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Abstract

This research is aimed to improve the utilization and activity of anodic alloy catalysts and thus to lower the contents of noble metals and
the catalyst loading on anodes for ethanol electrooxidation. The DEFC anodic catalysts, Pt—Ru—Ni/C and Pt—-Ru/C, were prepared by a chemical
reduction method. Their performances were tested by using a glassy carbon working electrode and cyclic voltammetric curves, chronoamperometric
curves and half cell measurement in a solution of 0.5 mol L~! CH;CH,OH and 0.5 mol L~! H,SO,. The composition of the Pt-Ru-Ni and Pt-Ru
surface particles were determined by EDAX analysis. The particle size and lattice parameter of the catalysts were determined by means of X-ray
diffraction (XRD). XRD analysis showed that both of the catalysts exhibited face centered cubic structures and had smaller lattice parameters
than a Pt-alone catalyst. Their particle sizes were small, about 4.5 nm. No significant differences in the ethanol electrooxidation on both electrodes
were found using cyclic voltammetry, especially regarding the onset potential for ethanol electrooxidation. The electrochemically active specific
areas of the Pt—Ru—Ni/C and Pt—Ru/C catalysts were almost the same. But, the catalytic activity of the Pt—Ru—Ni/C catalyst was higher for ethanol
electrooxidation than that of the Pt—Ru/C catalyst. Their tolerance to CO formed as one of the intermediates of ethanol electrooxidation, was better

than that of the Pt—Ru/C catalyst.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The direct methanol fuel cell (DMFC) uses aqueous or
gaseous methanol directly and without prior complicated
reforming. The structure of the DMFC is simple. The DMFC
has been receiving increased attention due to its advantages
of easy transportation and storage of the fuel, reduced system
weight, size and complexity, and its high energy efficiency [1-3].
However, methanol has some disadvantages, for example, it is
relatively toxic, has a low boiling point (65 °C), and is not a
primary fuel. Therefore, other alcohols are being considered
as alternative fuels [4]. Ethanol is an interesting and attrac-
tive fuel for electric vehicles, mobile telephone and laptops.
Ethanol is not toxic and less volatile. It is inexpensive and easily
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transported. It can be easily produced in great amounts by fer-
mentation. So, proton exchange membrane fuel cells (PEMFC)
using ethanol as a fuel have been studied [5,6]. The oxidation of
ethanol is more difficult than that of methanol with the necessity
of breaking the C—C bond for complete oxidation. To increase
the electroactivity of ethanol is a crucial task, and together with
its complete oxidation into carbon dioxide, it is a hard chal-
lenge [7]. Platinum itself is known to be rapidly poisoned at its
surface by strongly adsorbed species coming from the dissoci-
ation of organic molecules. So, the anodic current from ethanol
electrooxidation on Pt is very sluggish, especially at low tem-
peratures. There is a need to improve the activity of catalysts for
ethanol electrooxidation. The only possible way is to modify the
electrode surface in order that, at low potentials, its coverage of
oxygenated species (e.g. adsorbed OH) from the dissociation of
water is increased. These OH species are necessary to oxidize
completely to carbon dioxide, the species from the dissociation
of ethanol. The number of possible metals which are able to
activate water at a lower potential with a sufficient stability in
acid medium is rather limited. Pt—Ru alloys are still considered
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to be the best catalysts, because of their tolerance to CO, and
are widely used in DMFCs [8]. The performance of a binary
Pt—Ru alloy catalyst for ethanol electrooxidation is not the best
[9]. Furthermore, platinum and ruthenium are noble metals. The
resources of platinum are limited, and that of ruthenium is scarce.
So, itis worth studying a base metal that may be used as an addi-
tional metal in the anodic catalyst for the direct ethanol fuel cell
(DEFC). It may lower its cost, and accelerate industrialization.

The addition of a third metal (Mo or Sn) improves the perfor-
mance of the electrode [10,11], but its stability with time needs
further improvement. Theoretical calculations have shown that
the segregation processes that generally lead to Pt surface enrich-
ment are unlikely to occur in the Pt—Ni system [ 12]. Furthermore,
in the potential range, at which the alcohol electrooxidation
proceeds, Ni from the Pt-Ni alloy would not dissolve in the
electrolyte, while Ru would dissolve out of the Pt—Ru alloy. The
resistance to dissolution has been attributed to a nickel hydroxide
passivated surface, thus enhancing the stability of Ni in the Pt lat-
tice [13]. Despite these apparent advantages, carbon supported
Pt-Ni systems such as for DMFC anodes were studied only a
little [14]. The direct methanol electrooxidation on nickel based
(Pt—Ni) thin film and alloy (Pt—-Ru—-Ni) nanoparticles as anode
catalysts has been reported [13,15]. The use of Pt—Ni systems
as DMFC cathodes has been much investigated [16-20]. But,
these catalysts were alloy powders, and not supported on car-
bon. At present, the use of carbon supported Pt—Ru—Ni systems
as DEFC anodes remains relatively unexplored. Based on these
literature findings, we think it meaningful to explore the carbon
supported Pt—Ru—Ni catalysts prepared by chemical reduction
for DEFCs. We have investigated ethanol electrooxidation on
these catalysts. The performance of the Pt—Ru—Ni/C catalyst
was compared with that of a Pt—Ru/C catalyst obtained by chem-
ical reduction of HpPtClg and RuCl;3 as precursors with sodium
borohydride.

2. Experimental
2.1. Preparation of catalysts

The carbon black powder (Vulcan XC-72, Cabot) was used as
a support for the catalyst. All the samples contained 20% metal
in weight of the catalyst. 0.25 g Pt—Ru (with an atomic ratio of
1:1)/C or Pt—Ru—Ni (with an atomic ratio of 6:3:1)/C catalyst was
obtained by chemical reduction [21] with sodium borohydride of
H,PtClg, RuClz and NiCl; as precursors at 80 °C. The carbon
black was ultrasonically dispersed in a mixture of ultra-pure
water and isopropyl alcohol for 20 min. The precursors were
added to the ink and then mixed thoroughly for 15 min. The
pH value of the ink was adjusted by NaOH solution to 8 and
then raised its temperature to 80 °C. Twenty-five milliliters of
0.2 mol L™! solution of sodium borohydride was added into the
ink drop by drop, and the bath was stirred for 1 h. The mixture
was cooled, dried and washed repeatedly with ultra-pure water
(18.2M€ cm) until no CI™ ions existed. The catalyst powder
was dried for 3h at 120 °C and stored in a vacuum vessel. All
chemicals used were of analytical grade.

2.2. Preparation of working electrode and its
electrochemical measurements

2.2.1. Preparation of working electrode

Three millimeter diameter glassy carbon working electrodes
(electrode area 0.0706 cm2), polished with 0.05 wm alumina to
a mirror-finish before each experiment, were used as substrates
for the Vulcan-supported catalysts. For the electrode prepara-
tion, 5 wL of an ultrasonically redispersed catalyst suspension
was pipetted on to the glassy carbon substrate. After the sol-
vent evaporation, the deposited catalyst (28 pgmetal cm’z) was
covered with 5 wL of a dilute aqueous Nafion solution (5 wt.%).
The resulting Nafion film with a thickness of <0.2 wm had a
sufficient strength to attach the Vulcan particles permanently to
the glassy carbon electrode without producing significant film
diffusion resistances [22].

2.2.2. Preparation of half-cell

The diffusion electrodes were prepared for the investigation
of the electrochemical oxidation of ethanol. First, the Pt—Ru/C
or Pt-Ru—Ni/C catalyst was suspended in Millipore conductivity
water and agitated in an ultrasonic bath for 30 min. Subse-
quently, the slurry was mixed with perfluorosulfonic acid solu-
tion (5 wt.%, Nafion, Du Pont), ethylene glycol and acetylene
black (10 wt.%) by ultrasonic agitation for 1h. The obtained
catalyst ink was spread on a carbon paper (Toray). The metal
loading in the electrode was 2.0mgcm™2. The half-cell was
finally made by hot-pressing the anode on one side of a pre-
treated Nafion-117™ membrane under a pressure of 50 kg cm 2
at 130 °C for 3 min. The half-cell so formed was typically with
a thickness of about 0.7 mm. The apparent area of the half-cell
is 1 cm?.

2.2.3. Electrochemical measurements

Electrochemical measurements were carried out with a con-
ventional three-electrode electrochemical cell at 25°C. The
glassy carbon electrode as the working electrode (electrode area
0.0706 cm?) was covered with the catalyst powder. A piece of
Pt foil of 1 cm? area was used as the counter one. The reversible
hydrogen electrode (RHE) was used as the reference one with
its solution connected to the working electrode by a Luggin cap-
illary. All potential values are versus RHE. All chemicals used
were of analytical grade. All the solutions were prepared with
ultra-pure water (MilliQ, Millipore, 18.2 M2 cm). A solution of
0.5mol L~! CH3CH,OH and 0.5mol L~! H,SO4 was stirred
constantly and purged with ultra-pure argon gas. Electrochem-
ical experiments were performed by using a CHI630A electro-
chemical analysis instrument. Cyclic voltammograms (CV) was
plotted within a potential range from 0.05 to 1.2V with a scan-
ning rate of 0.02 Vs~!. The chronoamperometric experiments
were carried out by using CHI630A electrochemical analysis
instrument controlled by an IBM PC. The potential jumped from
0.1 to0 0.8 V. Due to a slight contamination from the Nafion film,
the working electrodes were electrochemically cleaned by con-
tinuous cycling at 0.05 V s~ ! until a stable response was obtained
before the measurement curves were recorded.



Z.-B. Wang et al. / Journal of Power Sources 160 (2006) 37-43 39

2.2.4. Half-cell measurements

Half-cell measurements were carried out with a two-
compartment cell at 25 °C. The half-cell as a working electrode
with an area of 1 cm? was put in the left compartment with a
solution of 0.5 mol L~! CH3CH,OH and 0.5 mol L™ H,S04. A
piece of Pt foil of 1 cm? area was used as the counter one and put
in the right compartment with a solution of 0.5 mol L™! H,SOj.
The reversible hydrogen electrode was used as the reference
one with its solution connected to the working electrode by a
Luggin capillary. Anode polarization curves of the Pt—-Ru-Ni/C
or Pt—Ru /C electrode during the electrooxidation of ethanol
were recorded under quasisteady state conditions as a function
of potential (E), that is, i(E) curves (i being measured and cal-
culated after 5 min at each potential).

2.2.5. CO stripping voltammetry

The electrode was electrochemically cleaned in an Ar-
degassed solution of 0.5 mol L1 H,S0y at 25 °C. The amount
of the Pt—-Ru/C or Pt—-Ru-Ni/C catalyst as the working elec-
trode with an area of 0.0706 cm? was 10 g (28 wgmetal €M™ 2).
CO was adsorbed on the surface of the Pt—Ru/C or Pt—-Ru-Ni/C
catalyst at 0.08 V by bubbling CO gas through the 0.5 mol L~!
HSOy4 solution for 25 min. CO dissolved in the solution was
subsequently removed by bubbling argon gas of high purity for
35 min, keeping the potential also at 0.08 V. The potential was
then cycled at a scanning rate of 0.02Vs~! from 0.05 to 1.2V
for two oxidation and reduction cycles.

2.3. Physical measurements

2.3.1. X-ray diffraction (XRD)

XRD analysis was carried out for the catalysts with a D/max-
rB (Japan) diffractometer using a Cu Ka X-ray source operating
at 45kV and 100mA. The XRD patterns were obtained at a
scanning rate of 4° min~! with an angular resolution of 0.05° of
the 20 scan.

2.3.2. Energy dispersive analysis of X-ray (EDAX)

Chemical composition analysis by EDAX were performed
with an EDAX Hitachi-S-4700 analyser associated to a scan-
ning electron microscope (SEM, Hitachi Ltd. S-4700). Incident
electron beam energies from 3 to 30keV had been used. In all
cases, the beam was at normal incidence to the sample surface
and the measurement time was 100 s. All the EDAX spectra were
corrected by using the ZAF correction, which takes into account
the influence of the matrix material on the obtained spectra.

3. Results and discussion
3.1. Characterization of catalysts’ X-ray diffraction

XRD patterns reveal the bulk structure of the catalyst and
its support. Fig. 1 shows the XRD patterns of the Pt—-Ru-Ni/C
(curve A) and Pt—Ru/C (curve B) catalysts. It can be seen that
the first peak located at a 26 value of about 24.8° in the XRD
pattern is referred to Vulcan XC-72 carbon support. The other
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Fig. 1. XRD patterns of the Pt—Ru—Ni/C (A) and Pt—Ru/C (B) catalysts.

four peaks are characteristic of face centered cubic (fcc) crys-
talline Pt(JCPDS-ICDD, Card No. 04-802), corresponding to
the planes (1 11),(200),(220) and (3 1 1) at 26 values of about
39.8°, 46.5°, 67.8° and 81.2°, respectively, indicating that the
alloy catalysts have principally single-phase disordered struc-
tures (i.e. solid solutions). Comparing with the reflections of
pure Pt (cf. the vertical lines of Pt in Fig. 1, referring to the
Joint Committee on Powder Diffraction Data (JCPDS-ICDD)
database), the diffraction peaks for the Pt—-Ru and Pt—-Ru—Ni cat-
alysts are shifted slightly to a higher 26 values. The slight shifts
of the diffraction peaks reveal the formation of an alloy involv-
ing the incorporation of Ru and Ni atoms into the fcc structure
of Pt. It is important to note that no diffraction peaks, indicating
the presence of either pure Ru and Ni or Ru-rich hexagonal close
packed (hcp) phase, and Ni oxide, appear.

The lattice parameters of Pt—-Ru and Pt—Ru-Ni catalysts,
which reflect the formation of a solid solution and be calcu-
lated by using the Pt(1 1 1) crystal faces, are given in Table 1.
The lattice parameters obtained for the Pt—Ru and Pt—Ru—-Ni
catalysts are smaller than those for Pt/C. In fact, the decrease
in lattice parameters of the alloy catalysts reflects the progres-
sive increase in the incorporation of Ru and Ni into the alloyed
state. The average particle size d may be estimated from Pt(1 1 1)
FWHM according to Debye—Scherrer formula[23,24]:

kA
d=—""— (D
,31/2 cosf
5 6000 ®
=
Ppt—Ru = Xptopt + XRuPRu 3)
PPt—Ru—Ni = Xptort + XRuPRu + XNiONi 4)

where d is the average particle size (A), A the wavelength of X-
ray (1.5406 A), 6 the angle, at which the peak maximum occurs,
B1/2 the width (in radians) of the diffraction peak at a half height,
k a coefficient of 0.89-1.39 (0.9 here), p the density of Pt—-Ru
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Table 1

The lattice parameter, particle size and specific area of Pt—~Ru—Ni/C and Pt-Ru/C catalysts

Catalysts 20 (°) d-Value (nm) Lattice parameter (nm) FWHM Particle size (nm) Specific area (m? g_')
Pt/C 67.7 0.13873 0.3924 - - -

Pt-Ru/C 67.9 0.13794 0.3901 1.869 4.5 74.1

Pt—Ru-Ni/C 67.9 0.13791 0.3900 1.908 4.4 71.8

or Pt—-Ru—Ni alloy, pp; the density of Pt metal (21.4 gcm™),
PRu the density of Rumetal (12.3 g cm’3), pni the density of Ni
metal (8.9 ¢ cm—3) and Xp, Xry and Xy are the weight percent
of Pt, Ru and Ni, respectively, in the catalysts.

Table 1 gives the calculated average particle size and specific
surface area of the catalysts according to their highest diffraction
peaks of Pt(1 1 1). The particle size and specific surface area of
the Pt—Ru/C and Pt—Ru—Ni/C catalysts are almost the same.

3.2. EDAX measurement

Chemical compositions of the Pt—~Ru—Ni/C and Pt—Ru/C cat-
alysts were determined by EDAX analysis. Fig. 2 shows EDAX
patterns of the Pt—-Ru—-Ni/C (A) and Pt—Ru/C (B) catalysts. Typ-
ical values of the composition analysis of them are shown in
Table 2.

The EDAX analysis shows that the determined composition is
quite similar to the theoretical one. HoPtClg, RuCl3 and NiCl,
as precursors were entirely reduced to Pt, Ru and Ni metals,
respectively. The results are similar to those of the measurement
of the filtrate collected during washing the catalysts’ precipitate.
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Fig. 2. EDAX patterns of the Pt—-Ru—Ni/C (A) and Pt—Ru/C (B) catalysts.

Table 2

The atomic composition of Pt—Ru—Ni/C and Pt—Ru/C catalysts (at.%)

Catalysts Nominal content Determined by EDAX
Pt Ru Ni Pt Ru Ni

Pt-Ru/C 50 50 56.3 43.7 -

Pt—Ru-Ni/C 60 30 10 63.2 30.1 6.7

3.3. The electrochemically active specific area of the
catalysts

Fig. 3 shows the cyclic voltammograms on the Pt—-Ru-Ni/C
(A) and Pt-Ru/C (B) catalysts for CO oxidation in a solution of
0.5mol L~! H,SO4 at 25°C.

The electrochemically active specific area (Sgas) of the cata-
lyst is calculated by using the following Eq. (5) [25,26] and the
cyclic voltammetry curves of CO adsorption- and desorption-
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Fig. 3. Cyclic voltammograms for CO electrooxidation on the Pt—-Ru—Ni/C (A)

and Pt-Ru/C (B) catalysts in an Ar-saturated solution of 0.5 mol L~! H,SOy4 at

25°C. Scan rate: 0.02 Vs~! (the data are derived from the glassy carbon based
electrode measurements).



Z.-B. Wang et al. / Journal of Power Sources 160 (2006) 37-43 41

electrooxidation
Oco
S = — 5
BAS = G x 420 )

where Qco is the charge for CO desorption-electrooxidation in
microcoulomb (uC) G represents the summation of Pt+Ru or
Pt + Ru + Ni metals’ loading (j.g) in the electrode, and 420 is the
charge required to oxidize a monolayer of CO on the catalyst in
pnCem—2,

The electrochemically active specific areas of the
Pt-Ru-Ni/C and Pt-Ru/C catalysts are 67.7 and 64.5m? g~ !,
respectively, which are almost the same.

3.4. The electrochemical activity of the catalysts

Fig. 4 shows the cyclic voltammograms on the Pt—-Ru-Ni/C
(A) and Pt—Ru/C (B) catalysts with a solution of 0.5 mol L-!
CH3CH,OH and 0.5 mol L~! H,SO4 at 25 °C. The performance
of the Pt—-Ru/C catalyst is the best among the Pt—-Ru/C cat-
alysts prepared by the same method and from the same pre-
cursors. A lot of work has been focused on the ethanol oxida-
tion with Pt-Ru electrocatalysts [27-31]. Generally accepted
ethanol oxidation behaviors on Pt—Ru are as follows. Similarly
to methanol, the first step of the oxidation of ethanol is the cleav-
age of O-H bond, forming ethoxy species CH3CH,O. Further
transformation of ethoxy species gives acetaldehyde CH3 CHO,
which then can be oxidized by numerous reactions, forming
acetate ion CH3COO™, acetone CH3COCH3, crotonaldehyde
CH3CH=CHCHO, acetyl CH3CO, methane, other hydrocar-
bons, carbonate ion C032’, CO and CO;. These reactants and
reaction intermediates are adsorbed on the catalyst surface at
lower potentials. When Ru—OH is generated by dissociative
adsorption of H>O on the catalyst surface, ethanol oxidation
proceeds. However, the strong adsorption of OH on the cat-
alyst surface at higher potentials inhibits further oxidation of
ethanol, thus ethanol oxidation peaks are observed during posi-
tive potential scanning. When the potential scanning is reversed,
the strongly adsorbed OH is reduced with the potential low-
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Fig. 4. Cyclic voltammograms of ethanol electrooxidation in an Ar-saturated
solution of 0.5 mol L~! CH3CH,OH and 0.5 mol L' H,SO4 at 25°C on the
Pt—Ru-Ni/C (A) and Pt-Ru/C (B) catalysts. Scan rate: 0.02 Vs~ (the data are
derived from the glassy carbon based electrode measurements).

ering. Then ethanol oxidation occurs again, thus its oxidation
peaks are observed during negative potential scanning as shown
in Fig. 4. It can be seen from Fig. 4 that the onset potential of
a current rise for ethanol electrooxidation on the Pt—-Ru-Ni/C
catalyst corresponds to that on the Pt—Ru/C catalyst, i.e. about
0.55 V. The potential for ethanol electrooxidation, at which the
peak current occurs is 0.92 V (versus RHE), and the peak current
density is 13.8 mA cm~2 during positive potential scanning on
the Pt—Ru—Ni/C catalyst as shown by curve A. The peak poten-
tial and the peak current density on the Pt—Ru-Ni/C catalyst
are about 0.77 V (versus RHE) and 12.8 mA cm™2, respectively,
during its reverse scanning. The peak potential for ethanol elec-
trooxidation and the peak current density on the Pt—Ru/C catalyst
are about 0.91V (versus RHE) and 9.8 mA cm™2, respectively,
during positive potential scanning as shown by curve B. The
peak potential and the peak current density for the Pt—Ru/C cat-
alyst are about 0.77 V (versus RHE) and 7.7 mA cm~Z, respec-
tively, during its reverse scanning. The peak potential for the
Pt—Ru-Ni/C catalyst during potential scanning is higher than
that for the Pt—Ru/C catalyst. But the peak current density for
the Pt—Ru—Ni/C catalyst is 4.0 mA cm~2 higher than that for the
Pt—Ru/C catalyst. So, the performance of the Pt—Ru—Ni/C cata-
lyst for ethanol electrooxidation is much better than that of the
Pt—Ru/C catalyst. Furthermore, curves A and B are superposed
at low potentials (0.05-0.45 V). It shows that the active sites and
the specific area of the Pt—Ru/C and Pt—Ru-Ni/C catalysts are
the same. This area is the same as electrochemically active spe-
cific surface area calculated with CO adsorption and oxidation.
It can be seen from the above results that the performance of
Pt—Ru—-Ni/C catalyst is better than that of the Pt—Ru/C catalyst,
mainly due to the improving effect of Ni in Pt—Ru/C catalyst for
ethanol electrooxidation.

The activities of the catalysts for ethanol electrooxidation
measured by steady-state current densities at a constant poten-
tial were used to compare the performance of the Pt—-Ru-Ni/C
and Pt—Ru/C electrocatalysts. Fig. 5 shows the current den-
sities measured at a constant potential jumping from 0.1 to
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Fig. 5. Chronoamperometric curves of ethanol electrooxidation in an Ar-
saturated solution of 0.5 mol L~! CH3CH;,OH and 0.5 mol L' H,SO4 at 25°C
on the Pt—-Ru—-Ni/C (A) and Pt—Ru/C (B) catalysts. Potential jumps from 0.1
to 0.8 V (the data are derived from the glassy carbon based electrode measure-
ments).
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Fig. 6. di/dt (normalized scale) against ¢ plots from =0 to =2 min for Pt-Ru/C
catalysts with or without addition of nickel. Slopes: 0.48 for Pt—-Ru—Ni/C (A)
and 0.88 for Pt—Ru/C (B) catalysts (the data are derived from the glassy carbon
based electrode measurements).

0.8V in an Ar-saturated solution of 0.5 molL~! CH;CH,OH
and 0.5molL~" HpSO4 at 25°C. The initial high current
corresponds mainly to double-layer charging. The currents
decay with time in a parabolic style and reach an appar-
ent steady state within 500s. It can be seen that the current
density of ethanol electrooxidation on the Pt—Ru—Ni/C cata-
lyst is higher than that on the Pt—-Ru/C catalyst at the same
potentials, i.e. the activity of the Pt—Ru-Ni/C catalyst is bet-
ter. The results are similar to those of cyclic voltammetry
measurement.

Fig. 6, representing a di/dt=£{r) plot (normalized scale) at
small time values, allows the evaluation of the initial poisoning
rate for the Pt—~Ru—Ni/C or the Pt—Ru/C catalyst during the elec-
trooxidation of ethanol. By comparing the two slopes, the greater
the slope is, the easier the initial poisoning of the electrode sur-
face is. It is clear that added nickel leads to less poisoning, since
the experimental slope with added nickel is lower by a factor of
1.8, compared to that obtained without the addition of nickel,
that is, 0.48 and 0.88, respectively.

There is electron transfer from nickel to platinum in Pt-Ni
and, probably, from ruthenium to platinum in Pt-Ru, in agree-
ment with the electronegativity series for Ni, Ru and Pt, i.e.
1.91, 2.2 and 2.28, respectively. The electron transfer may con-
tribute to the decay of Pt—CO binding energy and enhance
the formation of intermediates from ethanol electrooxidation.
Furthermore, the surface layer containing both Ni(OH), and
NiOOH is formed on the Pt—-Ru-Ni particles. The Ni hydrox-
ide layer has some favorable properties, such as proton and
electronic conductivities, and well protects the bulk from cor-
rosion under ethanol electrooxidation conditions [13]. Such
a hydroxide layer on Pt—Ru-Ni alloy may display high cat-
alytic activity with respect to ethanol electrooxidation due to
oxygen-containing species formed on the catalyst, and such
species transform CO-like poisoning species on Pt into CO,,
leaving the active sites on Pt for further adsorption and oxi-
dation of ethanol molecules. The obtained results indicate
that the addition of Ni into Pt—Ru catalysts can significantly
improve the electrode performance for ethanol electrooxida-
tion.
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Fig. 7. Anodic polarization curves for the Pt—-Ru—Ni/C and Pt-Ru/C electrodes
in an Ar-saturated solution of 0.5 mol L' CH3CH,OH and 0.5 mol L~! H,SOy4
at 25 °C (the data are derived from half-cell measurements.).

3.5. Measurement of half cell

Fig. 7 shows a comparison of anodic polarization curves
for the Pt—Ru—Ni/C (A) and Pt-Ru/C (B) electrodes in Ar-
saturated 0.5 mol L—! CH3CH,OH and 0.5 mol L~ H,S0;4 at
25°C. The two electrodes were prepared and measured with
the same method except that the catalysts used in electrodes
were different. The electrode with Pt—Ru—Ni/C catalyst shows
lower polarization than that with Pt—Ru/C catalyst. For example,
the overpotential of the Pt—-Ru—Ni/C electrode is 0.71 V (ver-
sus RHE) at 10 mA cm_z, which is 60 mV lower than that of
the Pt—Ru/C electrode. The result indicates that the Pt—-Ru—Ni/C
catalyst exhibits a higher catalytic activity for ethanol electroox-
idation. The results are similar to those of cyclic voltammetric
and chronoamperometric measurements.

The promoting effect attributable to the addition of nickel to
platinum-ruthenium on the electrooxidation of ethanol is par-
ticularly significant at low potentials, as can be clearly seen in
Fig. 8, which shows the ratio of the current densities, measured
under quasisteady state conditions, with and without the addi-
tion of nickel, as a function of the oxidation potential (data taken
from Fig. 7). This figure shows that the addition of nickel gives
a maximum ratio at a potential of about 0.3 V (versus RHE), at
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Fig. 8. Ratio of the current densities of ethanol oxidation recorded on the
Pt—Ru-Ni/C and Pt-Ru/C electrodes as a function of the potential (the data
are derived from half-cell measurements).
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which the current density for ethanol oxidation (measured under
quasisteady state conditions) is enhanced by a factor of 5.4.

4. Conclusions

Electrocatalytic activity of the Pt—Ru—Ni/C catalyst, formed
by reduction with NaBHy4 of the inorganic salt precursors, was
investigated with respect to the electrooxidation of ethanol in
H>SOy4 solution. The experimental data reported in this paper
indicate that the performance of the Pt—Ru—Ni/C catalyst for
ethanol electrooxidation is better than that of the Pt—Ru/C cat-
alyst due to the promoting function of Ni. The CO-tolerance
performance during ethanol electrooxidation of the Pt—-Ru-Ni/C
is better than that of Pt—-Ru/C. By comparing the i(E) curve
recorded on the Pt—Ru—Ni/C electrode with the i(E) curve
recorded on the Pt—-Ru/C electrode at E=0.3V (versus RHE),
the current density of ethanol oxidation is enhanced by a factor
of 5.4 in the presence of nickel (Fig. 8). Study of the mechanism
is in progress.
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