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bstract

The anodic Pt–Ru–Ni/C and the Pt–Ru/C catalysts for potential application in direct methanol fuel cell (DMFC) were prepared by chemical
eduction method. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements were carried out by using a
lassy carbon working electrode covered with the catalyst powder in a solution of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at 25 ◦C. EIS
nformation discloses that the methanol electrooxidation on the Pt–Ru–Ni/C catalyst at various potentials shows different impedance behaviors.

he mechanism and the rate-determining step of methanol electrooxidation are changed with increasing potential. Its rate-determining steps are

he methanol dehydrogenation and the oxidation reaction of adsorbed intermediate COads and OHads in low (400–500 mV) and high (600–800 mV)
otentials, respectively. The catalytic activity of the Pt–Ru–Ni/C catalyst is higher for methanol electrooxidation than that of the Pt–Ru/C catalyst.
ts tolerance performance to CO formed as one of the intermediates of methanol dehydrogenation is also better than that of the Pt–Ru/C catalyst.

2006 Elsevier B.V. All rights reserved.

catal

h
a
c
e
T
m
s
m
h
m

f

eywords: Direct methanol fuel cell; Electrochemical impedance; Pt–Ru–Ni/C

. Introduction

In the past decades, much attention has been paid to fuel
ells because they offer a highly efficient and environmen-
ally friendly technology for energy conversion. In particular,
he development of low operating temperature polymer elec-
rolyte proton exchange membrane fuel cell (PEMFC) for
ransportation applications has attracted attention [1]. The high-
st performance of PMFEC, where platinum is used as anode
nd cathode catalysts, is achieved with pure hydrogen and pure
xygen which are the preferred fuel for low temperature fuel
ells. Although pure H2 is an ideal fuel for PEMFC system, the

torage systems for liquid or compressed H2 are heavy, bulky
nd dangerous. Another obstacle is the lack of an infrastruc-
ure to distribute H2 to the consumer [2,3]. These disadvantages
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ave motivated fuel cell developers to look for alternatives. An
lternative to the use of H2 as fuel is small molecule hydro-
arbons (such as methanol and ethanol), which are liquid fuel
asy to handle and be used directly without prior reforming [4].
he direct methanol fuel cell (DMFC) can directly use aqueous
ethanol to be transformed to electrical current. Its structure

ystem design is simple. However, presently achieved perfor-
ance data of DMFC is not satisfying and material costs are too

igh. So, there is a need to improve the activity of catalysts for
ethanol electrooxidation and low the cost of DMFC [1,5,6].
The preparation of an efficient catalyst with high activity

or methanol electrooxidation is related to the understanding of
eactive mechanisms on its surface. The conventional electro-
hemical methods including polarization measurement, cyclic
oltammetry (CV), Chronoamperometry, and stripping voltam-
etry are only employed to characterize the performance of the

ifferent catalysts [7–10]. It is difficult to use them to study

n intrinsic reactive mechanism of methanol electrooxidation
n the catalysts. However, the electrochemical impedance spec-
roscopy (EIS) technique is a good tool to analyze the kinetics of
lectrode reactions. This is the major advantage of this method

mailto:wangzhenbo1008@yahoo.com.cn
dx.doi.org/10.1016/j.jpowsour.2006.12.027
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or the data interpretation as every parameter in the impedance
xpression has a clear physical significance related to the reac-
ion mechanism. Therefore, the EIS technique has been used
o investigate reaction mechanism [11–14], CO-tolerance for
ifferent Pt-based alloy catalysts [1,2], Nafion loading in the
atalyst layer [15], and characteristics of membrane electrode
ssembly (MEA) [16,17].

At present, novel methods for preparing new alloy catalysts
re investigated. In our previous publications, the novel carbon
upported Pt–Ru–Ni catalyst was reported for methanol and
thanol electrooxidation [6,18,19]. The research with conven-
ional electrochemical methods showed the catalytic activity of
he Pt–Ru–Ni/C catalyst for methanol and ethanol electrooxi-
ation was higher than that of the Pt–Ru/C catalyst. The new
omemade Pt–Ru–Ni/C catalyst was characterized by EIS tech-
ique combined with CV in this paper. The aim of this work
s to use EIS as a dynamic method for the mechanism discrim-
nation of methanol electrooxidation and a comparison of the
erformance of the different catalysts.

. Experimental

.1. Preparation of catalysts

The Pt–Ru–Ni/C catalyst was prepared according to the
ethod mentioned in the literatures [6,18,19]. As described

riefly, the carbon black powder (Vulcan XC-72, Cabot) was
sed as a support for the catalysts. The samples contained 20%
etals in weight of the catalysts were dispersed in the powder.
he Pt–Ru (with an atomic ratio of 1:1)/C or the Pt–Ru–Ni (with
n atomic ratio of 6:3:1)/C catalyst [18], 0.25 g, was obtained
y chemical reduction with sodium borohydride of H2PtCl6,
uCl3, and NiCl2 as precursors at 80 ◦C. The carbon black was
ltrasonically dispersed in a mixture of ultrapure water and iso-
ropyl alcohol for 20 min. The precursors were added to the ink
nd then mixed thoroughly for 15 min. The pH value of the ink
as adjusted to 8 by NaOH solution and then raised its tem-
erature to 80 ◦C. Fifteen microlitres of 0.2 mol L−1 solution
f sodium borohydride was added into the ink drop by drop
nd the bath was stirred for 1 h. The mixture was cooled, dried
nd washed repeatedly with ultrapure water (18.2 M� cm) until
o Cl− ions existed. The catalyst powder was dried for 3 h at
20 ◦C and stored in a vacuum vessel. All chemicals used were
f analytical grade.

.2. Preparation of working electrode and its
lectrochemical measurements

.2.1. Preparation of working electrode
Glassy carbon working electrodes, 3 mm in diameter (elec-

rode area 0.0706 cm2), polished with 0.05 �m alumina to a
irror-finish before each experiment, were used as substrates

or the carbon supported catalysts. For the electrode prepara-

ion, 5 �L of an ultrasonically redispersed catalyst suspension
as pipetted onto the glassy carbon substrate. After the solvent

vaporation, the deposited catalyst (28 �gmetal cm−2) was cov-
red with 5 �L of a dilute aqueous Nafion solution (5 wt.%).

b
m
a
t

er Sources 165 (2007) 9–15

he resulting Nafion film with a thickness of ≤0.2 �m had a
ufficient strength to attach the carbon particles permanently
o the glassy carbon electrode without producing film diffu-
ion resistances [20,21]. The Faradaic impedance of the film
lectrode was measured without mass transport limitations in
rder to investigate the kinetics and the mechanism of methanol
lectrooxidation.

.2.2. Electrochemical measurements
Electrochemical measurements were carried out with a con-

entional three-electrode electrochemical cell at 25 ◦C. The
lassy carbon thin film electrode as the working electrode (elec-
rode area 0.0706 cm2) was covered with the catalyst powder.

piece of Pt foil of 1 cm2 area was used as the counter
ne. The reversible hydrogen electrode (RHE) was used as
he reference one with its solution connected to the working
lectrode by a Luggin capillary whose tip was placed appro-
riately close to the working electrode. All potential values are
ersus RHE. All chemicals used were of analytical grade. All
he solutions were prepared with ultrapure water (MilliQ, Mil-
ipore, 18.2 M� cm). A solution of 0.5 mol L−1 CH3OH and
.5 mol L−1 H2SO4 was stirred constantly and purged with ultra-
ure argon gas. Electrochemical experiments were performed
sing a CHI604B electrochemical analysis instrument. Cyclic
oltammogram (CV) was plotted within a potential range from
.05 to 1.2 V with a scanning rate of 1 mV s−1. EIS were
sually obtained at frequencies between 100 kHz and 0.01 Hz
ith 12 points per decade. The amplitude of the sinusoidal
otential signal was 5 mV. Due to a slight contamination from
he Nafion film, the working electrodes were electrochemi-
ally cleaned by continuous cycling at 50 mV s−1 until a stable
esponse was obtained before the measurement curves were
ecorded.

. Results and discussion

.1. Impedance patterns on the Pt–Ru–Ni/C catalyst

In this section, the EIS technique was used to investigate
he catalytic activity for the methanol electrooxidation on the
nodic Pt–Ru–Ni/C catalyst surface. The EIS (A) and the phase
hift (B) of methanol electrooxidation on the Pt–Ru–Ni/C cata-
yst at different potentials are shown in Figs. 1–3, respectively.
he EIS results indicate that the methanol electrooxidation on

he Pt–Ru–Ni/C catalyst at various potentials shows different
mpedance behaviors. The very similar impedance trends were
bserved on the Pt/C thin film electrode for methanol electrooxi-
ation [22], Pt–Sn anode [2], and polymer electrolyte membrane
uel cells for H2/CO electrooxidation [1,13,23,24]. A large arc
hown in Fig. 1A reveals a slow reaction rate of methanol
ehydrogenation oxidation [22]. It is understood that the slow
inetics is caused by the intermediate COads from methanol
ehydrogenation which are strongly adsorbed on Pt sites and

lock continuous adsorption and dehydrogenation of methanol
olecules [22,25]. With increasing potential, the diameter of

rc decreases rapidly, indicating that the charge transfer resis-
ance for the methanol electrooxidation becomes smaller. Only
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Fig. 1. Impedance patterns (A) and phase shift plots (B) of methanol electrooxidation in an Ar-saturated solution of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at
25 ◦C on the Pt–Ru–Ni/C catalyst at low potentials range (400–500 mV).
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ig. 2. Impedance patterns (A) and phase shift plots (B) of methanol electrooxi
5 ◦C on the Pt–Ru–Ni/C catalyst at medium potentials range (600–685 mV).

ne broad peak can be observed at low potentials as shown in
ig. 1B, indicating that only one reaction happens on the elec-
rode surface, i.e. methanol dehydrogenation reaction. With the
ncrease of the potential, the phase angle decreases gradually,
he peak shifts toward higher frequency regions. The changing
rder is the same as that of EIS spectra.

f
a
i
6

ig. 3. Impedance patterns (A) and phase shift plots (B) of methanol electrooxidation
5 ◦C on the Pt–Ru–Ni/C catalyst at high potentials range (700–900 mV).
in an Ar-saturated solution of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at

A so-called ‘pseudo-inductive’ behavior begins to emerge
n the impedance plots, where a large positive loop at higher

requency is accompanied by a small loop in the 4th quadrant
t low frequency, with both diameters of the loops decreas-
ng rapidly with the increase of the potential between 600 and
50 mV as shown in Fig. 2A. An explanation for the occurrence

in an Ar-saturated solution of 0.5 mol L−1 CH3OH and 0.5 mol L−1 H2SO4 at
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f inductive behavior during methanol electrooxidation can be
lucidated [4,22]: the active sites on platinum are covered ini-
ially with the COads layer formed as one of the intermediates of
ethanol dehydrogenation, and thus deactivated at lower poten-

ials. As potential increases, some of the weakly COads begin
o be oxidized, producing Pt active sites in the adsorbed CO
ayer. Subsequent methanol molecules then can be adsorbed in
hese active sites. Consequently, the reaction rate of methanol
lectrooxidation is sharply increasing. Namely, the so-called
pseudo-inductive’ behavior results from the ‘relaxation phe-
omenon’ between adsorption–dehydrogenation of methanol
olecules and oxidation–adsorption of the CO-like species.
The both diameters of the high and the low frequency arcs

n the 1st and 4th quadrant increasing with the potential in the
mpedance plots are observed at potentials range, from 650 to
85 mV as shown in Fig. 2A. But the negative peak in phase
hift plots begins to appear at 600 mV, namely appears both for
he positive and negative maximum of the phase angle. With
he increase of the potential, the shift of the negative peak is

ore rapid to a high frequency and becomes more and more
cuminous, so that the two maximum peaks are closer at higher
oltage as shown in Fig. 2B. It may be a result from the change
f the rate-determining step of methanol electrooxidation.

As potentials arrive at 700–800 mV, a sudden change of
mpedance plots happens, with the two loops reversing to the 2nd
nd 3rd quadrants as shown in Fig. 3A. And with the increase
f the potential, the diameters of both loops decrease. The two
nattached positive and negative values of phase angle appear as
hown in Fig. 3B. The main reason is that the rate-determining
tep changes from the methanol dehydrogenation to the oxida-
ion removal of COads by OHads, which leads to the reversal of
mpedance to the 2nd and 3th quadrants, i.e. the abrupt jumps
f phase angle [22]. With continuous increasing potential, at
00 mV, the impedance plot only appears the 2nd quadrant. The
hase angle at low frequency changes into a higher positive
alue.

A lot of work has been focused on the methanol electroox-
dation with Pt-based catalysts [26–30]. It is well known that
he addition of metal (denoted as Me) to Pt catalyst signifi-
antly lowers the overpotenital for methanol electrooxidation
eaction through a so-called ‘bifunctional mechanism’ that can
e summarized as follows [31–34]:

t + CH3OHbulk → Pt–(CH3OH)ads (1)

t–(CH3OH)ads → Pt–COads + 4H+ + 4e− (2)

e + H2O → Me–(H2O)ads (3)

e–(H2O)ads → Me–(OH)ads + H+ + e− (4)

t–COads + Me–(OH)ads → CO2 + Pt + Me + H+ + e−

(5)

When Me–OH is generated by dissociative adsorption of H2O

n the catalyst surface, methanol oxidation proceeds as shown
y arrow A in Fig. 4. However, strong adsorption of OH on the
t surface at higher potentials inhibits further methanol elec-

rooxidation, thus methanol electrooxidation peaks are observed

b
q
c
c

ig. 4. The cyclic voltammetry curve of methanol electrooxidation on the
t–Ru–Ni/C catalyst with a solution of 0.5 mol L−1 CH3OH and 0.5 mol L−1

2SO4 at 25 ◦C. Scan rate: 1 mV s−1.

uring positive potential scanning. When the potential scanning
s reversed, the strongly adsorbed OH is reduced with potential
owering. Then methanol electrooxidation occurs again, thus
ts oxidation peak is observed at negative potential scanning
s shown in Fig. 4. It can be seen from Fig. 4 that the onset
otential of a current rise for methanol electrooxidation on the
t–Ru–Ni/C catalyst is about 600 mV, which is similar to EIS
easurement that reveals the COads evidently oxidized at almost

he same potential as shown in Fig. 2. Thus, the appearance
f a ‘pseudo-inductive’ in EIS patterns is a proof that the CO
overage starts rapidly decreasing at this potential [24]. The
eak potential for methanol electrooxidation, at which the peak
urrent occurs is 842 mV (versus RHE), and the peak current
ensity is 10.9 mA cm−2 during positive potential scanning on
he Pt–Ru–Ni/C catalyst. The peak potential and the peak cur-
ent density on the catalyst are about 765 mV (versus RHE) and
1.0 mA cm−2, respectively, during its reverse scanning.

Comparison of the impedance plots, CV curve, and ‘bifunc-
ional mechanism’ of methanol electrooxidation, it indicates that
he surface sites of catalyst are mostly occupied by the adsorbed
O formed as one of the intermediates of methanol electroox-

dation and thus deactivated at low potentials (400–500 mV)
22,25,35]. The rate-determining step of methanol electrooxi-
ation is the methanol dehydrogenation (reaction (2)). So, there
re only capacitive behaviors from double layer charge in the
mpedance plots.

With the increase of the potential, the COads from methanol
ehydrogenation are oxidized gradually. The active sites on
latinum, which the adsorbed CO is cleaned up, continue to
bsorb and oxidize methanol molecules. So, there are inductive

ehaviors in the impedance plots that emerge in the 1st and 4th
uadrants. Namely, the so-called ‘pseudo-inductive’ behavior is
aused by the ‘relaxation phenomenon’ the oxidation of COads
oupled with further adsorption–dehydrogenation of methanol
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in agreement with the electronegativity series for Ni and Pt,
i.e. 1.91 and 2.28, respectively. The electron transfer may con-
tribute to the decay of the Pt–CO binding energy and improve
Z.-B. Wang et al. / Journal o

olecules on the surface sites freed up by the COads as shown
n Fig. 2A. The current density of methanol electrooxidation is
ncreasing as shown by arrow A in Fig. 4. The rate-determining
tep of methanol electrooxidation is thought to be the COads oxi-
ation on Pt active sites at the potential range of 600–650 mV
reaction (5)). With the continuous increase of the potential, the
umber of OHads is gradually increasing not only at Ru and
i sites, but also at Pt sites, the rate-determining step may be

hought to be the OHads oxidation removal at the potential range
f 660–685 mV (reaction (5)). But, the gross ratio of methanol
lectrooxidation is increasing as shown by arrow A in Fig. 4.
amely, it is a result that the species of rate-determining step
f methanol electrooxidation changes from COads oxidation to
Hads oxidation removal. Generally, the two peaks represent

he existence of two time constants in phase shift plot as shown
n Fig. 2B. The high frequency time constant corresponds to
ast reaction step in an electrode process and the low frequency
ime constant corresponds to slow reaction step [4]. For the cur-
ent electrode processes, the high frequency and low frequency
ime constants can be related to the methanol dehydrogenation
reaction (2)) and the rate of the oxidation removal of COads
y OHads (reaction (5)), respectively [18]. The approaching of
he two peaks with the potential increasing indicates that the
ates of the two reaction processes are getting closer. As the
otential reaches 700 mV, due to the surface sites of catalyst
re covered by the OHads, the rates of the methanol molecules
bsorbed and oxidized gets slow and difficult. The change of
he rate-determining step leads to the abrupt jump of phase
ngel and the reversal of impedance to the 2nd and 3th quad-
ants as shown in Fig. 3. As the potential reaches 900 mV,
he surface sites of catalyst are covered with more OHads, the
urrent density of methanol electrooxidation is getting small
s shown by arrow B in Fig. 4. The oxygen evolution hap-
ens in the surface of the Pt–Ru–Ni/C catalyst. There is one
ime constant in the phase shift plot. The phase angle markedly
ncreases.

.2. Comparison of the performance on the Pt–Ru–Ni/C
nd the Pt–Ru/C catalysts

The impedance patterns on the Pt–Ru/C catalyst are similar
o those on the Pt–Ru–Ni/C catalyst (they are not shown in this
aper). These are opposite to the EIS of CO-tolerance for the
t–Ru/C at the high potentials, which no EIS appeared in the
nd and 3rd quadrants [2].

The impedance patterns on the Pt–Ru–Ni/C and the Pt–Ru/C
atalysts in an Ar-saturated solution of 0.5 mol L−1 CH3OH and
.5 mol L−1 H2SO4 at 25 ◦C at 400, 650 and 800 mV are shown
n Figs. 5–7, respectively. The Faradaic admittance (the inverse
f the Faradaic impedance) of methanol electrooxidation is [25]:

F = 1

Rct
+ B

a + jω
(6)
here Rct = (∂E/∂IF)ss is charge transfer resistance of the elec-
rode reaction. Its value is always positive. The subscript “ss”
tands for steady state. IF denotes the Faraday current. It can
e seen from Figs. 5–7 that the reaction resistances (Rct)

F
t
0

ig. 5. Impedance patterns of methanol electrooxidation on the Pt–Ru–Ni/C and
he Pt–Ru/C catalysts in an Ar-saturated solution of 0.5 mol L−1 CH3OH and
.5 mol L−1 H2SO4 at 25 ◦C at 400 mV.

or methanol electrooxidation on the Pt–Ru–Ni/C catalyst are
maller than those of the Pt–Ru/C catalyst.

It indicates in Fig. 5 that the rate of methanol dehydrogena-
ion is faster on the Pt–Ru–Ni/C catalyst. Thus, the performance
f CO-tolerance on the Pt–Ru–Ni/C catalyst is higher than that
n the Pt–Ru/C catalyst. It reveals from Figs. 6 and 7 that the
ates of oxidation removal of the COads by OHads are rapid on
he Pt–Ru–Ni/C catalyst, i.e. its catalytic activity for methanol
lectrooxidation are higher than that of the Pt–Ru/C catalyst.
hose results are similar to those of the measurements with
onventional electrochemical methods in our previous works
18,19].

The electron transfer from nickel to platinum in Pt–Ni is
ig. 6. Impedance patterns of methanol electrooxidation on the Pt–Ru–Ni/C and
he Pt–Ru/C catalysts in an Ar-saturated solution of 0.5 mol L−1 CH3OH and
.5 mol L−1 H2SO4 at 25 ◦C at 650 mV.
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ig. 7. Impedance patterns of methanol electrooxidation on the Pt–Ru–Ni/C and
he Pt–Ru/C catalysts in an Ar-saturated solution of 0.5 mol L−1 CH3OH and
.5 mol L−1 H2SO4 at 25 ◦C at 800 mV.

xidation of CO-like intermediates from methanol dehydro-
enation, and enhance the adsorption and oxidation of methanol
olecules [18,19,36]. Furthermore, the surface layer containing

oth Ni(OH)2 and NiOOH is formed on the Pt–Ru–Ni metal par-
icles [36,37]. The Ni hydroxide layer has favorable proton and
lectronic conductivities, and well protects the bulk from corro-
ion under methanol electrooxidation conditions [36,37]. Such
hydroxide layer on Pt–Ru–Ni alloy may display high catalytic
ctivity with respect to methanol electrooxidation due to the
ormation of oxygen-containing (OHads) species on the catalyst,
nd such species transform CO-like poisoning species on Pt into
O2, leaving the active sites on Pt for further adsorption and oxi-
ation of methanol molecules. Lately, the research was presented
hat the hydrogen spillover from the Pt sites to the neighboring
iOOH on the surface of Pt–Ru–Ni/C nanocomposite played an

mportant role in improving COads electrooxidation for PEMFC
38]. The obtained results indicate that the addition of Ni into
t–Ru catalysts can significantly improve the electrode per-
ormance for methanol electrooxidation. The research of an
ntrinsic mechanism in this catalyst is in progress.

. Conclusions

Electrocatalytic activity of the Pt–Ru–Ni/C catalyst, formed
y reduction with NaBH4 of the inorganic salt precursors, was
nvestigated by the EIS with respect to the methanol electrooxi-
ation in H2SO4 solution. The impedance patterns for methanol
lectrooxidation reveal that three processes occur at the inter-
ace of the Pt–Ru–Ni/C catalyst: one is associated with the
ethanol dehydrogenation step at low potentials (400–500 mV);

he second at medium potentials (600–800 mV) is assigned to
xidation of intermediate species, i.e. the oxidation removal of

Oads by OHads; the third is considered as oxygen evolution at
igh potentials (900 mV). The experimental data reported in this
aper indicate that the performance of the Pt–Ru–Ni/C catalyst
or methanol electrooxidation is much better than that of the

[

[

er Sources 165 (2007) 9–15

t–Ru/C catalyst due to promoting function of Ni. The results
f EIS measurement, which the performance of two catalysts
as compared, were consistent with those of the conventional

lectrochemical methods [19].
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