should be ultimately investigated in fuel cellsg. 4 is 28.6 mW/cm at 90°C. When PtSmy/C is adopted as the
exhibits the performance difference between the single fuel anode catalyst, the OCV of single fuel cell approaches to
cells with different anode catalysts operated at@0When about 0.81V, about 0.14 mV higher than the fuel cell with
Pt/C is used as anode catalyst for ethanol, the performancePtiRu/C as anode catalyst. The maximum power density
of single fuel cell is poor. The open circuit voltage (OCV) of the cell with P{Sry/C is 52.0 mW/cr, nearly twice as
is only around 0.55V, far less than the standard electromo-that of the single cell with RRw/C catalyst. The single
tive force (1.145V)[7], which is mainly attributed to poor  cell results identify evidently that P /C is more suitable

to DEFC operated at 9. On the other hand, in order

to eliminate other factors influencing the performance of

™ single cells, the single cells with PtSn and PtRu as anodes
0.8} respectively were also evaluated further as half-cells. In
07} the cathode, oxygen was replaced by the humidified hy-
2 0.6 b drogen and the cathode was used as reference electrode
in 0 and counter electrode. The anode was still fed with ethanol
= ST solution and used as working electroéfég. 5is the anode
> 04F polarization results of ethanol on PtRu and PtSn anode
S 03} catalysts at 90C. From this figure, it is found that at the
© 02k potential region less than 80 mV (versus DHE), theReij
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Fig. 4. Comparison of the fuel cell characteristics of a direct ethanol fuel 0 100 200 300 400 500

cell with different anode catalysts operated at @0 Anode catalyst and Potential (V vs DHE)

metal loading: [J) Pt/C, 2.0mg Pt/cy (V) PuPd/C, 1.3mg Pt/crf;

(%) PyW1/C, 2.0 mg Pt/crf; (@) PtRw/C, 1.3 mg Pt/cr; (0) Py Sn/C, Fig. 5. The Ethanol anode polarization results of PtSn/C and PtRu/C at

1.3mg Pt/crA; Nafior®-115 was used as electrolyte; Ethanol concentration gg°C. The cathode is supplied with 0.1 MPa (abs.) humidified® (§0H,

and flow rate: 1M and 1.0 ml/min; cathode catalyst and metal loading: at a flow rate of 40 ml/min. The anode is fed with 1.0 M ethanol solution
1.0mg Pt/crfi (20 Pt%, Johnson Matthey Co.). at 1.0 ml/min. The scan rate is 2mV/s.
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catalyst shows more active than;8ty toward ethanol
electrooxidation at 90C. As the potential increases, the
anode polarization current on18n increases steeply from
85mV (versus DHE). While the increment of the polariza-
tion current on RRu; is very slow until the potential ex-
ceeds 300 mV (versus DHE). At 200 mV (versus DHE), the
polarization current of ethanol onf&ny is about 5 times that
on PgRu;. After 260 mV (versus DHE), the increment of
the polarization current of ethanol oxidation on $t, also 02}
becomes slow. This result indicates that under the conditions 01
of the single fuel cell operation, 8y is more active than

PtRu; towards ethanol electro-oxidation, which is identi- sl
cal with the results of ethanol CV at RT and the single fuel
cells.

Making alloys with a second or a third metal is a con-
venient way to modify the Pt electrocatalytic properties
in order to increase the catalytic activity and weaken
or even overcome poisoning by the methanol or ethanol
electro-oxidation intermediates especially the adsorbed
CO-like species. It is reported that Pt or PtRu catalytic ac-
tivity to methanol electro-oxidation can be greatly improved
when Pt or PtRu is modified with Mo or \)W3-15] The
Mo (W) modified Pt or PiRuw catalysts should be used as
anode catalysts for ethanol electro-oxidation considering the Current Density (mA/cmz)
similar molecular structure of methanol and ethanol. In the Fig. 6. Comparison of the fuel cell characteristics of a direct ethanol fuel
present work, RRuW1/C, P§Ru1 Sm/C and PtRuiMo,/C cell with different anode catalysts operated af@0 Anode catalyst:(Q)

catalysts were also prepared and used as anode catalystsyry/c; (W) PtRuW1/C; (%) PuRWMo1/C; (&) PuRWuSH/C. The

for DEFC. The performances of single cells with Rty /C, metal loading in anode is always 1.3mg Ptfcr@ther conditions are the
PtRu;Sn/C, PERu;W1/C and PtRuMo1/C respectively same as described féiig. 4.

are showed in thEig. 6. It is found that the performances of

DEFCs are improved when fRu;W1/C and P{RuyMo1/C ) o ) )

are used as anode catalysts in comparison with that single/Vhile still inferior to that of the cell with ARSm/C. There-
cell employing PiRw/C. The OCV of single cell with fore, it is presumed from the above results that addition of

PtRu;Mo1/C increases to 0.72V compared to 0.67V of RU 10 PiSm/C is helpful to improve its conductivity, while
that with P§Ruy/C, while thel-V curve of single cell with it decreases its activity for ethanol electro-oxidation, one
Pt;Ru;Mo+/C is close to that of single cell with fRu;/C.
The OCV of single cell with RRu;W4/C is about 0.7V,
higher than that with RRw/C while less than that with 1: Pt Ru /C
Pt RuiMo4/C. The maximum power density of single cell 2: Pt Sn Ru /C
with Pt;Ru;W1/C is 38.5 mW/crd, 10 mW/cnf more than 3: PtSn/C
that of single cell with RtRu/C. But the performances b
of three single cells with ternary metallic catalysts are
still less than that with RBm/C. The single cell adopting
PtRwSm/C as anode catalyst also exhibits high perfor-
mance as that with PRu;W;/C, and the former is better
than the latter in the intrinsic resistance-controlled region
and activation-controlled region. XPS results indicated that
Pt and Ru are in reduced state in all the carbon-supported
Pt-based catalysts synthesized in the present work, while
Sn is in oxidation state. It is also interesting to find from
XRD result of Fig. 7 (here shown are only the simulated
curves) that the lattice parameters ofi®4/C became L L L L L L
shorter again after it has been modified by Ru, but still was
longer than the lattice parameters of Pt/C angRet/C. 2 Theta (Degree)

The performance of the single fuel cell with;Rty Sry/C Fig. 7. The (220) diffraction peaks of carbon-supportegdSRt, Pt Ruy
is coincidentally higher than that of the cell withyRuy/C, and P{SmyRu;.
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reason for which is thought as the decrement of the lattice 4. Conclusion
parameter.

CO-like intermediates are thought as the main poisoning The TEM and XRD results demonstrate that nano-struc-
species during electro-oxidations of ethanol and methanol.ture catalysts can be easily synthesized with the novel
Thus how to oxidize CO-like intermediates as quickly as method, and the method is suitable to prepare supported
possible is very important to ethanol oxidation. As men- Pt-based catalysts in the presence of higher metal load-
tioned above, Pt and Ru are in metallic states and Sn ofings. There are different interactions between Pt and dif-
Pt Sm/C catalyst surfaces are in oxidation state. Ru and ferent addictives. In this present work, the results of the
W have been demonstrated to easily provide z@ldur- cyclic voltammetry test are coordinated with that of sin-
ing methanol and ethanol oxidati¢bh6], and the surface Sn  gle fuel cell very well. Though thought as the best cata-
or Sn oxides can also supply sufficient oxygen-containing lyst for methanol electro-oxidation in DMFCs at present,
species. Calculated binding enerdi#g] and experimentre- Pt Ruw/C is not proved to be best anode catalyst for ethanol
sults[18] indicate that CO does not prefer to bind with Sn electro-oxidation. The addition of W and Mo can increase
surface atoms, while CO can adsorb on Ru sites and someethanol electro-oxidation activity on the1Rwy/C catalyst.

Ru surface active sites are probably not free for s H  The |-V characteristics of single direct ethanol fuel cells

formation [17]. Furthermore, Sn surface sites are always show clearly that the PSn/C is a better anode catalyst than

free to formation of —OlysSpecies, and oxygen-containing PtRw/C and other carbon-supported bimetallic Pt-based

species prefers to adsorb on Sn than on Pt surface. Con<catalysts for DEFCs. The single cell with jRiySn/C

sequently, the Pt surface sites are free to ethanol adsorp-also shows an improved performance compared to the sin-

tion and dehydrogenation. It is obvious that Sn (or Sn-oxide gle cell with P§iRuw/C, but inferior to the performance

[19]), Ru and W are able to promote the formation of la- with Pt;Sn/C. From a practical point of view, Pm/C

bile bonded oxygenated species at lower overpotentials thanis the better electrocatalyst for DEFCs among these anode

Pt. These oxygen-containing surface species are necessargatalysts investigated in the present work.

for the oxidative removal of CO-like intermediates. This is

the so-called bifunctional mechanism and explains the en-
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