
A

o
T
t
p
t
©

K

1

p
d
m
b
m
p
t
l
f
M
c
h
i
i
r

d
m

0
d

Journal of Power Sources 165 (2007) 108–113

Short communication

A novel methanol-tolerant Ir-Se chalcogenide electrocatalyst
for oyxgen reduction

Kunchan Lee, Lei Zhang, Jiujun Zhang ∗
Institute for Fuel Cell Innovation, National Research Council of Canada, 4250 Wesbrook Mall, Vancouver, BC, Canada V6T 1W5

Received 17 October 2006; received in revised form 28 November 2006; accepted 29 November 2006
Available online 12 January 2007

bstract

A novel methanol-tolerant oxygen-reduction catalyst, Iridium-selenium (Ir-Se) chalcogenide, was synthesized by chemical precipitation in an
rganic solvent. Auger electron spectroscopy (AES) analysis confirmed that the synthesized Ir-Se chalcogenide had a chemical formula of Ir4Se.

his chalcogenide showed strong catalytic activity towards the oxygen reduction reaction (ORR) and a high methanol tolerance. It was found

hat most of the oxygen could be directly reduced to water through a four-electron pathway with less than 10% hydrogen peroxide (H2O2) being
roduced during the ORR. The improvement in catalytic activity of the Ir-Se chalcogenide in comparison with that of pure Ir might be attributed
o the effect of a bimetallic interaction.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) are considered to be
ossible for fuel cell commercialization due to their easy fuel
istribution and storage and the high-energy density of their
ethanol fuel. However, at least two major challenges need to

e overcome for commercialization: high cost and low perfor-
ance. Methanol (MeOH) crossover is a major cause of the low

erformance. MeOH permeating from the anode to the cathode
hrough the membrane reacts directly with the cathode cata-
yst and O2 to decrease the cathode potential and so reduce
uel efficiency. Therefore, a cathode catalyst which is inert to

eOH is highly desirable. The platinum (Pt)-based catalysts
urrently used as state-of-the-art cathode electrocatalysts have a
igh cost and a low oxygen reduction reaction (ORR) selectivity
n the presence of MeOH. Developing a cathode catalyst which
s both MeOH-tolerant and cost effective is a priority for DMFC
esearch and development.
For many years, tremendous effort has been invested in
eveloping novel electrocatalysts with a high ORR activity and
ethanol tolerance [1–3]. In particular, ruthenium (Ru)-based
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halcogenides have shown a high ORR activity and MeOH toler-
nce in acidic media. In these chalcogenide catalysts, the active
atalytic center has been identified as metallic Ru. It is also
nown that the chalcogen-like selenium (Se) in the catalyst can
revent the metallic Ru from forming Ru-oxides, thereby result-
ng in an enhanced ORR catalytic activity [4]. However, the
atalytic activity of Ru-based catalysts is still not high enough
or practical application in DMFCs.

Iridium (Ir) is one of the most stable metals among Pt-group
etals in acidic media [5]. Although Ir has a much lower activity

owards ORR than does Pt, it is interesting to note that its activity
owards MeOH oxidation is also lower than that of Pt [6–8].
he surfaces of Ir have a strong affinity for OH or O species,

orming a surface with a high oxide coverage even at a low
otential. The formation of Ir-oxide is probably responsible for
he low ORR activity [5,9–11]. From the viewpoint of catalyst
esign, modification of Ir could be a feasible approach to the
mprovement of the catalytic properties.

Based on these considerations, the research presented in
his paper synthesized a novel Ir-Se chalcogenide as an alter-
ative catalyst for the DMFC cathode reaction. The chemical

tructure of the synthesized Ir-Se chalcogenide was analyzed
y Auger electron spectroscopy analysis. The catalytic activ-
ties towards methanol oxidation and oxygen reduction were
nvestigated.

mailto:jiujun.zhang@nrc.gc.ca
dx.doi.org/10.1016/j.jpowsour.2006.11.063
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peaks. This suggests that the surface of Ir-Se chalcogenide might
be stable in air.

Table 1 shows the surface chemical composition of synthe-
sized Ir-Se chalcogenide powder obtained by AES analysis. The
K. Lee et al. / Journal of Pow

. Experimental

.1. Catalyst synthesis

The Ir-Se chalcogenide catalyst was synthesized by a
hemical precipitation reaction between Ir carbonyl(dodeca-
arbonyltetrairidium: Ir4(CO)12, Alpha) and Se (powder, Alpha)
n xylene solvent [12]. The xylene solvent was bubbled with
rgon for over 30 min to remove dissolved oxygen before the Se
owder was added. Next, the xylene under reflux was heated to
40 ◦C for 30 min and then cooled to room temperature. The Ir
arbonyl was added to this xylene reflux, which was then heated
o 130–140 ◦C. All procedures were performed under argon with
tirring. After being heated for over 20 h, the refluxing liquid was
ooled and the precipitates were filtered and then washed with
iethylether.

.2. Electrode preparation

Electrochemical measurements were taken using a rotating
lassy carbon disk-platinum ring electrode (RRDE). The cat-
lyst ink, prepared according to Schmidt’s report [13], was
pplied manually to the glassy carbon disk surface. For com-
arison, Pt/C (20 wt.%, E-TEK) and Ir/C (20 wt.%, E-TEK)
atalysts were coated on the electrode surface in the same
ay. The loadings for Ir-Se chalcogenide and carbon-supported

atalysts were 61 and 73 �gcm−2, respectively. A reversible
ydrogen electrode (RHE) and Pt wire were used as the refer-
nce and the counter electrodes, respectively. Aqueous solutions
f 0.5 M H2SO4 with and without methanol (MeOH) were used
s the electrolytes. All reported current densities were expressed
ersus geometric surface area of the disk electrode. All electro-
hemical experiments were carried out at 25 ◦C and ambient
ressure.

.3. Collection efficiency of RRDE

For H2O2 collection experiments, the electrode was prepared
s described above. The electrolyte was deaerated 0.1 M NaOH
ontaining 10 mM K3Fe(CN)6 [13]. The potential scan rate for
he disk electrode was 5 mVs−1, and a constant potential at 1.2 V
ersus RHE was applied to the ring electrode. At this ring poten-
ial, the oxidation of [Fe(CN6)]4−, which is produced at the disk
lectrode, to [Fe(CN)6]3− proceeds under pure diffusion control.
he collection efficiency, N, was then determined from the ring

IR) and disk (ID) currents according to the following equation:
= −IR/ID. The obtained collection efficiency was 0.19.

.4. Physical characterization of the Ir-Se chalcogenide
atalyst

Auger electron spectroscopy (AES) was carried out using a
icrolab 350 system (Thermo Electron Corp.) equipped with a
eld emission source (10 keV, 2 nA) and hemispherical energy
nalyzer. In order to avoid charging problems during AES anal-
sis, sample powder was dispersed on 0.5 cm × 0.5 cm indium
oil prior to being analyzed. The morphology of the synthe-
urces 165 (2007) 108–113 109

ized chalcogenide samples was confirmed by high-resolution
ransmission electron microscope (HR-TEM: FEI TECNAI G2).

. Results and discussion

.1. Physical characterization

For the morphology of the synthesized Ir-Se chalcogenide
owder, TEM measurements were carried out, as shown in
ig. 1. It can be seen that the powder consists of nano-clusters of
00–200 nm. Within the nano-clusters, nano-particles of 4–5 nm
an be clearly observed.

In order to probe the surface compositions and characteriza-
ion of the nano-particles, an AES surface analysis was used.
ig. 2(a) shows the Auger spectra for the powder. The peaks for
r MNN, Se LMM, C KLL, and O KLL transitions are indicative
f the co-existence of Ir and Se, suggesting that the particle is
r-Se chalcogenide. In the Auger spectrum of Ir MNN, shown in
ig. 2(b), the kinetic energy (KE) of the Ir peak is at 1978.3 eV,

ndicating that the chemical state of Ir is slightly different from
he metallic-like state of pure Ir at 1977.8 eV [14]. In contrast,
he peaks of Se LMM show a large chemical shift of 2.2 from
306.9 to 1309.1 eV compared to that of high-purity Se [15,16].
uch a large chemical shift to positive KE in the Se LMM tran-
itions might be a result of charge transfer from Ir to Se after the
ormation of Ir-Se bonding. Therefore, the AES analysis con-
rmed that Ir-Se chalcogenide was obtained in our synthesis
rocess. In addition, there was no observation of any Ir and Se
xides-associated shape change or chemical shift on the Auger
Fig. 1. TEM micrograph of Ir-Se chalcogenide powder.
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Fig. 2. Auger spectra for synthesized Ir-Se chalcogenide: (a) wi

hemical composition ratio of Se/Ir is 0.23. The sum content of
arbon and oxygen are very low compared to those of Ir and
e, amounting to only 10.7% of total atomic composition. It is
elieved that this small amount of C + O was from the unreacted
r carbonyl (Ir4(CO)12). According to the chemical stoichiome-
ry of Ir4(CO)12, 10.7% carbonyl (CO) should bond with 3.6%
r. Therefore, the atomic percentage of Ir in the total composition
isted in Table 1 should be corrected by subtracting 3.6% from

2.7%, giving a corrected value of 69.1%. As a result, the chem-
cal composition ratio of Se/Ir in the Ir-Se chalcogenide should
e 0.24. Thus, the chemical formula for Ir-Se chalcogenide may
e expressed as Ir4Se. The weight purity of this Ir-Se chalco-

F
t
c
t

able 1
urface chemical composition Ir-Se chalcogenide by Auger electron spectroscopy

lement Ir

tomic% in the mixture of Ir-Se chalcogenide and Ir
carbonyl

72.7

tomic% in Ir-Se chalcogenide, corrected with respect
to carbonyl content according to the stoichiometry of
Ir in Ir4(CO)12

69.1
ge spectrum, (b) Ir MNN spectrum, and (c) Se LMM spectrum.

enide powder is about 94.5 wt.%. Work on the purification of
ynthesized Ir-Se chalcogenide catalyst will be continued.

.2. Cyclic voltammetric characterization

Fig. 3(a) shows the cyclic voltammograms (CVs) for Ir-
e chalcogenide catalyst in 0.5 M H2SO4 solutions with and
ithout 0.5 M MeOH under N2 atmosphere. The currents in

ig. 3 are expressed as apparent current densities (ID) due to

he electrode geometric area was used as the reaction area. For
omparison, the CVs of a Ir/C catalyst are plotted in Fig. 3(b). In
he absence of MeOH, the Ir-Se chalcogenide exhibited differ-

Se C O Se/Ir atomic ratio

16.6 4.7 6.0 0.23

16.6 0 0 0.24
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and MeOH oxidation. This observation clearly suggests that the
Pt/C catalyst has no MeOH tolerance. For the Ir-Se chalco-
genide, the open-circuit potential in saturated O2 atmosphere
was 0.93 V versus RHE in the absence of MeOH, and this value
ig. 3. Cyclic voltammograms for: (a) Ir-Se chalcogenide, and (b) Ir/C coated
lassy carbon electrode in 0.5 M H2SO4 with and without 0.5 M MeOH under
aturated N2. Potential scan rate: 5 mVs−1, 25 ◦C.

nt surface electrochemical behaviour from that of Ir/C. In the
ydrogen adsorption/desorption (Ha/d) region, the Ir/C catalyst
howed large Ha/d peaks between 0.05 and 0.4 V versus RHE.
uch hydrogen adsorption behaviour on the Ir/C catalyst agrees
ith that of the bare Ir electrode in the literature [5,9,10]. In

ontrast, the Ir-Se chalcogenide had no peaks corresponding to
a/d in the same potential region, indicating that the chemical

dsorption state of hydrogen on the Ir sites bonded to Se is quite
ifferent from that of a pure Ir catalyst. The suppressed hydro-
en adsorption peaks on Ir-Se chalcogenide might be due to the
nfluence of the Se.

For the Ir/C catalyst, a reversible wave at 0.7 V versus RHE
an be seen on the CV (Fig. 3(b)), which can be attributed to the
r/IrOH or IrO redox process [5,9,10]. However, in the case of Ir-
e chalcogenide (Fig. 3(a)), no such redox waves corresponding

o the formation of Ir oxide can be seen at the same potential,
ndicating that the formation of Ir oxide is suppressed. The small
edox waves at approximately 0.5 V versus RHE in the CV of Ir-
e chalcogenide can be assigned to the hydroquinone-quinone
edox couple of the glassy carbon disk electrode. From these
esults, it can be concluded that the presence of Se can effectively
uppress the formation of Ir oxide.

In the presence of MeOH, the Ir/C catalyst showed catalytic

ctivity towards MeOH oxidation, indicating that pure Ir is an
ctive catalyst for methanol oxidation. In other words, Ir has no
ethanol tolerance properties. This observation of the Ir cat-

lytic behaviour towards MeOH oxidation is consistent with the

F
w
m

urces 165 (2007) 108–113 111

iterature [7,8,10]. Aramata et al. reported that the reversible
edox couple of Ir oxide formed at low potential range, below
.8 V versus RHE, promoted MeOH oxidation in acidic elec-
rolytes [10]. In the case of the Ir-Se chalcogenide catalyst, the
atalytic activity towards methanol oxidation can be effectively
educed due to the fact that no surface Ir oxides are formed. As
hown in Fig. 3(a), in the presence of methanol, the Ir-Se chalco-
enide catalyst showed a quite similar CV to that without MeOH.
his means that the Ir-Se chalcogenide catalyst has insignificant
ctivity towards MeOH oxidation. It should be pointed out that
he presence of Se in the Ir-Se chalcogenide catalyst plays a criti-
al role in the MeOH tolerance because it prevents the formation
f Ir oxides.

.3. Electrocatalytic activity of Ir-Se chalcogenide catalyst
owards ORR with/without MeOH

Fig. 4 shows the polarization curves of Ir-Se chalcogenide
owards ORR in O2-saturated 0.5 M H2SO4 solution with and
ithout MeOH present. For comparison, the curves for Pt/C and

r/C catalysts were also plotted. In the absence of MeOH, the
r/C catalyst does not show a clear diffusion-limiting current at
he overall applied potential range, while the Ir-Se chalcogenide
as the diffusion-limiting region below 0.4 V versus RHE. This
ight suggest that the catalytic activity of Ir-Se chalcogenide is

etter than that of the Ir/C catalyst, but still lower than that of
he Pt/C catalyst. In the presence of MeOH, the Pt/C and Ir/C
atalysts show significant ORR performance drop compared to
hat when MeOH is absent, suggesting that both Pt/C and Ir/C
ave no methanol tolerance property. A large anodic current of
t/C above 0.7 V is due to the MeOH oxidation. The ORR onset
otential for catalyzed ORR by Pt/C is around 0.7 V versus RHE,
hich is over 300 mV lower than that when MeOH is absent.
uch an ORR onset potential drop can be attributed to the mixed
otential caused by the simultaneous reaction of O2 reduction
ig. 4. Current–potential curves for Ir-Se chalcogenide, and Ir/C in 0.5 M H2SO4

ith and without 0.5 M MeOH under saturated O2. The current density is nor-
alized to the geometric area. Potential scan rate: 400 rpm, 5 mVs−1, 25 ◦C.
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Fig. 7 shows the RRDE curves for catalyzed ORR at an elec-
trode rotation rate of 400 rpm. The curve in the bottom portion
of this figure is the disk currents (ID) of catalyzed ORR and the
curve in the upper portion is the ring currents (IR) of the H2O2
ig. 5. Comparison of the kinetic current densities at 0.7 V vs. RHE normalized
o the electrochemical active surface area.

as almost unchanged when MeOH was added into the elec-
rolyte. The ORR performance was similar to that in the absence
f MeOH, indicating that Ir-Se has a strong methanol tolerance
roperty. In the presence of MeOH, the ORR onset potential of
he Ir-Se chalcogenide is much higher (ca. 200 mV) than that
f the Pt/C catalyst, demonstrating that Ir-Se chalcogenide has
uperior ORR performance to that of the Pt/C catalyst in terms
f both ORR onset potential and current–potential performance
over 0.7 V versus RHE) in the presence of MeOH. These results
uggest that the Ir-Se chalcogenide could be a promising catalyst
or DMFC cathode.

Regarding the active catalytic site of the Ir-Se chalcogenide
atalyst, Ir sites are believed to be responsible for the ORR [16].
he role of Se might be to enhance the ORR activity by modi-

ying Ir sites. If Ir is the active site, the real active surface area
f the Ir-Se chalcogenide catalyst might be deduced from the
ydrogen adsorption/desorption peaks on the cyclic voltammo-
ram by assuming that a monolayer of hydrogen adsorption on
r corresponds to a charge of 220 �Ccm−2 [17]. The kinetic
urrent densities normalized with respect to the electrochemical
ctive surface area were obtained from equation (1) [13]:

K = i

(
iD

iD − i

)
(1)

here iK is the kinetic current density for ORR, i the disk
lectrode current density, iD is the diffusion-limiting current
ensity. Fig. 5 compares the specific kinetic current densities at
.7 V versus RHE with and without 0.5 M MeOH. The kinetic
urrent densities were obtained based on the data in Fig. 4. In the
bsence of methanol, the Pt/C catalyst shows a specific activ-
ty ∼6 times larger than that of the Ir-Se chalcogenide catalyst.
owever, in the presence of methanol, its activity is only ∼1/10
f that of the Ir-Se catalyst.

Tafel plots for the kinetic current density normalized to the
lectrochemical active surface are shown in Fig. 6. Pt/C and Ir/C

atalysts show two different Tafel regions with slopes of −60,
nd −120 mVdec.−1, respectively. However, the Ir-Se chalco-
enide has only one Tafel slope at −112 mVdec.−1, indicating
hat this catalyst might have a similar ORR mechanism to those
f oxide-free Pt and Ir catalyst [18,19].

F
e
s

ig. 6. Tafel plots for the ORR on Ir-Se chalcogenide, Ir/C and Pt/C without
eOH.

.4. RRDE to detect H2O2

It is commonly recognized that the ORR in aqueous elec-
rolyte may proceed by two overall pathways: the four-electron
athway in which the O2 is reduced to water, and the perox-
de pathway which produces hydrogen peroxide (H2O2) via a
wo-electron transfer process [20]. In order to gain insight into
he kinetics and mechanism of the ORR catalyzed by the Ir-Se
halcogenide catalyst, the RRDE method was used to obtain the
inetic data and to identify the dominating pathway.
ig. 7. RRDE curves of Ir-Se chalcogenide coated on glassy carbon disk-Pt ring
lectrode at an electrode rotation rate of 400 rpm in O2 saturated 0.5 M H2SO4

olution. Potential scan rate: 5 mVs−1. Ring electrode potential: 1.2 V vs. RHE.
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xidation. The H2O2 was produced by catalyzed ORR on the
isk electrode, then thrown onto the ring by the electrode rat-
ng action. The percentage of the produced peroxide during disk
RR can be calculated by the following equation [13]

%H2O2 = 200IR/N

IR/N + ID
(2)

here N is the collection efficiency (0.19 in this work). It was
ound that the average X%H2O2 is <10%, suggesting that more
han 90% of the oxygen can be directly reduced to water. This
esult indicates that the catalyzed ORR by Ir-Se chalcogenide is
ominated by a four-electron process.

. Conclusions

A novel Ir-Se chalcogenide catalyst for oxygen reduction was
ynthesized by chemical reaction between an Ir carbonyl pre-
ursor and Se in an organic solvent. The catalyst was identified
o have a chemical formula of Ir4Se. This Ir-Se chalcogenide
howed high catalytic activity towards the ORR with a strong

eOH tolerance. In particular, in the presence of methanol, this
atalyst demonstrated an ORR performance superior to that of
Pt/C catalyst in terms of onset potential. Using a rotating ring-
isk electrode (RRDE) technique we confirmed that less than
0% hydrogen peroxide was produced during the ORR. Most
f the oxygen was directly reduced to water through a four-
lectron transfer pathway. The presence of Se is believed to play
n important role in the enhanced ORR activity as a promoter via
bimetallic-like interaction, through which Se might suppress

he formation of Ir-oxide.
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