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Spillover of active oxygen intermediates of binary
RuO2/Nb2O5 nanowires for highly active and
robust acidic oxygen evolution†

Linqing Liao,‡ab Wangyan Gou,‡c Mingkai Zhang,d Xiaohe Tan,ab Zening Qi,e

Min Xie,e Yuanyuan Ma*ab and Yongquan Qu *ab

Over-oxidation of surface ruthenium active sites of RuOx-based

electrocatalysts leads to the formation of soluble high-valent Ru

species and subsequent structural collapse of electrocatalysts, which

results in their low stability for the acidic oxygen evolution reaction

(OER). Herein, a binary RuO2/Nb2O5 electrocatalyst with abundant and

intimate interfaces has been rationally designed and synthesized to

enhance its OER activity in acidic electrolyte, delivering a low over-

potential of 179 mV at 10 mA cm�2, a small Tafel slope of 73 mV dec�1,

and a stabilized catalytic durability over a period of 750 h. Extensive

experiments have demonstrated that the spillover of active oxygen

intermediates from RuO2 to Nb2O5 and the subsequent participation

of lattice oxygen of Nb2O5 instead of RuO2 for the acidic OER

suppressed the over-oxidation of surface ruthenium species and

thereby improved the catalytic stability of the binary electrocatalysts.

Introduction

The rational design and synthesis of Ru-based acidic OER
electrocatalysts with low overpotential and high durability are
essential for the development of electrocatalytic hydrogen gen-
eration from water electrolysis in acidic media.1,2 Previous
investigations have suggested that the surface Ru species of
RuO2 tend to be over-oxidized during the acidic OER and
generate the soluble high valent Ru species under external

potentials of over 1.4 V.1,3,4 Especially, defective RuOx has been
reported to deliver high catalytic activity for the acidic OER,
which has been recognized to undergo a lattice oxygen
mediated (LOM) pathway.3,5–7 Participation of lattice oxygen
leads to the formation of oxygen vacancies and subsequent
production of high valent Ru species, thereby unavoidably
inducing the serious dissolution of surface electroactive high-
valent Ru species and consequent collapse of the crystal struc-
ture of the highly defective RuOx-based electrocatalysts during
the long-term operation. Thus, it’s highly expected that new
strategies to realize high performance Ru-based electrocatalysts
for acidic OER can be developed.

To address this challenge, various interfacial and structural
engineering strategies have been developed to modulate the
valence state of Ru and suppress the over-oxidation of surface
Ru species, including the hybridization of Ru-based catalysts
with other components, chemical doping, formation of solid
solution, etc.8–11 Moreover, alternating between the LOM path-
way of the defective RuOx-based electrocatalysts and adsorbate
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New concepts
The lattice oxygen mechanism (LOM) can break the scale relationship of Ru-
based electrocatalysts for the acidic oxygen evolution reaction (OER) through
the involvement of lattice oxygen, which can greatly enhance the activity.
However, the generation of surface high-valent ruthenium species
accompanied by the formation of oxygen vacancies leads to dissolution of
surface Ru species and then decay of catalytic activity. Herein, we designed
and synthesized a binary RuO2/Nb2O5 nanowire catalyst with intimate
interfaces, which enabled the spillover of the reactive intermediate *O
from RuO2 to Nb2O5 and thereby delivered significantly improved activity
and durability for the acidic OER. Combination of various in situ and ex situ

techniques demonstrated the occurrence of the spillover of active oxygen
intermediates from RuO2 to Nb2O5 and the subsequent participation of
lattice oxygen of Nb2O5 instead of RuO2 for the acidic OER, thereby
suppressing the over-oxidation of surface ruthenium species. We
anticipate that this work can be beneficial in stimulating the study of
oxygen spillover at the interface of binary oxide catalysts for designing
high performance OER electrocatalysts.
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evolution mechanism (AEM) pathway or oxide path mechanism
(OPM) also showed the potential to enhance the catalytic
activity and durability of Ru-based catalysts for the acidic
OER.3,8,12,13 However, the catalytic performances were still far below
the expectations for the practical applications, and part of the
above-mentioned methodologies improved the catalytic stability of
Ru-based electrocatalysts at the expense of activity.14–16 Recently,
the spillover of active oxygen intermediates has been proposed as a
promising strategy to simultaneously enhance the activity and
stability of IrOx-based OER electrocatalysts in acidic electrolyte.17

We recently reported the spillover of active oxygen intermediates
from RuO2 to MoO3 in the binary RuO2/MoO3 electrocatalysts for
the enhanced OER activity and stability in acidic electrolyte.18 In
this approach, MoO3 with a low solubility in acidic media was
integrated with RuO2, in which the active oxygen species was
initially generated on the surface active sites of RuO2 and then
spilled over towards MoO3 for the release of oxygen. The spillover of
the active oxygen species from RuO2 to MoO3 for the subsequent
release of oxygen can avoid the generation of oxygen vacancies on
RuO2 and consequently suppresses the over-oxidation of surface Ru
species, which theoretically improves the catalytic activity and
stability. To date, only a few electrocatalysts have been reported
to realize the simultaneously improved activity and stability for the
acidic OER through the oxygen spillover strategy. To investigate the
universal applicability of the oxygen spillover strategy for enhancing
the acidic OER performance of RuO2, the exploration of new binary
electrocatalysts is anticipated.

Herein, a binary electrocatalyst of ruthenium oxide and nio-
bium oxide nanowire (RuO2/Nb2O5) was synthesized via a facile
electrospinning/thermal treatment approach. RuO2/Nb2O5 deliv-
ered a remarkable low overpotential of 176 mV at a current density
of 10 mA cm�2, a Tafel slope of 73 mV dec�1, and a mass activity of
296 A g�1, suggesting substantially superior catalytic performance
in comparison to commercial RuO2. Furthermore, RuO2/Nb2O5

demonstrated an exceptional stability, enduring for at least 750 h
in 0.5 M H2SO4. The S-numbers of RuO2/Nb2O5 (3.01� 105) and C-
RuO2 (1.07 � 103) indicated a significantly reduced dissolution
rate of ruthenium in RuO2/Nb2O5. Extensive experiments demon-
strated that the integration of Nb2O5 and RuO2 effectively inhibited
the over-oxidation of surface Ru species and avoided the dissolu-
tion of Ru of the binary electrocatalysts for the acidic OER.
Catalytic mechanism studies suggested the occurrence of spillover
of the active oxygen species from RuO2 to Nb2O5 during the acidic
OER. Such a binary electrocatalyst broke the dilemma between the
activity and stability of Ru-based electrocatalysts by preserving
lower oxidation states of surface Ru species for a long period in
the acidic OER.

Synthesis and characterization of
RuO2/Nb2O5

The synthetic process of the RuO2/Nb2O5 binary nanowire electro-
catalysis involves electron-spinning and subsequent thermal treat-
ment at various temperatures. The details can be found in the
ESI.† Typically, the nanowire-like precursors were prepared by

electro-spinning of a polyvinyl pyrrolidone (PVP) solution contain-
ing RuCl3 and NbCl5 in the desired molar ratios. Then, calcination
under a flow of air removed the polymers and transformed the
wire-like precursors into binary oxide catalysts.19

Three RuO2/Nb2O5 electrocatalysts were synthesized with
the Ru/(Ru + Nb) molar ratios of 0.7, 0.6, and 0.5, which were
determined using inductively coupled plasma emission spec-
trometry (ICP-ES, Table S1, ESI†). The catalysts were named
RuO2/Nb2O5-x, where x represented the molar ratio of Ru/(Ru + Nb).
The transmission electron microscopy (TEM) image demon-
strated the nanowire-like morphology of the binary RuO2/
Nb2O5-0.6 electrocatalysts (treated at 400 1C) with an average
diameter of B100 nm (Fig. 1a). The electrocatalysts were
composed of small nanoparticles, indicating the highly accessible
surface and largely exposed active sites for electrocatalysis. High-
resolution TEM (HRTEM) images of RuO2/Nb2O5-0.6 revealed a
crystal structure with a lattice fringe spacing of 0.32 nm, which
corresponded to the (110) lattice plane of rutile phase RuO2

(Fig. 1b),20 while no lattice fringe information of Nb2O5 was
found, which could be attributed to the poor crystalline structure
and small size of Nb2O5 in the catalysts. Fig. 1c showed the X-ray
diffraction (XRD) patterns of RuO2/Nb2O5-0.6 and RuO2. RuO2 was
synthesized through the identical approach of RuO2/Nb2O5 in the
absence of the Nb precursor (Fig. S1, ESI†). The characteristic
peaks of RuO2 and RuO2/Nb2O5 electrocatalysts matched well with
the database profile of RuO2 (rutile phase, PDF#: 97-064-7373),
suggesting the formation of rutile phase RuO2 in the catalysts.21

The absence of characteristic XRD peaks of Nb2O5 further
indicated the poorly crystallized and/or small Nb2O5 particles
in the electrocatalysts. Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping images suggested the uniform distri-
bution of Ru, Nb and O in a single nanowire of RuO2/Nb2O5-0.6,
demonstrating the presence of Nb in the electrocatalyst (Fig. 1d).
As shown in Table S2 (ESI†), the atomic and weight ratios of Ru/
(Ru + Nb) in RuO2/Nb2O5-0.6 derived from EDS elemental
mapping images were 0.63 and 0.65, respectively, which were
close to the results of ICP (0.59 and 0.62). Similar EDS and ICP
results further indicated that the distribution of elements within
the catalyst was uniform. To further determine the formation of
a binary structure of the electrocatalyst, Raman spectra of RuO2,
Nb2O5 and RuO2/Nb2O5-0.6 were recorded and analyzed. In the
Raman spectrum of RuO2/Nb2O5-0.6, the characteristic peaks at
517 and 624 cm�1 corresponded to the Eg and A1g vibrational
modes of RuO2, respectively (Fig. 1e).22 The broad peak surround-
ing at 748 cm�1 was attributed to the Nb–O vibrational peak of
Nb2O5. In comparison with the characteristic peak of highly
crystalline commercial Nb2O5 appearing at 693 cm�1, the blue-
shift and broadening of the characteristic peak of the RuO2/
Nb2O5-0.6 catalysts by nearly 50 cm�1 suggested the poor crystal-
line and small size of Nb2O5 in the binary electrocatalysts.23

Catalytic performance

Initially, the catalytic performance of a series of RuO2/Nb2O5

electrocatalysts was evaluated in a three-electrode electrolytic
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cell with 0.5 M H2SO4 as the electrolyte, in which graphite rod
and Hg/Hg2Cl2/KCl electrode were employed as the counter and
reference electrodes, respectively. All electrode potentials were
calibrated and normalized to the reversible hydrogen electrode
(RHE). After calcination under different temperatures, various
RuO2/Nb2O5 electrocatalysts were synthesized, exhibiting simi-
lar morphological features and the same crystal phase (Fig. 1
and Fig. S2–S5, ESI†). Afterwards, the catalytic performance of
the prepared catalysts was analyzed to screen out the optimal
composition and treatment temperature. As shown in Fig. S6
and S7 (ESI†), the RuO2/Nb2O5-0.6 electrocatalyst treated at
400 1C delivered the best OER activity with the lowest over-
potential of 179 mV at 10 mA cm�2 and the smallest Tafel slope
of 73 mV dec�1, which was identified as the optimal electro-
catalyst in this work. Then, RuO2, the commercially available
Nb2O5 and RuO2 (C-RuO2) catalysts, as well as the electron-spun
RuO2 electrocatalysts synthesized through the identical process
of RuO2/Nb2O5-0.6 were selected as the control catalysts to
highlight the importance and roles of Nb2O5 in improving
catalytic performance of RuO2/Nb2O5-0.6. As shown in their
linear voltammetry scanning (LSV) curves (Fig. 2a), the bare
OER activity of Nb2O5 was observed, indicating the catalytic
inertness of Nb2O5. Comparatively, the RuO2/Nb2O5-0.6 cata-
lysts delivered the lowest overpotential of 179 mV at a current
density of 10 mA cm�2, which was much lower than those of
RuO2 (215 mV) and C-RuO2 (256 mV). The catalytic current
density of RuO2/Nb2O5-0.6 at 1.5 V was 75.2 mA cm�2, which
was 2.7 times higher than that of the electron-spun RuO2

electrocatalysts (27.9 mA cm�2) and 6.1 times higher than that
of the commercial C-RuO2 electrocatalysts (12.3 mA cm�2). The
reaction kinetics were further evaluated by the derived Tafel
slopes. The Tafel slope of RuO2/Nb2O5-0.6 (73 mV dec�1)
was significantly lower than that of RuO2 (107 mV dec�1) and
C-RuO2 (164 mV dec�1), indicating that the combination of
ruthenium oxide and niobium oxide significantly enhanced the
OER kinetics of the binary electrocatalysts (Fig. 2b).

In order to explore the intrinsic activity of the catalysts, the
electrochemically active surface area (ECSA) was calculated
from the electrochemical double layer capacitance (CDL) by
cyclic voltammetry (CV) tests (Fig. S8, ESI†).24 After analyzing
and fitting the data, the CDL values of various electrocatalysts
were calculated to be 2.73, 5.18 and 11.89 mF for the commer-
cial C-RuO2, RuO2 and RuO2/Nb2O5-0.6, respectively. CS was the
capacitance of an atomically smooth planar surface, which was
0.06 mF cm�2 in acidic media.25 According to ECSA = CDL/CS,
the RuO2/Nb2O5-0.6 electrocatalysts possessed the highest
ECSA of 198.2 cm2, which was significantly higher than that
of RuO2 (86.4 cm2) and commercial RuO2 (45.5 cm2).24 By
normalizing with the respective ECSA, the RuO2/Nb2O5-0.6
electrocatalysts delivered the highest intrinsic OER activity of
200 mV at 0.1 mA cmECSA

�2 under the acidic electrolyte, in
comparison with that of RuO2 (210 mV at 0.1 mA cmECSA

�2) and
commercial C-RuO2 (217 mV at 0.1 mA cmECSA

�2).
In addition, the turnover frequency (TOF) served as a pivotal

metric for assessing catalyst activity. At an applied potential of
1.5 V, the TOF value of RuO2/Nb2O5-0.6 reached 7.7 s�1,

Fig. 1 Characterization studies of RuO2/Nb2O5-0.6. (a) TEM image of RuO2/Nb2O5-0.6. (b) HRTEM image of RuO2/Nb2O5-0.6. (c) XRD patterns of
RuO2/Nb2O5-0.6 and RuO2. (d) Elemental X-ray mappings of RuO2/Nb2O5-0.6. (e) Raman spectra of RuO2/Nb2O5-0.6, RuO2 and Nb2O5.
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representing an almost sevenfold increase compared to RuO2

(1.7 s�1) and tenfold enhancement in comparison to C-RuO2

(0.7 s�1), as illustrated in Fig. S9a (ESI†). Moreover, the mass
activity of RuO2/Nb2O5-0.6 was 296 A g�1 at 1.5 V, surpassing
that of RuO2 (73 A g�1) and C-RuO2 (30 A g�1), as depicted in
Fig. S9b (ESI†). These significantly elevated TOF values and
mass activities illustrated the enhanced intrinsic activity of
RuO2/Nb2O5-0.6 through the incorporation of Nb2O5.

The d-band of various catalysts, which was directly related to
the strength of interaction between the Ru and guest mole-
cules, was also determined by high-resolution valence-band
(VB) XPS spectra. As shown in Fig. S10 (ESI†), our findings
revealed that the d-band center of RuO2/Nb2O5-0.6 was located
at �1.53 eV, positioning it midway between C-RuO2 (�1.55 eV)
and RuO2 (�1.48 eV). It was noteworthy that the closer proxi-
mity of the d-band center to the Fermi level implied a stronger
binding strength between the catalyst and the adsorbed inter-
mediates, which could be inconducive to their desorption.26

Therefore, RuO2/Nb2O5-0.6 showed a balanced adsorption

capacity for these intermediates, ultimately contributing to its
high activity.

Stability was another key parameter of electrocatalysts. The
chronopotentiometry (CP) test was employed to assess the OER
stability of RuO2/Nb2O5-0.6, which exhibited high catalytic
durability during a period of 750 h at a constant current density
of 10 mA cm�2 (Fig. 2c). The performance of RuO2/Nb2O5-0.6
was superior to that of the majority of recently reported Ru-
based electrocatalysts in acidic electrolytes (Table S3, ESI†).
Negligible decay was observed for RuO2/Nb2O5-0.6. Based on
the results of the ICP-ES tests, the S-numbers (S = nO2

/nRu) of
various catalysts at 10 mA cm�2 were calculated according to
a previous report.27 Compared to that of C-RuO2 (1.07 � 103),
the S-number of RuO2/Nb2O5-0.6 was as high as 3.01 �
105, indicating that the dissolution of Ru was significantly
suppressed during the long-term operation. Characterization
studies on the spent catalysts indicated the preserved structural
features of RuO2/Nb2O5-0.6 during the OER (Fig. S11–
S13, ESI†).

Fig. 2 Catalytic performance of various electrocatalysts in 0.5 M H2SO4 electrolyte. (a) LSV curves of RuO2/Nb2O5-0.6, RuO2, C-RuO2, and Nb2O5. (b)
Tafel slopes of RuO2/Nb2O5-0.6, RuO2, C-RuO2, and Nb2O5. (c) Chronopotentiometry tests of RuO2/Nb2O5-0.6 and C-RuO2.
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These results demonstrated the high chemical and struc-
tural stability and suppressed Ru dissolution of RuO2/Nb2O5-
0.6 for the acidic OER.

Chemical state analysis

To understand the influence of Nb on the electronic structures
of RuO2/Nb2O5-0.6 and their roles in the catalytic activity,
chemical states of Ru were analyzed by using X-ray photoelec-
tron spectroscopy (XPS, Fig. 3). For RuO2/Nb2O5-0.6, the peak
with a binding energy of 462.6 eV could be categorized as the 3p
XPS characteristic peak of Ru4+, which was shifted to the lower
binding energy by 0.2 eV compared with those of RuO2 and C-
RuO2 (at 462.8 eV).28,29 Niobium 3d XPS spectroscopy showed
that the RuO2/Nb2O5-0.6 shifted to the lower binding energy by
0.5 eV (from 207.1 to 206.6 eV) compared to Nb2O5. The fitted
deconvolution spectra of Nb contained 3d5/2 and 3d3/2 peaks in
Nb2O5, which represented the Nb5+ states at 207.1 and 209.9 eV,
respectively.30 The Nb4+ peaks were also observed for RuO2/
Nb2O5-0.6 with a derived Nb4+/Nb5+ ratio of 0.92 for RuO2/
Nb2O5-0.6, indicating the presence of abundant oxygen vacancy in
the as-synthesized RuO2/Nb2O5-0.6 electrocatalysts. In addition,
the O 1s XPS spectra of various electrocatalysts were deconvoluted
into lattice oxygen (OL), oxygen atoms adjacent to defects (OV) and
hydroxyls (OH).31 The binding energy for lattice oxygen of the
RuO2/Nb2O5-0.6 was located at 530 eV, which was shifted towards
higher binding energy by 0.5 eV compared to the synthetic RuO2

and commercial C-RuO2 (529.5 eV). The positive shift of the lattice
oxygen indicated the transfer of electrons from lattice oxygen
to metal sites, which reduced the oxidation state of Ru and Nb.
The characteristic peaks located at 530.7 eV and 532.1 eV were
attributed to OV and OH, respectively. The proportion of OH of
RuO2/Nb2O5-0.6 (OH/OV = 1.49) was considerably higher than that
of commercial C-RuO2 (OH/OV = 0.94) and RuO2 (OH/OV = 1.02).32

Furthermore, the OH/OV value of RuO2/Nb2O5-0.6 was higher than
that of RuO2/Nb2O5-0.5 (0.68) and RuO2/Nb2O5-0.7 (1.08). This
finding illustrated that the binary electrocatalysts exhibited higher
catalytic activity, accompanied by a larger OH/OV ratio, among

catalysts with varying amounts of Nb2O5 introduced (Fig. S14 and
Table S4, ESI†). The enhanced hydroxyl adsorption with defects at
the active sites modulated the adsorption energy of the oxygen
intermediates and enhanced the catalytic activity and stability of
RuO2/Nb2O5-0.6.

Catalytic mechanism

To investigate the reaction mechanism of the binary RuO2/
Nb2O5 electrocatalysts, the pH-dependent tests of various catalysts
were performed and compared (Fig. 4a). In contrast to the coupled
proton–electron transfer step in the AEM pathway of bare RuO2

with good crystallinity, the LOM pathway breaks this scaling
relationship, where the proton transfer step becomes the
potential-determining step (PDS).33 Therefore, the pH-dependent
kinetics of RuO2/Nb2O5-0.6 sufficiently reflected the participation
of lattice oxygen in the OER procedure, indicating the LOM
pathway for the OER. When the relationship was further compared
at 1.5 V, a linear relationship was fitted by a linear fit between the
logarithm of the current density and the pH values. The proton
reaction orders derived from the slope (r = (q(log i)/qpH)E) were 0.8
and 0.4 for RuO2/Nb2O5 and C-RuO2, respectively, confirming the
dominant LOM pathway of RuO2/Nb2O5-0.6 for the acidic OER.34

In order to probe the PDS of the binary electrocatalysts, isotope
experiments with 0.5 M H2SO4 in the H2O and D2O as solvents
were performed. The Tafel slope of RuO2/Nb2O5 significantly
increased from 84 mV dec�1 in H2O to 142 mV dec�1 in D2O,
suggesting that the deprotonation process was PDS of the binary
catalysts,35 while the Tafel slopes of the commercial RuO2 showed
a minor change for the isotope experiments, indicating that the
AEM pathway was dominant (Fig. 4b).

To further reveal the OER reaction mechanism of the binary
catalysts, operando Fourier transform infrared (FTIR) spectroscopy
was employed to monitor the reaction intermediates. When the
applied potential exceeded the reaction onset potential of the
C-RuO2 electrocatalysts (41.3 V), a pair of the distinguishable
absorption peaks located at 1050 cm�1 and 1150 cm�1 were
observed (Fig. 4c). The pair absorption peaks were identified as

Fig. 3 XPS spectroscopies of catalysts. (a) Ru 3p XPS spectra of RuO2/Nb2O5-0.6, RuO2, C-RuO2. (b) Nb 3d XPS spectra of RuO2/Nb2O5-0.6, Nb2O5. (c)
O 1s XPS spectra of RuO2/Nb2O5-0.6, RuO2, C-RuO2.
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OO*, which was an intermediate prior to the release of oxygen in
the LOM approach. Generally, the absorption peak at 948 cm�1

was attributed to OOH* as a reaction intermediate in the AEM.7

The dynamically enhanced peak intensity was observed, suggesting
that the increase in the applied potential accelerated the generation
of the reaction intermediates. The presence of the absorption peaks
of OOH* and OO* in the C-RuO2 catalysts was attributed to the
coexistence of the LOM pathway and the AEM pathway in the acidic
OER (Fig. 4c). However, only OO* adsorption peaks located at
1050 cm�1 and 1180 cm�1 were detected in the FTIR spectra of
RuO2/Nb2O5-0.6, suggesting that the catalytic pathway of the binary
electrocatalysts was dominated by the LOM pathway for the acidic
OER (Fig. 4d). The observation of OO* peaks at a lower potential
of 0.9 V suggested high catalytic OER performance of the binary
electrocatalysts with more reactive intermediates generated on the
surface of RuO2/Nb2O5-0.6. It has been widely recognized that
surface Ru species of RuO2 are converted to the higher oxidation
state through the LOM pathway for the acidic OER, therefore
leading to the formation of the soluble ruthenium species and
subsequent decay of catalytic activity.

Next, the charge transfer that occurred between catalyst
surfaces and electrolyte was investigated by electrochemical
impedance spectroscopy (EIS) to understand the roles of Nb
incorporated with RuO2 for enhanced catalytic stability as well

as activity. The Bode point plots of RuO2/Nb2O5-0.6 and com-
mercial C-RuO2 with potentials from 1.1 V to 1.6 V are shown in
Fig. S15 (ESI†), respectively. The characteristic peaks in the
high frequency region (101–103 Hz) were attributed to the
surface oxidation of the catalyst. The characteristic peaks in
the low-frequency region (10�1–101 Hz) reflected the adsorption
of reaction intermediates on the surface of the catalyst.36 For
the C-RuO2 catalysts, the phase angle decreased slowly in the
low-frequency range with increasing potential, indicating that
C-RuO2 had insufficient capacity to adsorb intermediates37,38

whereas the significantly decreased phase angle of RuO2/
Nb2O5-0.6 in the low frequency region suggested that the binary
electrocatalysts showed less resistance to adsorb intermediates
at the same voltage. The peak shape of C-RuO2 significantly
changed over 1.4 V, suggesting the unstable surface of C-RuO2

with the increased potentials. In contrast, the barely changed
characteristic peaks of RuO2/Nb2O5-0.6 in the high-frequency
region with the increased potentials revealed more stable sur-
face oxidation states of Ru at higher potentials. The compara-
tive results demonstrated high catalytic activity and stability of
the binary RuO2/Nb2O5-0.6 electrocatalysts for the acidic OER.

To further elucidate the enhanced catalyst stability, CV
curves were recorded to examine the oxidation states of the
surface Ru species during the acidic OER (Fig. 5a). Two sets of

Fig. 4 Electrochemical mechanism tests of catalysts. (a) Current densities of RuO2/Nb2O5-0.6 and C-RuO2 at 1.5 V versus RHE as a function of the pH
values of electrolytes. (b) Comparison of RuO2/Nb2O5-0.6 and C-RuO2 in 0.5 M H2SO4, where H2O or D2O was used as the solvent. (c) Operando FTIR
spectra recorded in the potential range of 0.9–1.6 V vs. RHE for C-RuO2. (d) Operando FTIR spectra recorded in the potential range of 0.9–1.6 V vs. RHE
for RuO2/Nb2O5-0.6.
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redox peaks located around 0.6 V and 1.25 V were observed for
the C-RuO2 electrocatalysts, which represented Ru3+/4+ and
Ru4+/6+ redox pairs, respectively.39 Thus, the surface Ru species
of C-RuO2 could be oxidized into high valent Ru species,
leading to the serious over-oxidation of catalysts and formation
of soluble Ru species during the acidic OER.40 Thus, it’s not
surprising to observe the poor catalytic stability of C-RuO2.
Comparatively, only the redox peaks of Ru3+/4+ was observed for
RuO2/Nb2O5-0.6, indicating that the introduction of Nb effec-
tively inhibited the over-oxidation of Ru in the catalyst and
stabilized the binary electrocatalysts for the acidic OER. After-
wards, the chemical states of two catalysts before and after the
acidic OER were analyzed by XPS. For the RuO2/Nb2O5-0.6
catalyst, the binding energy of Ru 3p barely changed after
10 h of reaction at a current density of 10 mA cm�2. In contrast,
the Ru 3p binding energy of C-RuO2 increased from 462.8 eV of

the fresh electrocatalysts to 463 eV of the spent ones, indicating
the over-oxidation of Ru species of C-RuO2 (Fig. S16, ESI†). As
shown in the XPS spectra of Nb 3d of RuO2/Nb2O5-0.6 before
and after the acidic OER, the peaks of Nb were negatively
shifted by 0.2 eV, suggesting the formation of oxygen vacancies
at the Nb site (Fig. 5b).41 The electron transfer pathway in the
LOM was based on a redox-catalyzed reaction of oxygen, in
which lattice oxygen was electrochemically activated in the
form of released oxygen intermediates, following the pathway
OH�–(OO)2�–O2, essentially a hybridization of neighbouring
non-bonded oxygen atoms (O�), with no transfer of electrons to
the external circuit.42 Thus, it’s logical to predict the occurrence
of spillover of O* intermediates from RuO2 to Nb2O5 and the
participation of lattice oxygen in Nb2O5 for the acidic OER, like
in the previous reports.18 In this way, the OO* intermediate was
formed on Nb2O5 instead of RuO2 for the steps of the release of

Fig. 5 Electrochemical stability analysis and evidence of oxygen spillover phenomena. (a) CV curves of RuO2/Nb2O5-0.6, Nb2O5 and C-RuO2 measured
from 0.1 to 1.45 V vs. RHE. (b) Nb 3d XPS spectra of RuO2/Nb2O5-0.6 before and after the stability test. Operando Raman spectra recorded in the potential
range of 0.9–1.4 V vs. RHE for (c) C-RuO2 and (d) RuO2/Nb2O5-0.6.
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oxygen, generation of oxygen vacancies and rehabilitation of
lattice oxygen. Therefore, the over-oxidation and dissolution of
surface Ru species of the binary RuO2/Nb2O5 electrocatalysts
could be suppressed, which was consistent with the EIS profile
(Fig. S15, ESI†) and CV results (Fig. 5a).

To investigate the potential of oxygen spillover in the binary
electrocatalysts, oxygen temperature-programmed desorption
(O2-TPD) profiles were recorded for Nb2O5 and RuO2 (Fig. S17,
ESI†).43 The desorption peak of oxygen from RuO2 was observed
at a significantly higher temperature of 431 1C compared to
303 1C for Nb2O5, suggesting that RuO2 requires more energy for
O2 desorption than Nb2O5. The O2-TPD results indicated that the
formation of oxygen vacancies on Nb2O5 was more facile than
RuO2. Based on these findings, the thermodynamic feasibility of
oxygen spillover involving the transfer of intermediate O* species
from RuO2 to Nb2O5 and the participation of lattice oxygen in
Nb2O5 for the acidic OER, was established.

To experimentally confirm the occurrence of oxygen spil-
lover, in situ Raman spectroscopy was used to dynamically
monitor the surface M–O species of the RuO2/Nb2O5-0.6 and
C-RuO2 catalysts at different external potentials. The character-
istic peaks of Ru–O in C-RuO2 were located at 520 cm�1,
640 cm�1 and 705 cm�1, which represented the Eg, A1g and
B2g vibrational modes of Ru–O, respectively (Fig. 5c).22,44 Since
the characteristic peak of Eg was more obvious and the peak
position was easier to be distinguished, the characteristic Eg

peak of Ru–O of C-RuO2 was mainly analyzed. As shown in
Fig. 5c, the Eg peak of C-RuO2 gradually shifted to the higher
wavenumber by 6 cm�1 (from 520 cm�1 to 526 cm�1) with
the increased external applied voltage from the open-circuit
potential to 1.6 V, indicating that the surface Ru–O bonds in C-
RuO2 were gradually compressed and the valence state of Ru
was elevated progressively with the increased potentials.45 As
for RuO2/Nb2O5-0.6, the characteristic peak of Ru–O was barely
shifted with the increased potential, whereas the characteristic

peak of Nb–O showed a redshift of 15 cm�1 (from 766 cm�1 to
751 cm�1), indicating the significantly stretched Nb–O of the
binary electrocatalysts (Fig. 5d).17 The reduced oxidation state of
Nb combined with the LSV and CV curves showed that Nb
suppressed the elevation of the oxidation state of Ru during the
oxygen evolution reaction through the modification of bonding
with oxygen. Therefore, compared to C-RuO2, the over-oxidation
of Ru in RuO2/Nb2O5-0.6 was noticeably suppressed, leading to
the stabilized surface Ru species. Significantly, as the circuit
was disconnected after applying 1.6 V for a period of time, the
characteristic Eg peak of Ru–O in RuO2/Nb2O5-0.6 gradually
recovered to the initial state (522 cm�1). Compared with the
pristine binary electrocatalyst, the characteristic Raman peak of
Nb–O also gradually restored to the same position before the
reaction (763 cm�1, Fig. S18, ESI†). These shifts further illustrated
the structural stability of RuO2/Nb2O5-0.6 in the acidic OER.
Combined with the results of CV curves, XPS and in situ FT-IR,
in situ Raman spectra strongly suggested the reactive oxygen
species spilled over from RuO2 to Nb2O5, consistent with the
preserved Eg of Ru–O and shifted 15 cm�1 of Nb–O in the binary
RuO2/Nb2O5 electrocatalysts.

Based on all of the above analysis and experimental evidence, a
catalytic pathway is proposed for RuO2/Nb2O5-0.6 with high cataly-
tic activity and stability through the LOM pathway (Fig. 6). Initially,
water molecules are absorbed and activated on the surface Ru sites
of the binary electrocatalysts to generate OH* species. After the
deprotonation of OH*, the O* intermediates spill over from Ru sites
to Nb sites. With the participation of the lattice oxygen of Nb2O5,
OO* intermediates are formed on Nb sites, followed by the release
of O2 associated with the generation of oxygen vacancies and
rehabilitation of lattice oxygen on Nb2O5. Such a catalytic pathway
of RuO2/Nb2O5 effectively suppresses the over-oxidation of Ru
species and avoids the formation of soluble high valent Ru species,
leading to the high catalytic activity and stability for the acidic OER
despite undergoing the LOM mechanism.

Fig. 6 Schematic overview of the proposed oxygen spillover for the OER on the surface of RuO2/Nb2O5-0.6 catalysts.
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Conclusions

In summary, we presented the highly active and robust binary
RuO2/Nb2O5 electrocatalysts for the acidic OER, delivering a low
overpotential of 176 mV at 10 mA cm�2 and a high stability of at
least 750 h in 0.5 M H2SO4. Incorporation of Nb2O5 with RuO2

enabled the spillover of active O* intermediate from RuO2 to
Nb2O5. Thus, the participation of lattice oxygen of Nb2O5 instead
of RuO2 gave the OO* intermediate for the release of oxygen, which
effectively inhibited the over-oxidation of surface Ru species and
thereby significantly improved the catalytic stability of the binary
electrocatalysts. Extensive experimental investigations verified the
proposed oxygen spillover reaction pathway for the enhanced
catalytic performance of the binary electrocatalysts. This work
provided seminal insights into solving the stability problem of
Ru-based catalysts and offered a methodology for the rational
design of high performance electrocatalysts for the acidic OER.
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