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a b s t r a c t

Pt–Ru/C catalyst (12 wt%) was prepared by the incipient wetness impregnation method followed by a
redox heat-treatment. Transmission electron microscopy (TEM) results revealed uniformly distributed
metallic crystallites of Pt–Ru alloy nanoparticles (dPtRu = 2.1 ± 1.0 nm). The effect of redox treatments of
the impregnated catalysts on methanol oxidation reaction (MOR) was examined by cyclic voltammetry
(CV). The MOR activity of the PtRu/C was significantly improved after each oxidation step of the redox
vailable online 18 November 2009

eywords:
uel cells
ethanol oxidation reaction

treatment cycles. The enhanced catalytic activity was found to be quite stable in chronoamperometry
(CA) measurements. CV, X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD) results
strongly suggested that the improved catalytic activity was due to the formation of a stable c-RuOx

(x = 2–3) domain during the oxidation treatments. A bifunctional based mechanism was proposed for the
MOR on the oxidized PtRu/C catalysts. Formation of Ru–OH species on the surface of c-RuO domains

es fo

latinum–ruthenium catalyst
edox chemistry
rystalline ruthenium dioxide

was suggested as stale sit

. Introduction

Direct methanol fuel cells (DMFCs) use aqueous methanol solu-
ion as a fuel to produce electricity and have a potential application
n mobile power-supply systems [1]. Supported platinum (Pt)
nd Pt-alloys have been extensively used as electrocatalysts for
ethanol oxidation reaction (MOR) [2,3]. However, the high cost

nd poor efficiency of the Pt based electrocatalysts restrain the
ommercialization of DMFCs [4–6]. Accordingly, a decrease in Pt
oading is essential for the development of efficient and cost effec-
ive anode catalysts. Practical approaches include (1) decreasing
he particle size (or increasing the number of catalytically active
ites) of Pt electrocatalysts [7–10], (2) increasing the accessibility
f catalytically active sites for methanol [11–13], and (3) improving
he tolerance against CO poison [14].

During methanol oxidation at the anode, carbon monoxide (CO)
s produced as an intermediate Eq. (1) which gets adsorbed on the
ctive Pt sites and poisons its catalytic activity:

t + CH3OH → Pt–CO + 4H+ + 4e− (1)
he adsorbed CO can be oxidized to poisonless CO2 by water Eq. (2)
t the cost of overpotential (�):

t–CO + H2O → Pt + CO2 + 2H+ + 2e− (2)

∗ Corresponding author. Tel.: +1 803 777 7314; fax: +1 803 777 8265.
E-mail address: huangs@cec.sc.edu (S.-Y. Huang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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r the oxidation of carbon monoxide adsorbed on the Pt catalytic sites.
© 2009 Elsevier B.V. All rights reserved.

The � required for the CO oxidation depends substantially on the
nature of the electrocatalysts used [15,16]. For monometallic Pt
catalysts, a high � ≈ 0.6 V is generally needed. The state-of-the-art
MOR electrocatalyst design relies on bimetallic catalysts [17,18]. In
Pt based catalysts, ruthenium (Ru) has been extensively explored
as the best promoting component. MOR catalysts consisting of Pt
and Ru with compositions ranging from Pt30–Ru70 to Pt100–Ru0
(where the subscripts indicate the respective atomic percentages)
[19] have been synthesized and were finely dispersed as alloy
crystallites on active carbon. Generally, bimetallic catalysts with
an average crystallite size of d ≤ 3 nm are used as DMFC anode
[1,6]. Furthermore, Pt–Ru bimetallic catalysts facilitated reduction
in � required for the CO oxidation (<0.3 V). The role of Ru on the
suppression of CO poison has been attributed to two reasons,
namely, bifunctional effect [20] and electronic effect [21].

Rolison et al. [22] emphasized the importance of hydrous
ruthenium oxide because of the RuO2·xH2O speciation present
in the PtRu black catalyst, which enhances both electron and
proton conductivities, resulting in a much more active cata-
lyst for MOR. Recently, Qiu and co-workers [5] reported that
the Pt/RuO2·xH2O/CNT catalyst prepared by multistep deposi-
tion exhibited excellent performance for MOR. In this work, we
report the synthesis of a 12 wt% PtRu/C electrocatalyst and its

electrocatalytic activity with respect to repetitive redox heat-
treatments (reduction under hydrogen atmosphere at Tr = 350 ◦C
and oxidation in air at To = 250 ◦C). The electrocatalytic activities of
the PtRu/C for MOR are compared after each heat-treatment step. In
addition, we also report our experience on the reversibility between

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:huangs@cec.sc.edu
dx.doi.org/10.1016/j.jpowsour.2009.11.049
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Table 1
chemical and physical characteristics of Redm and Oxm electrocatalysts.

Catalyst da (nm) Speciesb Ep
c (V) Ipd (mA cm−2) I05

e (mA cm−2)

Red1 2.1 PtRu 0.97 30.0 2.6
Ox1 2.2 Pt, RuOx 1.02 52.2 5.4
Red2 2.3 Pt, PtRu, Ru 1.00 31.1 2.7
Ox2 2.4 Pt, Ru, RuOx 1.05 53.2 5.5
Red3 – Pt, PtRu, Ru 1.03 32.3 2.7
Ox3 – Pt, Ru, RuOx 1.04 53.2 5.6

a Nominal diameter of alloy crystallites estimated from TEM.
b Species found by XRD.
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purging was continued throughout the experiment. The CV pro-
Peak potential.
d Peak current density.
e Current density at 0.5 V.

u and RuOx during repetitive redox treatments and on the activity
nd stability of c-RuOx phase formed during the oxidation treat-
ents.

. Experimental

.1. Catalyst preparation

12 wt% PtRu/C (8 wt% Pt and 4 wt% Ru, with an intended atomic
atio of Pt–Ru at 1:1) bimetallic electrocatalyst was prepared by
he incipient wetness impregnation method using Vulcan XC-72R
arbon as support. Elemental analysis (measured by ICP-AES) indi-
ated metal contents of 7.4 wt% Pt and 3.7 wt% Ru on the prepared
lectrocatalyst. Then, the catalyst was subsequently subjected to
epetitive redox heat-treatments. The heat-treated catalysts were
arked as Redm or Oxm, in which Red and Ox denote the type

reduction or oxidation) of their final heat-treatment while the
ubscript m represents the number of repetitive heat-treatments.
or example, Red1 electrocatalyst was obtained by the reduction
f freshly impregnated catalyst while Ox2 catalyst was obtained
y the oxidation of Red2. Table 1 lists the chemical and phys-

cal properties of the electrocatalysts obtained after such redox
reatments.
.2. Catalyst characterization

The physical properties of the heat-treated catalysts were
haracterized by inductively coupled plasma-atomic emission
pectrometry (ICP-AES), X-ray diffraction (XRD), transmission elec-

Fig. 1. TEM micrographs of PtRu/C electrocatalysts: (a) Red1; (b) Ox1; and (c) Red2. The a
Sources 195 (2010) 2638–2643 2639

tron microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS). High-resolution XRD studies were conducted at beam-
line BL17C of National Synchrotron Radiation Research Center
(NSRRC) at Hsinchu, Taiwan, using an X-ray line with � = 0.99988 Å.
Diffraction signals were accumulated for 10 min and recorded
by an imaging plate positioned 29.5 cm away from the sam-
ple. TEM was performed using a JEOL-2010 microscope equipped
with a LaB6 electron gun and operated at 200 kV. A ULVAC-
PHI Quantera SXM spectrometer with an Al K� monochromatic
source (15 kV, 20 mV) was used for the XPS analysis. The bind-
ing energy scale was calibrated using the C1s (284.5 eV) signal.
The XPSPEAK software Version 4.1 was used and the spec-
tral peaks were fitted using a mixed Gaussian–Lorentzian line
shape and Shirley baselines. Linearity of the BE scale of the
detector was assured using four Au peaks, namely Au(4f7/2)
(84.0 eV), Au(4d5/2) (335.2 eV), Au(4p3/2) (546.4 eV) and Au(4s)
(762.2 eV).

2.3. Electrochemical measurements

600B cyclic-voltammeter (CV) (CH Instruments) was used to
characterize the electrocatalytic activity of the prepared electrocat-
alysts for MOR. A three electrode electrochemical cell comprising
a working electrode, a platinum film counter electrode, and an
Ag/AgCl reference electrode was used for all the electrochemical
measurements. The electrolyte employed for the electrochemical
studies was a mixture of 1.0 M CH3OH and 0.5 M H2SO4. Cat-
alyst ink for the studies was prepared by dispersing 10 mg of
the catalyst powders (including the home-made catalysts and a
commercial catalyst of 20 wt% PtRu/C from E-TEK) in 0.5 mL 2-
propanol (from Fluka) for 30 min in an ultrasonic bath. The ink
was then brushed onto a carbon paper (2 cm2, ElectroChem EC-
TP1-060) as catalyst for the working electrode. The total loading
of the catalyst was maintained at 1.0 mg cm−2. The MOR activ-
ity of the catalysts was studied by cycling the potential between
0.0 V and 1.2 V [vs RHE (reversible hydrogen electrode)] at a scan
rate of 20 mV s−1 at room temperature. The electrolyte was purged
with N2 for 30 min prior to the electrochemical measurements and
files reported in this study represented data from the 16th cycle
in order to maintain similar reaction conditions for all the cat-
alysts studied. After the CV scans, chronoamperometry (CA) was
also performed with same catalysts for 3600 s at constant potential
(0.5 V vs RHE).

verage size of PtRu alloy particle was dPtRu = (a) 2.1 nm, (b) 2.2 nm, and (c) 2.3 nm.
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. Results and discussion

.1. TEM and XRD characterization

Fig. 1 compares the transmission electron micrographs of Red1,
x1, and Red2 electrocatalysts. The catalyst particles (Fig. 1a) were
niformly deposited on the carbon support (Vulcan XC-72R, with a
iameter ∼50 nm). An average particle size of dPtRu = 2.1 ± 1.0 nm
as obtained based on randomly picked 300 particles. Similar

PtRu was found in Ox1 (2.2 nm, Fig. 1b) and Red2 (2.3 nm, Fig. 1c)
atalysts. In addition, the TEM results indicated that the Pt–Ru
rystallites exhibited good resistance to particle growth during the
epetitive redox treatments.

Fig. 2 compares the XRD patterns of Redm and Oxm electro-
atalysts. For the Red1 catalyst, two major diffraction peaks were
oticed at 2� = 25.7 and 29.8◦ which represented the (1 1 1) and
2 0 0) diffractions of Pt–Ru alloy nanocrystallites. The XRD results
evealed that the Ru atoms in Red1 catalyst have alloyed with the
cc crystallites of Pt since no diffraction peak was observed for
he hexagonal Ru. A slight decrease in the lattice parameter from
.923 to 3.855 Å also confirmed that Ru atom was incorporated into
he fcc phase. The peak width of Pt–Ru (1 1 1), according to the
ebye–Scherrer equation, suggested that the alloy particles of the
ed1 catalyst had an average size of dPtRu = 2.3 nm, which is in good
greement with 2.1 nm calculated from TEM image shown in Fig. 1.
he intensity of Pt–Ru alloy peaks of the Red1 catalyst diminished
nd new peaks were noticed at 2� = 18.1, 22.6, and 34.5◦ for the Ox1
atalyst. These new peaks were assigned to the diffraction of (1 1 0),

1 0 1), and (2 1 1) planes of c-RuO2 (crystalline ruthenium dioxide)
btained from the following oxidation reaction at To = 250 ◦C:

u + O2 → c-RuO2 (3)

Fig. 3. X-ray photoelectron spectra of Redm and Oxm electrocata
Fig. 2. XRD patterns (X-ray wavelength of 0.99988 Å) of PtRu/C electrocatalysts: (a)
Red1; (b) Ox1; (c) Red2; and (d) Ox2. The average size of dispersed PtRu alloy particles
estimated from Pt (1 1 1) in the Red1 catalyst was dPtRu = 2.3 nm. The Red1, Red2, and
standard Pt showed a lattice parameter of 3.855, 3.910, and 3.923 Å, respectively.

Composite diffractions arising from the weak fcc Pt–Ru peaks and
strong hexagonal Ru peaks were found in Red2 catalyst (Fig. 2c). In
addition, metallic Ru was also formed by the reduction of c-RuO2
Eq. (4):

c-RuO2 + 2H2 → Ru + 2H2O (4)

The presence of prominent peaks of monometallic Ru in the XRD

pattern of Red2 strongly suggested an irreversible segregation of
Ru from Pt–Ru alloy during the oxidation treatment of Ox1. Con-
versely, the weak diffraction peaks of hexagonal Ru remained
in the Ox2 (Fig. 2d) after the re-oxidation treatment of Red2.
The XRD analysis of Ox2 catalyst suggested that a fraction of

lysts from Pt(4f): (a) Red1; (b) Ox1; (c) Red2; and (d) Ox2.



Power Sources 195 (2010) 2638–2643 2641

R
R

3

o
a
a
a
o
r
f
a
p

A
4
p
o
c
(
o
t
(

t
t
f
l
T
t

Table 2
XPS analysis: effect of repetitive redox treatments on the binding energy of Pt(4f7/2)
and Ru(3p3/2 for Redm and Oxm electrocatalysts.

Catalyst Pt(4f7/2) (eV) Ru(2p3/2) (eV)

Red1 71.6 462.5
Ox1 72.6 463.4
Red2 71.5 462.1
Ox2 72.6 463.0
Pure Pt 71.0 –
PtO 72.5 –
PtO2 74.0 –
Pure Ru – 462.0
RuO2 – 463.4
RuO3 – 466.9

Table 3
XPS analysis: chemical states and peak area ratios of Redm and Oxm electrocatalysts.

Chemical state XPS area ratio (%)

Red1 Ox1 Red2 Ox2

Pt 20.6 0 33.7 0
PtO 45.1 50.1 42.1 59.9
PtO2 34.3 49.9 24.2 40.1
S.-Y. Huang, C.-T. Yeh / Journal of

u was retained in the metallic state during the oxidation of
ed2 to Ox2.

.2. XPS characterization

Pantea et al. [23] reported that Vulcan XC-72R contains 0.5 at.%
f sulfur on the graphene layer surface. It is well-known that sulfur
toms react readily with Pt to form PtS species that may poison the
ctive Pt sites. However, no sulfur atoms were detected on Red1 cat-
lyst from the XPS survey scan which revealed that a major fraction
f sulfur atoms on the fresh catalyst had been removed during the
eduction pretreatment. Furthermore, the signal for C1s at 284.5 eV
rom the carbon support overlapped to that of Ru(3d3/2) (284.3 eV)
nd prevented the detailed examination of Ru species using this
eak [24].

Fig. 3 exhibits detailed Pt(4f) spectra of Redm and Oxm catalysts.
s can be seen, each spectrum was composed of doublet peaks of
f7/2 (71.5–72.6 eV) and 4f5/2 (74.8–75.9 eV) with the theoretical
eak area ratio of 4:3. Column 2 in Table 2 summarizes the effects
f repetitive redox treatments on the chemical shift of Pt(4f7/2). A
omparison with the binding energies (BEs) of standard Pt0 samples
71.0 eV) indicated that the Pt in Redm existed mainly in a slightly
xidized state. The fitting results of Redm in Table 3 also confirmed
hat the major component in Redm catalyst was platinum oxide
PtO).

Park et al. [21] observed a decrease in the BEs of Pt(4f7/2) to less
han 71.0 eV when alloying Ru with Pt. An electron transfer from Ru

o Pt within the Pt–Ru alloy was thus suggested. The electron trans-
er significantly reduced the Pt–CO bond strength which might have
owered the � required for methanol decomposition at the anode.
herefore, an electronic effect was proposed for the function of Ru
owards MOR in the PtRu bimetallic catalysts. In our XPS studies,

Fig. 4. X-ray photoelectron spectra of Redm and Oxm electrocataly
Ru 62.9 13.4 77.2 22.0
RuO2 14.2 72.1 11.8 56.9
RuO3 22.9 14.5 11.0 21.1

the BE of Pt(4f7/2) peaks of the Redm catalysts shown in Table 2
were always lower than those for the Oxm catalysts. However, the

Pt(4f7/2) peaks of Redm electrocatalysts showed a slightly higher BE
than the metallic Pt (71.0 eV). The observed shift of Pt(4f7/2) may
be attributed to the oxidation of surface platinum atoms (Pts) to
PtsOx (x = 1–2) during the catalyst manipulation when subjecting

sts from Ru(3p3/2): (a) Red1; (b) Ox1; (c) Red2; and (d) Ox2.
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ig. 5. Cyclic voltammograms of MOR on reduced (Red1) and oxidized (Ox1) PtRu/C
lectrocatalysts in 1.0 M methanol/0.5 M H2SO4 at a scan rate of 20 mV s−1.

he catalysts to redox heat-treatments:

Pts + xO2 → 2PtsOx (5)

Since the Ru(3d) signal was affected by the C1s signal, the chem-
cal state of Ru was investigated by using the Ru(3p) peak. Fig. 4
xhibits detailed Ru(3p3/2) spectra of Redm and Oxm catalysts. The
road Ru(3p3/2) peak found in all of the treated catalysts can be
ttributed to a combined contribution from the three oxidation
tates of Ru (Ru0, RuO2 and RuO3). Column 3 in Table 2 summa-
izes the effects of repetitive redox treatments on the maximum of
u(3p3/2) peaks of Redm and Oxm electrocatalysts. The Oxm and
edm catalysts showed different peak maximums at 463.4 and
62.1 eV, respectively. For Red1, the composition was 77.2% metal-

ic ruthenium and 22.8% ruthenium oxide (Table 3). In contrast, the
omposition of Ox1 was 22.0% Ru and 78.0% ruthenium oxide.

It is noteworthy from the XPS analysis shown in Table 3 that
oth Red2 and Ox2 catalysts showed slightly higher metal con-
ents than Red1 and Ox1 due to the repetitive redox treatments
hich increased the crystallization of Pt–Ru crystallites. The redox
rocess made the oxidation of surface ruthenium atoms (Rus) to
usOx more difficult during the catalyst manipulation steps. For
xm catalyst, the change in BEs may be caused by the segregation of
u from Pt–Ru crystallites during the oxidation treatment of Ox1.

nterestingly, the surface RuOx acted as a passive layer and pre-
ented further oxidation of the core Ru metal as indicated in the
RD results (Fig. 2d).

.3. Electrochemical performance

Fig. 5 depicts the effects of oxidation treatment on the electro-
atalytic activity of PtRu/C electrocatalysts for the MOR. An onset
otential for methanol oxidation was noticed at Eo = 0.23 V (vs RHE)
or both Red1 and Ox1 catalysts. The current density (I) for the Red1
atalyst increased with the increase in the applied potential (E) and
eached a peak current density (Ip) of 30 mA cm−2 at Ep = 0.97 V.
urther increase in the potential resulted in decreased I, due to the
oss of active Pt sites due to the formation of surface oxide species at
igh potentials. From Fig. 5 it can be seen that, the Ox1 catalyst had a
uch higher electrocatalytic activity for the MOR than the Red1 cat-

lyst. The ratio of forward peak current density (If) to reverse peak

urrent density (Ir) can be used to describe the catalyst’s tolerance
o the carbonaceous species accumulation [25]. A High If/Ir ratio
ndicated better oxidation of methanol to carbon dioxide during
he anodic scan and less accumulation of carbonaceous residues on
he Pt surface. The If/Ir ratio of 2.45 obtained for the Ox1 catalyst was
Fig. 6. Chronoamperometry curves for the MOR of different PtRu/C electrocatalysts:
(a) Red1, (b) Ox1, (c) Red2, and (d) Ox2 in 1.0 M CH3OH and 0.5 M H2SO4 electrolyte
at 0.5 V (vs RHE) at the room temperature.

higher than that of Red1 catalyst (If/Ir = 1.80), which indicated that
more intermediate carbonaceous species were oxidized to carbon
dioxide in the forward scan of Ox1 than that of Red1.

The last column in Table 1 summarizes the variation of I05 (cur-
rent density at an applied potential of 0.5 V vs RHE) for the Redm

and Oxm catalysts during the MOR. The reduced catalysts (Red1,
Red2, and Red3) generally showed low I05 values of approximately
2.7 mA cm−2. A drastic increase in the I05 value to 5.5 mA cm−2 was
noticed for the catalysts oxidized at To = 250 ◦C (Ox1, Ox2, and Ox3)
which suggested that the Oxm catalysts were remarkably more
active than the Redm catalysts. From the XPS and XRD results, the
observed increase in the I05 value for the Oxm catalysts can be
attributed to the speciation of c-RuOx (x = 2–3) during oxidation
treatments.

Fig. 6 compares the chronoamperometry results of Redm and
Oxm during the MOR. The value of I05 gradually decreased over
time for all the electrocatalysts tested. Noticeably, Oxm and Redm

electrocatalysts displayed similar decay rates. The observed decay
was attributed to the accumulation of intermediate species, such
as –COad, –CHOad, and –CH3OHad [26,27], which were formed
during the methanol oxidation on the catalyst particles. Inter-
estingly, the initial current was resumed (not shown in the
figure) after purging the electrolyte with N2 for 30 min which
indicated a certain degree of reversibility of catalytic activity. Fur-
thermore, Oxm catalysts were able to maintain a high I05 over
3600 s.

3.4. Correlation of I07 with the existence of c-RuO2

The results obtained from Figs. 2, 4, and 6 strongly suggested that
the high electrocatalytic activity of Oxm was due to the formation
of c-RuOx domain during the oxidation treatment at To = 250 ◦C. It
was therefore our hypothesis that the c-RuOx present in the Pt–Ru
catalyst was an excellent promoter for removing the poisonous CO.
Watanabe and Motoo [20] proposed a bifunctional mechanism in
which Ru is a promoting center for the generation of Ru–OH species
and subsequent electrooxidation of poisoning CO into CO2:

Ru + H2O → Ru–OH + H+ + e− (6)

Pt–CO + Ru–OH → Pt + Ru + CO2 + H+ + e− (7)
Similarly, the promotion of the catalysts synthesized in this study
could be described by the following bifunctional-like mechanism
occurred on the perimeter of Pt and c-RuOx:

c-RuOx + H2O → RuOx−1(OH)2 (8)
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uOx−1(OH)2 + Pt–CO → c-RuOx + Pt + CO2 + 2H+ + 2e− (9)

ecently, Dmowski et al. [28] reported that ruthenium dioxide
dsorbs (chemisorb and physisorb) water under humidified envi-
onments to form nonstoichiometric hydrated ruthenium oxide
RuO2·yH2O). Kreuer et al. [29,30] have also reported that RuO2
an efficiently dissociate H2O to form surface hydroxyl groups.
ence, we postulated that the water molecules adsorbed on c-RuOx

x = 2–3) were able to convert RuOx surface into hydroxide groups
q. (10).

-RuOx·yH2O ↔ c-RuOx−y(OH)2y (10)

onceivably, the c-RuOx structure of Oxm catalyst can supply stable
u–OH species which was active for removing strongly adsorbed
O via Eq. (9) during MOR.

Hydrous ruthenium oxide has been reported as a mixed
lectronic–protonic conductor [31,32]. The low mass transport
haracteristics and high electronic conductivity of c-RuOx·yH2O
ffer a promotional effect to the Pt–Ru catalysts during MOR. There-
ore, the marked increase in activity of Oxm obtained through the
xidation treatment of Redm was attributed to the oxidation of Ru
nto active c-RuOx phase.

. Conclusions

In this study, 12 wt% Pt–Ru/C electrocatalyst was synthesized
nd the effect of redox treatments on the electrochemical activ-
ty for MOR was studied. The following conclusions have been
educed:

. Oxidized PtRu/C electrocatalysts (Oxm) had remarkably higher
catalytic activity towards MOR than the reduced electrocatalysts
(Redm).

. The promotion of oxidation treatment at To = 250 ◦C was
attributed to the formation of c-RuOx (x = 2–3) phase.

. The mechanism of c-RuOx promotion involves the formation of
Ru–OH species on the surface (bifunctional based mechanism).

. The promotion effect can last for quite a longer period because
the c-RuOx phase was stable during the electrooxidation reac-
tion.
cknowledgements
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