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Abstract

This work reports an improved electrocatalytic activity for methanol oxidation at Pt—Ru—W electrode sputter deposited on Au substrate.
The performance of Pt—-Ru—W was compared with that of Pt—-W and of Pt—Ru alloy electrodes. All the alloys tested exhibited catalytic
activity higher than Pt. Among the alloys tested, the Pt—-Ru—W demonstrated a significant cathodic shift in the onset potential and a
remarkable enhancement in the current density for methanol oxidation reaction (MOR). The onset potentials for the MOR matched well
the anodic peak potentials recoded in the base electrolg®@h], i.e., 0.15V versus Ag/AgCI for Pt—Ru-W and 0.35 V versus Ag/AgCl
for Pt—-W and Pt—Ru electrodes. From these findings, it was postulated that the background peak current generates oxide species necess
to complete the methanol oxidation to &QNext, it was observed that the current density at Pt—-Ru—W electrode decreased when the Au
substrate was changed to Pt, C, or Si, although, the onset potential for MOR remained almost unaffected by the nature of the substrat
Afterwards, the effect of Au substrate on methanol oxidation at Au-based alloy electrodes was investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction low natural abundance of Ru is a drawback of this catalyst
for practical uses.
The methanol oxidation reaction (MOR) is of great in- It is generally accepted that the electrooxidation of

terest because of its potential application to direct methanol methanol at binary alloys follows the so-called bifunctional
fuel cells (DMFCs)1]. Hence, various electrocatalysts have mechanisni2,13]:

been investigated in order to enhance the methanol oxidation

[2-19]. One type of promotion of methanol electrooxidation CO, + 6H' + 66~ « CH3OH + H20

is alloying platinum with another metf0], where the sec- (E® = 0.03V versus NHE 1)
ond metal forms a surface oxide in the potential range for
methanol oxidation. This is the basis for studies of alloy- Pt+ CO — Pt—-CQyq (2

ing Pt with W[21-30] Sn[31-34] Mo [35-38] V [21,39]

Cu[40-42] Pt-based ternary systems were also consideredM + HoO — M—OHaq+ HT + €~

[8,16,23,39] The most active promoter known so far is (M = Ru, S W, Mo, ...) ©)
ruthenium. The function of Ru was first suggested by Watan-

abe and Motog2], who proposed a bifunctional mechanism Pt-CQg+ M—OHag — CO, +Pt+ M + Ht 4 e~ 4)

in which platinum dissociates methanol by chemisorption . o

and the surface ruthenium atoms or islands acted as preferHowever, little is known about methanol oxidation mech-

ential sites for OH adsorption at low potentials. However, a 2nism at terary alloys or on the interaction between the
catalyst and the support materjdB,44].

_— _ ' Here we report a remarkable promotion of methanol elec-
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investigated by considering other material than gold such as 20/ CuKa
platinum, silicone, and carbon. 1020 30 40 50 60 70 .8|0 90
{a) Pt i v =
2. Experimental é %
o
The electrode catalyst consisted of (18-thick layer | L«L..N
prepared by sputter-deposition on both sides of an Au —_ . .
flag substrate of 5mm-diameter and 0.3 mm thick. Pt, Si g .
and glassy carbon (Tokai Carbon) were also used as sub- O =1 V- IS= s}
strate for comparison. The deposition was performed with o szl 8 gg S
a multi-sputter-target machine (Anelva, L-350S-C). The 8 e, & & N ﬂf
chamber was evacuated to a base pressure ofR&. The % ” \,)UL/ . .
deposition was carried out at 300 in the chamber filled -~ . .
with 99.999% pure Argon gas to 10 Pa under a substrate % = o o8
rotation speed of 20 rpm. S = & Y
Elemental analysis of thus sputter-deposited layer was = Z 1B E |,
conducted by using an X-ray fluorescence spectrometer e 5 & i
(Seiko Instruments, SEA5120). The phase structure was j&;," ]L_,_JL_“_,,_,
analyzed with an X-ray diffractometer (Shimadzu, XD-D1) = .
using Cu Ka radiation. HPReW 22 o o
The electrochemical measurements were carried out in a gg» 2R 2 |8
deaerated solution of 0.5M 430 + 1M CH3OH. A Pt & 4 EN %N B,
coil and an Ag/AgCl were used as counter and reference M /@ hﬁr T
electrodes, respectively. Current—potential) curves were T W . A
measured by a potentiostat (Hokuto Denko, HA 1010). Prior 10 20 30 40 50 60 70 80 90
to electrochemical measurements in methanol containing so- 20 / CuKa
lution, the surface of the working electrode was cleaned

. . . . Fig. 1. XRD analysis of Pt-based sputtered layer prepared on Au substrate:
electrochemlcall_y by potential cycling in 0.5 M_gElO4. All () Pt, (b) PdoRwo, (C) PesWis, (d) PesRuoWis. Dot-marked peaks
the electrochemical measurements were carried out &t 23  ,iginate from the Au substrate.

0.5°C. The real surface area being impossible to determine
for the alloys, the current densities are thus referred to the

geometric surface area of the electrodes. XRD pattern for Pt-Ru alloyRig. 1(b) showed diffrac-

tion angles almost similar to those of sputtered Pt, although,
the peak angles slightly shifted from those of Pt or Ru alone
[46]. The observed peak intensity of Pt is much higher than
that of Ru, which indicates that Ru dissolves in Pt to form

3.1. Characterization of the sputter-deposited electrodes a Pt=Ru alloy of Pt (fcc) crystalline structure.
XRD pattern of Pt—=W shown ifig. 1(c) revealed peaks

The desired composition of either the binary or ternary belonging to PAW of rhombic structure. It has been reported
elements was obtained after optimization of the sputtering that in case where W content is small, two intermediate
conditions; this was achieved by performing several exper- phases ofy(PW) and¢(PtW) are formed below 140@
imental trials following the OVAT (one variable at time) [47]. Accordingly, the RisWas is considered to bg phase
protocol. The parameters that were found to decide on thein which Pt content is comparatively high.
composition were the substrate temperature, the individual Fig. 1(d)represents XRD pattern of Pt-Ru-W alloy. Be-
targets power, and the sputtering time. Besides X-ray fluo- sides, the peaks related to the\Rtrhombic structure, an-
rescence, the elemental composition was always verified byother part of the peaks is reverted to Ru (hcp) crystalline
EDX, and ICP. structure. The diffraction peak intensity of the former is

The XRD pa‘[terns of the Sputtered binary and ternary greater than that of the latter. The depOSited Pt—Ru—W is thus
metal Cata|ysts are given ||ﬁ|g 1, where each diffraction characterized as a RU'diSSOlvethrhombiC structure.

peak was indexed by calculating an interplanar spaeiby
Compositions of the binary and ternary alloys determined by 3.2. Characterization of methanol oxidation at Pt-based

3. Results and discussion

elemental analysis are also indicated in the figurd=itn 1, alloy electrodes by voltammetry
diffraction patterns marked with black dots correspond to
the gold substrate. IRig. 1(a) the diffraction peaks based Fig. 2 shows the results of linear sweep voltammograms

on Pt are of fcc crystalline structure. experiments with different Pt and Pt-based alloy catalysts.
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Fig. 2. Linear sweep voltammograms atdRuxoW1s (solid line), PgsWis (dotted line), PioRupo (dashed line), and Pt (thin solid line) all sputtered on
Au substrate measured in 0.5 M8I0O; + 1M CH3OH. Inset shows background CVs of the corresponding electrodes in 0.53@fsolution. Sweep
rate: 10mVvs?.

The experiments were conducted at room temperature inlt seems thus possible by using these materials to reduce
0.5M H,SO; + 1 M CH3OH solution with 10mVst. As the electrode potential of methanol oxidation to the standard
expected at Pt—Ru electrode, methanol oxidation potential ispotential given inEq. (1)
shifted towards cathodic values and higher current densities The cyclic voltammograms for Pt as well as for Pt-based
are observed when compared to Pt electrode. These phealloys recorded in a deaerated 0.5M30, solution are
nomena are well explained by the bifunctional mechanism shown as inset ifrig. 2 Anodic current peaks are seen at ca.
proposed by Watanabe and Motf). Similar observations  0.15V versus Ag/AgCI for Pt—-Ru-W electrode (indicated
can be made with Pt-W and Pt—-Ru-W alloys, with the lat- by arrow) and around 0.3-0.35V versus Ag/AgCI for Pt—Ru
ter exhibiting a remarkable enhancement both in terms of and Pt-W electrodes (indicated by arrow head). In terms
current density and cathodic shift in the oxidation potential. of current densities, the order of activities is Pt—-Ru-W >
Attempt can be made to explain the above results by con- Pt—-W > Pt—Ru. Accordingly, the onset potential for methanol
sidering the bifunctional mechanism; the onset potential is oxidation Fig. 2) correlates well with the anodic peak in
attributed to an electrode potential that causes reaction (3)the base electrolyte={g. 2 inset).
to occur. Therefore, the following thermodynamic data pro-  Differential electrochemical mass spectroscopy (DEMS)
vide the onset potential of methanol oxidation at Pt-based study revealed that COproduction occurred at the onset

electrodes potential of methanol electrooxidation, whereas the oxide
formation by water decomposition is the rate determining
PtO+2H" + 26~ & Pt+H20 [7,48]. If one assumes that the anodic current peaks in the
(E® = 0.98V versus NHE (5) base electrolyte (inset dfig. 2) represent the adsorption
of OH, then the methanol oxidation current following the
RuO3 + 6H" + 66~ < 2Ru+ 3Hz0 background peak could be explained basedEm (4)
(E® = 0.74V versus NHE (6) Thus, the mechanism in which the Pt—-Ru-W exhibits higher
methanol-oxidation activity in terms of onset potential is
WO +4H" +4e” & W +2Hz0 attributed to the most cathodic potential for OH adsorption.
(E® = —0.12 V versus NHE (7) Since the binary and ternary electrodes are in alloy forms,
M-OHgq formation does not always proceed according to
W20s + 2H" + 267 & 2WO; + H20 the thermodynamic data given iBgs. (6)—(9) However,
(E® = —0.03V versus NHE (8) Pt—Ru-W electrode facilitates the generation of M—-@H
more than Pt—Ru or Pt-W. It is likely that the Ru-dissolved
2WO3 +2H" +2e” & W;0s + H20 in the PpW phase easily brings about the W/\W@action

(E° = 0.09 V versus NHE (9) rather than BW alloy.



M. Umeda et al./Journal of Power Sources 136 (2004) 10-15 13

30 T T 3.4. Effect of the material substrate

Fig. 4 shows I-E curves for methanol oxidation at
Pt—-Ru-W, Pt—W and Pt-Ru electrodes prepared on various
substrates, namely, Au, Pt, Si and C. Insets represent the
CVs in the base electrolyte. A remarkable effect of the sub-
strate can be noticed depending on the nature of the alloy.

""" e W For the Pt—-Ru-WFig. 4(A)), methanol oxidation current

density decreased when the Au substrate was changed to

N
(=]

Current density / mA cm?®

101 . Pt, C, or Si, although, the onset potential remained almost
- unaffected by the nature of the substrate. This implies that
Tea \,P_I'Rmu__ the use of Au as a substrate accelerates, @@lution
“““““““““““““ according to reaction (4). Thus, the mechanism based on
. . Au substrate would be considered to have enhanced the
00 10 20 20 OH adsorption quantitatively in reaction (3). This can be

understood by looking at the background CVs in the inset
of Fig. 4(A), where the magnitude of the background cur-
Eig-v\:;’- Cg;f:; |?rfer;3;tr¥dv|§g:§us ti(f;aesﬁzgﬁ:e?siﬁgﬁésof%im‘z} e rent peak at ca. 0.15V versus Ag/AgCl, which is believed
thZsj?e(d in 0.5M pBOy +l112l\(;l CH3OH. The ppotential was stepped to produce M-Okg, is the highest for electrodes using
from the rest potential to 0.5V vs. Ag/AgCI. Au substrate. Consequently, the use of Au substrate for
Pt—Ru—-W improved the OH adsorption quantitatively.
In the case of Pt-WHig. 4(B)), the methanol oxida-
3.3. Sationary potential electrolysis tion I-E curves are not influenced by the nature of the
substrate. This is because no change in the background
The Pt-Ru, Pt-W and Pt—-Ru-W electrodes were sub- CV has occurred (inset dfig. 4(B)). On the contrary, for
jected to stationary potential electrolysis at 0.5V versus Pt—Ru alloy, the use of Au substrate obviously diminished
Ag/AgCl for 30 min. The experimentdHt curves are shown  the methanol-oxidation current as shownFig. 4(C) The
in Fig. 3. The Pt—Ru-W electrode demonstrated the highest magnitude of the background currents (insetraj. 4(C)
current density in agreement with the voltammetric observa- are in the order of Pt > Si > Au substrate, which is of
tions of Fig. 2 In Fig. 3, the current densities at Pt—Ru-W similar trend as for the methanol oxidation current. There-
and Pt-W electrodes are unstable in the early stage; how-fore, in the case of Pt—Ru, the substrate material affects
ever, they are gradually stabilized at 80% of their initial the quantity of M—OHq4 formed or the effective electrode
values. On the other hand, the current density at Pt—-Ruarea.
decreased to one half of its initial value after 30min of  Quite the opposite is observed on the effect of the substrate
electrolysis. Consequently, Pt—Ru—W deposited on Au elec- type onto the onset potential of methanol oxidation. Indeed,
trode demonstrated an extreme catalytic activity, in terms of Fig. 4shows that methanol oxidation is solely dependent on
both onset potential and current density towards methanolthe kind of Pt-based electrocatalyst. Among the combina-

Time / min

oxidation. tions tried here, i.e., substrate nature, and electrocatalysts,
40 — - T — : .
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Fig. 4. Linear sweep voltammograms at (AkdRuoW1s, (B) PigsWis and (C) P§Ruyo deposited on different substrates: Au (solid line), Pt (dotted
line), Si (thin solid line), C (dashed line) measured in 0.5MSEAy + 1M CH3OH. Inset shows background CVs of the corresponding electrodes in
0.5M H,SQy solution. Sweep rate: 10 mV'&.
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Pt—Ru—W sputter-deposited on Au substrate seems to be the ' ' '

most active one towards methanol oxidation.
The role of the gold substrate may be considered by look-
ing at the following electrode reaction:

Au,03 + 6H' + 66~ & 2Au+ 3H,0 (E° = 1.457V)
(10)

This reaction points out that a direct participation of Au to
form M—OH,q is unlikely to occur. Therefore, the Au sub-
strate is presumed to affect indirectly the number of Mz@H
formed on the Pt—Ru—W surface to complete the methanol
oxidation.

In order to further investigate the function of Au,

Au-based binary and Au-based ternary systems were pre-

pared on Au substrateFig. 5 illustrates voltammetry

carried out at these electrodes in both methanol aqueous,

solution and in 0.5M HSO, solution. It can be seen that
methanol oxidation current densities obtained at Pt—-Ru—Au

and Pt-W-Au electrodes do not exceed these recorded a§

Pt—-Ru-W electrode. In addition, the background CVs of
Pt—-Ru—Au and Pt-W-Au electrodes (insetkifj. 5, do

not exhibit current originating from oxide species at ca.
0.15-0.35V versus Ag/AgCl. This explains the low activ-
ity of these electrodes to complete the methanol oxidation.
These results confirm that Au is not responsible for the ca-
thodic shift in the MOR onset potentidtig. 6 shows CVs
run at Ru—Au and W-Au electrodes in an electrolytic solu-
tion with and without methanol. No electrocatalytic towards
methanol oxidation activity is recorded with these two elec-
trodes at the room temperature condition. Au without being
combined to Pt does not exhibit any catalytic activity for
methanol oxidation. The recent work of Waszczuk et al.

40 T T r

n

Pt-Ru-Au

w
o

Current density / mA cm?

o

N
o
[

Current density / mA cm™
S

0.25
Potnetial / V vs.Ag/AgCI

Fig. 5. Linear sweep voltammograms agdRuwoAuis (dashed line) and
Pt;0W20AuU1p (dash-dotted line) sputtered on Au substrate measured in
0.5M H;SO4 + 1M CH3OH. Inset shows background CVs of the cor-
responding electrodes in 0.5 M;BO, solution. LSV at PsRupoW1s is

also reported for comparison. Sweep rate: 10 m¥ s
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Fig. 6. Cyclic voltammograms at ByAuso (upper) and WsAuzs (lower)
sputtered on Au substrate measured in 0.5M58; + 1M CH3OH.
Dashed curves are background CVs. Sweep rate: 10ThV's

[5], suggests a combination of both bifunctional and ligand
(electronic) effects that causes the carbon monoxide des-
orption. It is likely that Au substrate electronically affects
the Pt—Ru—W surface in terms of M—Qjrcreation.

4. Conclusions

In summary, a remarkable promotion of methanol elec-
trooxidation at Pt—Ru—W sputter deposited on Au substrate
is reported here. First, the performance of Pt-Ru-W was
compared with that of Pt—-W and of Pt—Ru, both exhibiting
catalytic activity greater than Pt. Compared to the binary al-
loys, higher current densities and a noticeable cathodic shift
in the onset potential for methanol oxidation was observed
at Pt—Ru-W electrode. The onset potentials for MOR coin-
cided with the anodic peak potentials recoded in the base
electrolyte: 0.15V versus Ag/AgCl for Pt—Ru-W and 0.35V
versus Ag/AgClI for Pt—W and Pt—Ru. Accordingly, it is pos-
tulated that the background peak current generates oxide
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species required to complete the oxidation of methanol to [17] M. Umeda, M. Mohamedi, I. Uchida, Langmuir 17 (2001) 7970.

CO,. Finally, stationary potential electrolysis confirmed that

the Pt—-Ru-W prepared on Au exhibits the highest activity [19]

towards methanol oxidation.

[18] K. Lasch, G. Hayn, L. Jorissen, J. Garche, O. Besenhardt, J. Power
Sour. 105 (2002) 305.

C.-G. Lee, T. Itoh, M. Mohamedi, M. Umeda, I. Uchida, H.-C. Lim,
Electrochemistry 71 (2003) 549.

Next, by replacing the Au substrate with Pt, Si and C, only [20] A. Hamnett, in: A. Wieckowski (Ed.), Interfacial Electrochemistry:

a decrease in the current density was observed at Pt—-Ru-W
deposited electrode. The experimental result, in which only
a change in the magnitude of background peak current a

Theory, Experimental and Applications, Marcel Dekker, New York,
1999.

t[21] A. Lima, C. Coutanceau, J.M. Léger, C. Lamy, J. Appl. Electrochem.

31 (2001) 379.

0.15V versus Ag/AgCl was observed, strongly suggests that[»o) m. Gotz, H. Wendt, Electrochim. Acta 43 (1998) 3637.

the Au substrate quantitatively influences the number of ox-

ide species formed on the electrode.
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