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Interface engineering breaks both stability
and activity limits of RuO2 for sustainable
water oxidation

Kun Du1,6, Lifu Zhang2,6, Jieqiong Shan3, Jiaxin Guo1, Jing Mao1,
Chueh-Cheng Yang4,5, Chia-Hsin Wang 4 , Zhenpeng Hu 2 &
Tao Ling 1

Designing catalytic materials with enhanced stability and activity is crucial for
sustainable electrochemical energy technologies. RuO2 is the most active
material for oxygen evolution reaction (OER) in electrolysers aiming at produ-
cing ‘green’ hydrogen, however it encounters critical electrochemical oxidation
and dissolution issues during reaction. It remains a grand challenge to achieve
stable and active RuO2 electrocatalyst as the current strategies usually enhance
one of the two properties at the expense of the other. Here, we report breaking
the stability and activity limits of RuO2 in neutral and alkaline environments by
constructing a RuO2/CoOx interface. We demonstrate that RuO2 can be greatly
stabilized on the CoOx substrate to exceed the Pourbaix stability limit of bulk
RuO2. This is realized by the preferential oxidation of CoOx during OER and the
electron gain of RuO2 through the interface. Besides, a highly active Ru/Codual-
atom site can be generated around the RuO2/CoOx interface to synergistically
adsorb the oxygen intermediates, leading to a favourable reaction path. The as-
designed RuO2/CoOx catalyst provides an avenue to achieve stable and active
materials for sustainable electrochemical energy technologies.

The practical application of water electrolyser in the generation of
sustainable green hydrogen energy1–3 calls for the development of
stable and active electrocatalysts. So far, RuO2 is the most active
electrocatalyst for anodic oxygen evolution reaction (OER) in water
electrolysis4–9. Unfortunately, as indicated by Pourbaix diagram10–12,
RuO2 is thermodynamically unstable under OER conditions over the
entire pH range. This has been verified by extensive theoretical and
experimental investigations4,13–15, which demonstrate that the pro-
ceeding of OER is accompanied by the transformation of stable Ru4+ to
unstable Run>4+, resulting in the gradual dissolution and deactivation of
the catalyst. Common strategies of improving the stability of RuO2

include mixing RuO2 with a more corrosion resistant material in the

synthetic procedure6,16–19 and controlling the dispersion of RuO2 to
avoid direct contactwith the electrolyte20. In these cases, however, the
stability of Ru-based catalysts is generally enhanced at the expense of
its activity, leading to a seesaw relation between stability and
activity14,21–26. It is necessary to develop new strategy to achieve both
enhanced stability and activity for Ru-based catalysts.

To substantially enhance the stability of RuO2 catalysts underOER
conditions, we identify that the key is to suppress the electrochemical
corrosion of Ru species. There is a classic fashion of using a sacrifice
component to protect the target material. For example, in the well-
known zinc-plated steel27, the more reactive zinc is preferentially oxi-
dized to form a dense oxide film over the steel, preventing the further

Received: 27 February 2022

Accepted: 6 September 2022

Published online: 16 September 2022

Check for updates

1Key Laboratory for Advanced Ceramics and Machining Technology of Ministry of Education, Institute of New-Energy, School of Materials Science and
Engineering, Tianjin University, Tianjin 300072, China. 2School of Physics, Nankai University, Tianjin 300071, China. 3School of Chemical Engineering and
Advanced Materials, The University of Adelaide, Adelaide, SA 5005, Australia. 4National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan,
ROC. 5Department of Materials Science and Engineering, National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan, ROC. 6These authors con-
tributed equally: Kun Du, Lifu Zhang. e-mail: wang.ch@nsrrc.org.tw; zphu@nankai.edu.cn; lingt04@tju.edu.cn

Nature Communications | (2022)13:5448 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-3108-4422
http://orcid.org/0000-0003-3108-4422
http://orcid.org/0000-0003-3108-4422
http://orcid.org/0000-0003-3108-4422
http://orcid.org/0000-0003-3108-4422
http://orcid.org/0000-0002-8469-1683
http://orcid.org/0000-0002-8469-1683
http://orcid.org/0000-0002-8469-1683
http://orcid.org/0000-0002-8469-1683
http://orcid.org/0000-0002-8469-1683
http://orcid.org/0000-0002-8830-4492
http://orcid.org/0000-0002-8830-4492
http://orcid.org/0000-0002-8830-4492
http://orcid.org/0000-0002-8830-4492
http://orcid.org/0000-0002-8830-4492
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33150-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33150-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33150-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33150-x&domain=pdf
mailto:wang.ch@nsrrc.org.tw
mailto:zphu@nankai.edu.cn
mailto:lingt04@tju.edu.cn


oxidation of zinc and the corrosion of steel. Inspired by this, we
assumed that implementing a proper material with RuO2 to form a
stable interface can be a promising strategy to stabilize RuO2 catalyst.
On the other hand, previous works of Nørskov et al.14,15 have suggested
that the ‘stable’ RuO2 exhibits unsatisfactory catalytic activity due to
the lack of unstable high-valence Run>4+ species. Regarding this, the
construction of an interface may create new active sites28 to break the
activity limit of ‘stable’ RuO2. Moreover, the interface construction
may use some cost-effective materials to reduce the use of precious
metal Ru and achieve sustainable water electrolysis.

Herein, we report constructing a RuO2/CoOx hybrid catalyst to
break the stability-activity seesaw relation on RuO2 catalyst. Combining
theoretical calculations, in situ X-ray photoelectron spectroscopy (XPS)
with in situ UV-visible (UV–Vis) absorption spectroscopy, we demon-
strate that the stability of the new RuO2/CoOx hybrid significantly
exceeds the Pourbaix limits of bulk RuO2. This is ascribed to the sacri-
ficing oxidation of CoOx and interfacial electronic effects, which stabi-
lized RuO2 by decreasing driving force for RuO2 dissolution and
enriching electrons on RuO2. In addition, as verified by kinetic isotope
effect (KIE), in situ infrared reflection (IR)measurements and theoretical
calculations, the construction of interface creates highly active Ru/Co
dual-atom sites around the RuO2/CoOx interface, which synergistically
absorb the key oxygen intermediates during OER to optimize the
reaction thermodynamics and kinetics. Therefore, the RuO2/CoOx cat-
alyst achieves superior high OER activities under neutral and alkaline
conditions accompanied by excellent long-term stability.

Results
Stabilization of RuO2 on CoOx support
According to our calculated Pourbaix diagram of RuO2 (Fig. 1a), RuO2

undergoes oxidation in the OER potential range, forming high-valence

Run>4+ ions that dissolve in the electrolyte4,13,29. We assume that
depositing RuO2 on an appropriate support that can be preferentially
oxidized represents a rational strategy to protect RuO2 from dissolu-
tion in harsh electrochemical oxidation. To test this hypothesis, CoOx

was selected as the supportmaterial, which is easily oxidized under the
anodic potential in the OER range (Supplementary Fig. 1). The calcu-
lated Pourbaix diagram of RuO2/CoOx (Supplementary Note 1) in near-
neutral and alkaline environments is shown in Fig. 1b. As expected, the
CoOx support is gradually oxidized from CoO to Co3O4, CoOOH and
eventually CoO2 with the increase of anodic potential. Hereafter, CoOx

repents these cobalt oxides for simplicity. Significantly, RuO2 can
construct stable interfaces with the oxidation products of CoOx (CoO,
Co3O4, CoOOH, and CoO2) within the entire OER potential range
(Fig. 1b, c). Besides, stable Ru–O–Co chemical bond can be formed at
the RuO2/CoOx interface (Fig. 1c and Supplementary Fig. 2), which
enables the hybrid to gain considerable energy from constructing the
interface (Supplementary Fig. 2). This undoubtedly lowers the energy
of the hybrid system and decreases the driving force for RuO2 dis-
solution, thus stabilizing RuO2 in the hybrid catalyst.

To further understand the interfacial effect on stabilizing RuO2,
Bader charge analysis was performed on four RuO2/CoOx catalysts,
i.e., RuO2/CoO, RuO2/Co3O4, RuO2/CoOOH, and RuO2/CoO2. As
shown in Fig. 1d–f, the changes in the charges of Ru, O and Co ions at
the interface relative to those in their corresponding bulk materials
show a similar trend among the four catalysts. Taking RuO2/CoOOH
as an example, the average charge of Ru ions away from the inter-
face in RuO2 is ~6.3 e, which increases to 6.7 e at the interface
(Fig. 1d), indicating the enrichment of electrons on the interfacial Ru
ions. Similarly, the average charge of O ions in the bulk RuO2 is ~6.6
e, which increases to ~6.7 e at the interface, and further increases to
~7.0 e in the bulk CoOOH (Fig. 1e). Note that the Co charge at the
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Fig. 1 | Investigation on stability of RuO2 on CoOx support. a, b Calculated
Pourbaix diagrams of RuO2 and RuO2/CoOx, respectively. Ion concentrations are
10−6 M. The potentials in a and b are referenced to standard hydrogen electrode

(SHE). c Schematic diagram of the interfacial structure of RuO2/CoOx. d–f Bader
charges of the interfacial Ru, O and Co ions and their counterparts in RuO2/CoO,
RuO2/Co3O4, RuO2/CoOOH and RuO2/CoO2, respectively.
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interface is almost identical to that in the bulk CoOOH (Fig. 1f).
These results indicate that O ions in the hybrids play a key role in the
electron enrichment in interfacial Ru ions. This is due to the dif-
ferent metal-oxygen hybridizations in RuO2 and CoOOH, resulting
in different O charges in these two materials. That is, the O ions
connecting with Co ions own more electrons compared with those
connecting with Ru ions. Once Ru–O–Co bond is formed at the
RuO2/CoOx interface, the electron-rich O ions connecting with Co
ions contribute electrons to the nearby Ru ions through metal-
oxygen re-hybridization, thus enriching electrons in the interfacial
Ru ions.

Synthesis of RuO2/CoOx hybrid catalyst
Guided by the above theoretical findings, RuO2/CoOx hybrid catalyst
was fabricated by depositing Ru nanoparticles on CoO nanorods
(Fig. 2a), followed by an electrochemical oxidization process (Sup-
plementary Figs. 3–8). As shown in Fig. 2b, c, the CoO nanorods pos-
sess faceted surface with prefabricated nanoscale roughness to
uniformly load Ru nanoparticles. The Ru nanoparticles form a fish
scale-like single-layer with a thickness of 2 nm on the surface of CoO
nanorods (Supplementary Fig. 5). Subsequent electrochemical oxida-
tion resulted in in situ conversion of Ru to RuO2 on CoOx nanorods
(Supplementary Figs. 7 and 8). This method features the epitaxial
growth of RuO2 on CoOx nanorods (Fig. 2d), providing a structural
basis for strong interfacial geometric and electronic interaction
between RuO2 and CoOx. The as-formed interface was closely inspec-
ted by sub-ångstrom resolution aberration corrected high-angle
annular dark-field scanning transmission electron microscopy

(HAADF-STEM, Fig. 2d and Supplementary Fig. 9), showing an atomic-
level tight connection of Ru, O and Co atoms at the interface. This
finding was supported by the Fourier transform extended X-ray
absorption fine structure (FT-EXAFS) of RuO2/CoOx (Supplemen-
tary Fig. 10).

Electron energy-loss spectroscopy (EELS) at Ru-M2,3, O-K, and Co-
L2,3 absorption edges was performed to investigate charge changes of
Ru, O and Co ions across the interface (from point 1 to point 5) in
Fig. 2d. As illustrated in Fig. 2e, the collected Ru-M2,3 spectrum at the
interface (point 3) shifts 0.3 eV toward the low energy loss direction
with respective to that of RuO2 (point 1), indicating a decreased Ru
valence at the interface. For O-K edge spectra (Fig. 2f), the curves show
obvious shape change from RuO2-like (point 1) to CoOx-like (point 5).
In particular, the characteristic peak ‘a’ collected in CoOx gradually
weakens towards the interface until disappears in RuO2. This reflects
different electronic properties of O atoms connecting with Ru and Co
atoms, respectively, and re-hybridization of O atoms at the interface
causedby simultaneous connectionwithRuandCo atoms. Notably, no
noticeable peak shift is observed in the collected Co-L2,3 spectra
(Fig. 2g and Supplementary Fig. 11). These experimental results well
support the calculated evident charge change of O ions from CoOx to
RuO2 via the interface (Fig. 1e), while no significant Co charge change
from bulk CoOx to the interface (Fig. 1f). This indicates that O ions play
a decisive role in the reduction of Ru valence through the electronic
interaction among Ru, O and Co atoms at the interface. We note that
the enrichment of Ru charge at the interfacewill affect the distribution
of Ru charge in the bulk and on the surface through continuous
Ru–O bonds.
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Stability evaluation of RuO2/CoOx in OER
Afterwards, the stability of RuO2/CoOx hybrid catalyst during OER in
neutral environment was monitored by in situ XPS (Supplementary
Figs. 12 and 13). Significantly, the Ru 3d XPS peak at 280.9 eV exhibits
negligible changes with the applied potential increased from 1.0 to
2.0 V versus reversible hydrogen electrode (RHE) (Fig. 3a). Detailed
quantitative analysis shows the co-existence of Ru3+ and Ru4+ species
with almost identical percentages from 1.0 to 2.0 VRHE (Fig. 3b and
Supplementary Fig. 14). Surprisingly, even at 2.0 VRHE, there is still 9%
of Ru3+ remaining in the RuO2/CoOx hybrid. Considering that the
average particle size of RuO2 is ~2 nm, the theoretical proportion of
interfacial Ru atoms to total Ru atoms should be about 15% (Supple-
mentary Note 2 and Supplementary Fig. 15). This value is in agreement
with the percentage of Ru3+ species as demonstrated by the in situ XPS
results (Fig. 3b), indicating the critical role of the constructed interface
in stabilizing RuO2 in the hybrid.

Moreover, although the Ru valence state of RuO2/CoOx hybrid did
not exceed 4+ in the studied potential range, the Co valence state

increased significantly during OER as evidenced by in situ UV–Vis
spectroscopy characterization and quantitative electronparamagnetic
resonance (EPR) analysis. It was demonstrated that as the anodic
potential increased, the Co ions in the hybrid catalyst underwent
gradual oxidation from Co2+ to Co3+ and Co4+ without dissolution
(Fig. 3c, d, Supplementary Fig. 16 and Supplementary Table 1). This is
consistent with the calculated Pourbaix diagram of the hybrid catalyst
(Fig. 1b) and verified our hypothesis that the support CoOx was pre-
ferentially oxidized to protect RuO2.

The above in situ spectroscopic results were supported by the
experimentally observed remarkable stability of RuO2/CoOx during
OER. As shown in Fig. 3e, Supplementary Figs. 17 and 18 and Supple-
mentary Table 1, after 20 h continuous stability test at the potential as
high as 1.80 VRHE, the content of Ru element in the hybrid catalyst was
still close to 100%. Significantly, theRuO2/CoOx catalystworks stably at
a constant current density of 10mA cm–2 for more than 200h (Fig. 3f),
and affords an excellent dynamic stability with varied current density
from 10 to 100mAcm−2 (Supplementary Fig. 19). In sharp contrast, the
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pristine RuO2 (deposited on carbon black, Supplementary Figs. 20 and
21) encountered severe catalyst dissolution and performance degra-
dation (Fig. 3f and Supplementary Fig. 22), which agrees well with the
literature4,13,29. Additionally, the RuO2/CoOx also demonstrated excel-
lent stability in alkaline environment (Supplementary Figs. 23, 24 and
Supplementary Table 2).

OER activity and rate-determining step of RuO2/CoOx

Under the incentive of the high stability, we evaluated the OER activity
of the RuO2/CoOx hybrid catalyst with a RuO2mass loading of 10 µg on
per cm2 electrode (SupplementaryTable 3, Supplementary Figs. 25 and
26). Note that RuO2 (Supplementary Fig. 27 and Supplementary
Table 4) and CoOx catalysts were measured as control samples. As
shown in Fig. 4a and Supplementary Fig. 28, the RuO2/CoOx exhibits a
much higher OER activity than RuO2 and CoOx in neutral electrolyte,
affording an ultra-low overpotential of 0.24 V to drive an OER current
density of 10mA cm–2. Besides, the current density of RuO2/CoOx can
achieve 400mA cm−2 at 1.92 VRHEwhen themass ofRuO2/CoOx catalyst

is increased to 1.5mg cm −2 on nickel foam (Supplementary Fig. 29).
Impressively, the RuO2/CoOx is amongst the most active OER cata-
lysts reported so far under neutral conditions (Supplementary
Table 5). Moreover, the turnover frequency (TOF) of the RuO2/CoOx

was estimated by normalizing the O2 generation rate to the total
number of Ru ions on CoOx support (Supplementary Note 3). At an
overpotential of 400mV, the RuO2/CoOx delivers a high TOF of
3.61 s–1, representing a 10-time enhancement in comparison with the
optimum value reported previously on Ru-based catalyst
(RuIrCaOx

30, 0.36 s–1). Moreover, the RuO2/CoOx achieves a high OER
Faradaic efficiency of ~98% at 10mA cm−2 (Supplementary Fig. 30).

To reveal the activity origin of the RuO2/CoOx, we explored the
rate-determining step (RDS) of OER by Tafel plots. As illustrated in
Fig. 4b, the RuO2/CoOx shows a significantly decreased Tafel slope
(70mV dec–1) compared with the RuO2 (109mV dec–1), indicating the
possible different RDSs in these two catalysts. 18O/16O isotope effect31

was then employed in both catalysts to probe the O–O bond forma-
tion, which is generally considered as the RDS in OER32,33. As shown in
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Fig. 4c, there is an obvious decrease in the OER current density on the
RuO2 catalyst when the electrolyte was changed from H2

16O to H2
18O,

and the KIE value of the O–Obond formation step (KIEO-O) is estimated
as 1.03 (Supplementary Fig. 31). Since the KIEO-O value falls within the
range between 1.01 and 1.0434,35, the O–O bond formation step can be
confirmed to be the RDS of the RuO2. In contrast, the negligible ΔJ
between H2

16O and H2
18O for the RuO2/CoOx demonstrates that O–O

bond formation is not the RDS (Fig. 4d). This finding is further sup-
ported by the in situ IR spectroscopy characterization (Fig. 4e, Sup-
plementary Fig. 32 and Supplementary Table 6), which shows a more
pronounced *OOHbandofRuO2/CoOx in comparisonwith that of RuO2

(Fig. 4f). These results suggest that the RuO2/CoOx exhibits a different
RDS compared with the pristine RuO2 as we will discuss in detail later.

Furthermore, we demonstrate that the RuO2/CoOx hybrid catalyst
delivers a superior high OER performance in alkaline environment,
permitting it a promising candidate for highly efficient OER electro-
catalysts in a wide pH range (Supplementary Fig. 33 and Supplemen-
tary Table 7).

Origin of enhanced OER activity on RuO2/CoOx

A key question remains how the RuO2/CoOx interface significantly
boosts the OER activity of RuO2. To shed light on this, density func-
tional theory (DFT) calculationswereperformed. Inparticular,HADDF-
STEM imaging (Fig. 5a) shows thatRu/Codual-atomsiteswere exposed

around the RuO2/CoOx interface after treating the hybrid at the OER
onset potential (~1.40 VRHE). Accordingly, the computational model
was constructed (Fig. 5b). It was found that the exposed Ru/Co dual-
atom site around the interface is the most active site for OER (Sup-
plementary Figs. 34–36); the oxygen intermediates, i.e., *OH, *O and
*OOH, tend to be co-adsorbed at the Ru/Co dual-atom site to form a
stable nearly quadrilateral structure (Fig. 5c, inset).

Significantly, the triatomic *OOHbents downward and theH atom
forms a hydrogen bond with the surface O in the CoOx to construct a
unique *OO�H � � �O adsorption configuration. Due to the electrostatic
attraction of O atom in the CoOx, the O–H bond length in the formed
*OOH increases compared with that on the pristine RuO2 (Supple-
mentary Fig. 35). According to previous work36, when the inter-
molecular hydrogen bond stretches the bond in the probemolecule, it
will lead to a shift of the stretching vibrational frequency of the probe
groups toward the low wavenumber direction in IR spectra. Relative
shift of *OOH bands is observed in the in situ IR spectra of the RuO2/
CoOx comparedwith thoseofRuO2 (Fig. 4e, f), verifying the adsorption
configuration of *OO�H � � �O, which facilitates the stabilization of
*OOH at the Ru/Co dual-atom site around the interface (inset of Fig. 5c
and Supplementary Fig. 35).

Note that *OOH is a key intermediate during OER, which exhibits a
high formation barrier and restricts theOER activity of catalysts32,33. The
calculated Gibbs free energy for *OOH formation (ΔG*OOH) on the RuO2
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Fig. 5 | Theoretical study on origin of enhanced activity on RuO2/CoOx.
a HADDF-STEM characterization of RuO2/CoOx interface exposed active sites.
b Schematic diagram of the structure model of RuO2/CoOx hybrid catalyst.
c Calculated OER free energy diagrams for RuO2 and RuO2/CoOx, with the inset

showing the computationally-optimized geometric structures of *OH, *O and *OOH
intermediates co-adsorbed on Ru/Co dual-atom site exposed around the RuO2/
CoOx interface.
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is as high as 1.12 eV (Fig. 5c and Supplementary Fig. 35). Notably, this
calculated value of ΔG*OOH is consistent with the result reported by
Nørskov et al. and other researchers15,24, indicating an inferior OER
activity of ‘stable’ RuO2 with the absence of the generated high-valent
Run>4+ species during OER4,13,29. As expected, for the RuO2/CoOx, the
*OOHformation is greatly facilitated at theRu/Codual-atomsite around
the interface.More importantly, this shifts the RDSof RuO2/CoOx to the
subsequent step of *OOH formation – that is, desorption of *O2 (Sup-
plementary Note 4), which demonstrates a significantly decreased
energy injection of 0.50 eV (Fig. 5c). This exciting finding agrees well
with the KIE and in situ IR results (Fig. 4c–f). Therefore, our well-
consistent experiments and calculations confirm that the artificially
constructed RuO2/CoOx hybrid catalyst successfully breaks the OER
activity limit of ‘stable’ RuO2 by changing the RDS of OER through
exposing the highly active Ru/Co dual-atom sites around the RuO2/
CoOx interface (SupplementaryNote 5 and Supplementary Figs. 37–39).

Discussion
In summary, we constructed the RuO2/CoOx hybrid catalyst to break
the stability and activity limits of RuO2 by decoupling its stability-
activity relation. Specifically, the sacrificial oxidization of CoOx and the
electron interaction among the face-to-face Ru–O–Co interfacial
atoms enhance the stability, while the Ru/Co dual-atom site exposed
around the interface is responsible for the improved activity. With
such unique electronic and geometric effects generated by the RuO2/
CoOx interface, we solved the critical issues of RuO2 under OER con-
ditions and achieved high stability and excellent activity. Our work
provides an atomic scale understanding of employing interfacial effect
to simultaneously enhance the stability and activity of RuO2. We
believe that under the guideline built by the RuO2/CoOx interface, the
activity and stability issues of RuO2 in acidic environments can also be
fundamentally solved by selecting appropriate support materials. We
expect that this work will also contribute to future research on other
renewable energy technologies coupled with OER in neutral environ-
ments, such as reduction of carbon dioxide to multi-carbon fuels.

Methods
Synthesis of RuO2/CoOx and RuO2 catalysts
RuO2/CoOx catalyst was synthesized by in situ electrochemical trans-
formation method with Ru/CoO as the starting material. Briefly, CoO
nanorod arrays were first fabricated on carbon fiber paper or fluorine-
doped tin oxide (FTO) substrates by cation exchangemethodology37,38.
Afterwards, ruthenium precursor solution was prepared by dissolve
RuCl3 in ethanol/water (Vethanol/Vwater = 1:1) to achieve a 30mM RuCl3
solution. Then, CoO nanorods were immersed in 40mL of ultrapure
water, and an appropriate amount of ruthenium precursor solution
was added, aged for 6 h, dried at room temperature, and finally heated
byN2flowat400, 500 and 550 °C for 0.5 h to obtain RuO2with average
particle sizes of 2, 3 and 4 nm, respectively (Supplementary Fig. 38).
Note that the Ru loading mass on CoO nanorods can be easily con-
trolled by tuning the adding volumes of rutheniumprecursor solution.
Finally, the obtained Ru/CoO nanorods were electrochemically oxi-
dizedby scanning cyclic voltammetry between0.80~1.50VRHE to attain
RuO2/CoOx catalysts (Supplementary Fig. 8). The loadingmassof RuO2

on CoOx after optimization is 10 µg on per cm2 electrode (Supple-
mentary Fig. 26 and Supplementary Table 3). For the synthesis of RuO2

reference catalyst, a similar method was applied using carbon black as
the support material. The loading mass of RuO2 on carbon black after
optimization is 84 µg on per cm2 electrode (Supplementary Fig. 27 and
Supplementary Table 4). RuO2 with this loading mass was character-
ized in Figs. 3 and 4 as reference sample.

Materials characterization
Scanning electron microscopic (SEM) and transmission electron
microscopic (TEM) images were performed on a Hitachi S-4800

SEM and a JEOL 2100 TEM, respectively. HAADF-STEM images were
collected on a JEOL ARM200F microscope with a STEM aberration
corrector operated at 200 kV. The convergent semi angle and col-
lection angle were 21.5 and 200 mrad, respectively. EELS spectra
were collected using a Titan Themis Cubed G2 60-300 operated at
200 kV. EPR measurements were carried out on a JEOL JES-FA200.
The inductively coupled plasma mass spectrometry (ICP-MS) mea-
surements were performed on an Agilent 7700x. X-ray diffraction
(XRD) characterization was carried out on a Bruker D8 Advance
diffractometer with Cu Kα radiation. The X-ray absorption fine
structure spectra of Ru K-edge were performed at 4B9A beamline in
Beijing Synchrotron Radiation Facility (BSRF). The storage rings of
BSRF was operated at 2.5 GeV with a stable current of 400mA. The
OER Faradaic efficiency of RuO2/CoOx was measured by a gas
chromatograph (GC-2014, Shimadzu, Japan) equipped with a ther-
mal conductivity cell detector.

In situ spectroscopic characterizations
In situ XPS spectra were measured by ambient pressure XPS end sta-
tion equipped with a static electrochemical cell at NSRRC TLS BL24A
(Supplementary Fig. 12a). The counter electrode was a Pt wire and the
reference electrode was a Pt wire coated with Ag/AgCl paste. The
working electrode was a carbon paper loaded with RuO2/CoOx cata-
lysts, which was cut into a circle with a diameter of 5.5mm. During
in situ XPS test, both the counter and reference electrodes were
immersed in the electrolyte and sealed by a Nafionmembrane and the
carbon paper was sandwiched between the Nafionmembrane and a Ta
foil for electrical contact39,40 (Supplementary Fig. 12b). The analysis
chamber pressure is around 0.3 mbar due to water diffusing onto the
sample’s surface and evaporating into the chamber while in situ XPS
spectra were measured.

In situ UV–vis spectroscopy was performed on a Hitachi U-3010
with a homemade photo-electrochemical cell, with catalysts fabri-
cated in situ on a FTO substrate as the working electrode, a Pt wire
as counter electrode and an Ag/AgCl electrode as the reference
electrode.

In situ attenuated total reflectance surface-enhanced IR spectra
were collected on a Fourier transform infrared spectrometer (Nicolet
IS50, ThermoFisher Scientific Co., Ltd) with aMCT detector and a Pike
Technologies VeeMAX III ATR accessory. A catalyst ink was prepared
by mixing 2mg of catalyst investigated with 1mL of ultrapure water
and thendeposited on anAu film coated Si prism. The Si prism, a Pt foil
and an Ag/AgCl electrode were served as the working electrode, the
counter electrode, and the reference electrode, respectively, in an
H-type electrochemical cell, which was separated by a Nafion 115
membrane. All background curves were collected without applied
potential in N2-saturated electrolyte, and all spectra were collected
with a 4 cm–1 resolution.

EPR tests
RuO2/CoOx was treated at 1.00, 1.20, 1.40, 1.60, 1.80 and 2.00 VRHE for
5min, respectively, and then dried quickly by high-purity N2

(99.999%). Then, the treated catalysts were collected and transferred
to an EPR tube under N2 atmosphere. Then, the tube was immediately
frozen and stored at 77 K using liquid nitrogen. The EPRmeasurement
was performed at a modulation amplitude of 0.8mT, a modulation
frequency of 100 kHz, a conversion time of 50ms and a time constant
of 50ms. During test, the temperature was set at 70K. Quantitative
analysis was conducted by double integration after baseline
correction41.

KIE measurements
According to previous literature31,34,35,42, multicycles chronoampero-
metric tests were carried out in 1.0M phosphate buffered saline (PBS)
with H2

16O and H2
18O. The KIE value was estimated from the following
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equation:

KIE = JH16
2 O = JH18

2 O ð1Þ

where JH16
2 O and JH18

2 O are the average current density in H2
16O and

H2
18O, respectively. The average current density values of multicycles

were linearfitted. TheKIE valuewas estimated from the ratioof the two
data points in the two fitted line in H2

16O and H2
18O (Supplemen-

tary Fig. 31).

Electrochemical characterizations
The electrochemical performance of the catalysts in neutral (1.0M
PBS) and alkaline (1.0M KOH) electrolytes was tested in a three-
electrode system. A catalyst ink was prepared by ultrasonically dis-
persing 2mg of catalyst, 2mg of conductive carbon (Vulcan XC 72),
20μL of 5wt% Nafion solution and 20μL of isopropanol in ultrapure
water to achieve a catalyst concentration of 5mgmL–1. 10μL of as-
prepared catalyst ink was then dropped onto a polished glassy carbon
rotating electrode (5mm in diameter, Pine Research Instrumentation)
serving as the working electrode (Supplementary Tables 3 and 4). The
counter electrode was a Pt wire and the reference electrode was a
calomel electrode saturated in KCl. The electrochemical tests were
performed in O2-saturated electrolyte with the working electrode
rotating at a speed of 1600 rpm. All potentials were referenced to the
RHEbyusing purehydrogen calibration and correctedwith 75% IR loss,
and all polarization curves were obtained with a scan rate of 5mV s–1.

Computational methods
All spin-polarized DFT calculations were performed using Vienna Ab
initio Simulation Package (VASP)43–46. The projector augmented wave
(PAW) potentials47 and Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional48 were adopted in the calculations with a plane
wave kinetic energy cut-off of 400 eV. The energy converge criteria
was set to be 10–4 eV, and the maximum force was converged to less
than 0.05 eVÅ−1 on each ion. An effective U parameter of 3.7 eV was
applied for Co 3d states to describe well the electronic structure of
CoO, Co3O4, CoOOH, and CoO2

38. For the computational model of
RuO2/CoOx, the optimized lattice constants are a = b = 18.10 Å,
c = 26.40Å; for RuO2/Co3O4, a = b = 16.80 Å, c = 27.43 Å; for RuO2/
CoOOH, a = b = 17.30Å, c = 32.07 Å; for RuO2/CoO2, a = b = 17.06Å,
c = 31.54 Å.K-spaceswere sampledusing a 1 × 1 × 1 grid. The free energy
(ΔG) was computed from the following equation:

ΔG=ΔE +ΔZPE� TΔS� eU ð2Þ

whereΔE is the energy difference of a given reaction, ΔZPE is the zero-
point energy correction,ΔS is the vibrational entropy change at a given
temperature T, e is the elementary charge, and U is the electrode
potential.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.

References
1. Walter, M. G. et al. Solar water splitting cells. Chem. Rev. 110,

6446–6473 (2010).
2. Cook, T. R. et al. Solar energy supply and storage for the legacy and

nonlegacy worlds. Chem. Rev. 110, 6474–6502 (2010).
3. Carmo, M., Fritz, D. L., Mergel, J. & Stolten, D. A comprehensive

review on PEM water electrolysis. Int. J. Hydrog. Energy 38,
4901–4934 (2013).

4. Kim, J. et al. High-performance pyrochlore-type yttrium ruthenate
electrocatalyst for oxygen evolution reaction in acidicmedia. J. Am.
Chem. Soc. 139, 12076–12083 (2017).

5. Stoerzinger, K. A. et al. Orientation-dependent oxygen evolution on
RuO2 without lattice exchange. ACS Energy Lett. 2, 876–881 (2017).

6. Yao, Y. et al. Engineering the electronic structure of single atom Ru
sites via compressive strain boosts acidic water oxidation electro-
catalysis. Nat. Catal. 2, 304–313 (2019).

7. Rao, R. R. et al. Operando identification of site-dependent water
oxidation activity on ruthenium dioxide single-crystal surfaces.Nat.
Catal. 3, 516–525 (2020).

8. Reier, T., Nong, H. N., Teschner, D., Schlögl, R. & Strasser, P. Elec-
trocatalytic oxygen evolution reaction in acidic environments –
Reaction mechanisms and catalysts. Adv. Energy Mater. 7,
1601275 (2017).

9. Cao, L. et al. Dynamic oxygen adsorption on single-atomic Ruthe-
nium catalyst with high performance for acidic oxygen evolution
reaction. Nat. Commun. 10, 4849 (2019).

10. Hubert, M. A. et al. Acidic oxygen evolution reaction activity−sta-
bility relationships in Ru-based pyrochlores. ACS Catal. 10,
12182–12196 (2020).

11. Over, H. Fundamental studies of planar single-crystalline oxide
model electrodes (RuO2, IrO2) for acidic water splitting. ACS Catal.
11, 8848–8871 (2021).

12. Wang, Z., Guo, X., Montoya, J. & Nørskov, J. K. Predicting aqueous
stability of solid with computed Pourbaix diagram using SCAN
functional. Npj. Comput. Mater. 6, 1–7 (2020).

13. Lin, Y. et al. Chromium-ruthenium oxide solid solution electro-
catalyst for highly efficient oxygen evolution reaction in acidic
media. Nat. Commun. 10, 162 (2019).

14. Danilovic, N. et al. Activity−stability trends for the oxygen evolution
reaction on monometallic oxides in acidic environments. J. Phys.
Chem. Lett. 5, 2474–2478 (2014).

15. Dickens, C. F. & Nørskov, J. K. A theoretical investigation into the
role of surfacedefects for oxygenevolutiononRuO2. J. Phys. Chem.
C. 121, 18516–18524 (2017).

16. Shan, J. Q. et al. Charge-redistribution-enhanced nanocrystalline
Ru@IrOx electrocatalysts for oxygen evolution in acidic media.
Chem 5, 445–459 (2019).

17. Retuerto, M. et al. Na-doped ruthenium perovskite electrocatalysts
with improved oxygen evolution activity and durability in acidic
media. Nat. Commun. 10, 2041 (2019).

18. Escudero-Escribano, M. et al. Importance of surface IrOx in stabi-
lizing RuO2 for oxygen evolution. J. Phys. Chem. B 122,
947–955 (2018).

19. Yu, T. et al. Amorphous CoOx‑decorated crystalline RuO2 nanosh-
eets as bifunctional catalysts for boosting overall water splitting at
large current density. ACS Sustain. Chem. Eng. 8,
17520–17526 (2020).

20. Cui, X. et al. Robust interface Ru centers for high-performance
acidic oxygen evolution. Adv. Mater. 32, 1908126 (2020).

21. Danilovic, N. et al. Using surface segregation to design stable Ru-Ir
oxides for the oxygen evolution reaction in acidic environments.
Angew. Chem. Int. Ed. 126, 14240–14245 (2014).

22. Chang, S. H. et al. Activity–stability relationship in the surface
electrochemistry of the oxygenevolution reaction. FaradayDiscuss.
176, 125–133 (2015).

23. Chang, S. H. et al. Functional links between stability and reactivity
of strontium ruthenate single crystals during oxygen evolution.Nat.
Commun. 5, 4191 (2014).

24. Miao, X. et al. Quadruple perovskite ruthenate as a highly efficient
catalyst for acidic water oxidation. Nat. Commun. 10, 3809
(2019).

25. Li, P. et al. Boosting oxygen evolution of single-atomic ruthenium
through electronic coupling with cobaltiron layered double
hydroxides. Nat. Commun. 10, 1711 (2019).

26. Su, J. W. et al. Assembling ultrasmall copper-doped ruthenium
oxide nanocrystals into hollow porous polyhedra: highly robust

Article https://doi.org/10.1038/s41467-022-33150-x

Nature Communications | (2022)13:5448 8



electrocatalysts for oxygen evolution in acidic media. Adv. Mater.
30, 1801351 (2018).

27. Pyun, S. I. & Lee, J.W. Progress in corrosion science and engineering
II (Springer, New York, 2012).

28. Montoya, J. H. et al. Materials for solar fuels and chemicals. Nat.
Mater. 16, 70–81 (2017).

29. Ge, R. X. et al. Ultrafine defective RuO2 electrocatayst integrated on
carbon cloth for robustwater oxidation in acidicmedia.Adv. Energy
Mater. 9, 1901313 (2019).

30. Zhang, L. S. et al. Boosting neutral water oxidation through surface
oxygen modulation. Adv. Mater. 32, 2002297 (2020).

31. Haschke, S. et al. Direct oxygen isotope effect identifies the rate-
determining step of electrocatalytic OER at an oxidic surface. Nat.
Commun. 9, 4565 (2018).

32. Jiao, Y., Zheng, Y., Jaroniec, M. & Qiao, S. Z. Design of electro-
catalysts for oxygen- and hydrogen-involving energy conversion
reactions. Chem. Soc. Rev. 44, 2060–2086 (2015).

33. Song, J. J. et al. A review on fundamentals for designing oxygen
evolution electrocatalysts. Chem. Soc. Rev. 49, 2196–2214
(2020).

34. Angeles-Boza, A. M. et al. Competitive oxygen-18 kinetic isotope
effects expose O–O bond formation in water oxidation catalysis by
monomeric and dimeric ruthenium complexes. Chem. Sci. 5,
1141–1152 (2014).

35. Haschke, S. et al. Direct oxygen isotope effect identifies the rate-
determining step of electrocatalytic OER at an oxidic surface. Nat.
Commun. 9, 4565 (2018).

36. Behera, B. & Das, P. K. Blue- and red-shifting hydrogen bonding: a
gas phase FTIR and Ab initio sudy of RR’CO···DCCl3 and
RR’S···DCCl3 complexes. J. Phys. Chem. A 122, 4481–4489 (2018).

37. Ling, T. et al. Activating cobalt(II) oxide nanorods for efficient
electrocatalysis by strain engineering. Nat. Commun. 8,
1509 (2017).

38. Ling, T. et al. Engineering surface atomic structure of single-crystal
cobalt (II) oxide nanorods for superior electrocatalysis. Nat. Com-
mun. 7, 12876 (2016).

39. Mom, R. et al. The oxidation of platinum under wet conditions
observed by electrochemical X‑ray photoelectron spectroscopy.
J. Am. Chem. Soc. 141, 6537–6544 (2019).

40. Arrigo, R. et al. In situ study of the gas-phase electrolysis ofwater on
platinum by NAP-XPS. Angew. Chem. Int. Ed. 52,
11660–11664 (2013).

41. McAlpin, J. G. et al. EPR evidence for Co(IV) species produced
during water oxidation at neutral pH. J. Am. Chem. Soc. 132,
6882–6883 (2010).

42. Ashley, D. C., Brinkley, D. W. & Roth, J. P. Oxygen isotope effects as
structural andmechanistic probes in inorganic oxidation chemistry.
Inorg. Chem. 49, 3661–3675 (2010).

43. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis
set. Comp. Mater. Sci. 6, 15–50 (1996).

44. Kresse, G. & Hafner, J. Ab initio molecular-dynamics simulation of
the liquid-metal–amorphous-semiconductor transition in germa-
nium. Phys. Rev. B 49, 14251 (1994).

45. Kresse, G. & Hafner, J. Ab initio molecular dynamics for open-shell
transition metals. Phys. Rev. B 48, 13115 (1993).

46. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169 (1996).

47. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).

48. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).

Acknowledgements
T.L. acknowledged funding from the National Natural Science Founda-
tion of China (52071231and 51722103) and the Natural Science Founda-
tion of Tianjin city (19JCJQJC61900). Z.P.H. acknowledged funding from
the National Natural Science Foundation of China (21933006 and
21773124) and the Fundamental Research Funds for the Central Uni-
versities Nankai University (No. 63213042, 63221346, and ZB22000103).
Calculations were performed on Supercomputing Center of Nankai
University (NKSC) and TianHe-1A at the National Supercomputer Center,
Tianjin.

Author contributions
T.L. conceived the project, designed the experiments, and wrote the
manuscript. K.D. and J.X.G. performed the experiments. L.F.Z. con-
structed models and conducted the DFT calculations guided by Z.H.,
and Z.H. designed some experiments to verify the correlation between
theoretical models and experimental observations. C.Y. and C.W. per-
formed the in situ XPS measurements. J.Q.S. commented and revised
the manuscript. J.M. carried out the TEM and HADDF-STEM character-
izations. All authors discussed the results and commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33150-x.

Correspondence and requests for materials should be addressed to
Chia-Hsin Wang, Zhenpeng Hu or Tao Ling.

Peer review information Nature Communications thanks Hyoyoung Lee
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. Peer review reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

Article https://doi.org/10.1038/s41467-022-33150-x

Nature Communications | (2022)13:5448 9

https://doi.org/10.1038/s41467-022-33150-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Interface engineering breaks both stability and activity limits of RuO2 for sustainable water oxidation
	Results
	Stabilization of RuO2 on CoOx support
	Synthesis of RuO2/CoOx hybrid catalyst
	Stability evaluation of RuO2/CoOx in OER
	OER activity and rate-determining step of RuO2/CoOx
	Origin of enhanced OER activity on RuO2/CoOx

	Discussion
	Methods
	Synthesis of RuO2/CoOx and RuO2 catalysts
	Materials characterization
	In situ spectroscopic characterizations
	EPR tests
	KIE measurements
	Electrochemical characterizations
	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




