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Tensile-Strained RuO2 Loaded on Antimony-Tin Oxide by
Fast Quenching for Proton-Exchange Membrane Water
Electrolyzer

Bing Huang, Hengyue Xu, Nannan Jiang, Minghao Wang, Jianren Huang,
and Lunhui Guan*

Future energy demands for green hydrogen have fueled intensive research on
proton-exchange membrane water electrolyzers (PEMWE). However, the
sluggish oxygen evolution reaction (OER) and highly corrosive environment
on the anode side narrow the catalysts to be expensive Ir-based materials. It is
very challenging to develop cheap and effective OER catalysts. Herein,
Co-hexamethylenetetramine metal–organic framework (Co-HMT) as the
precursor and a fast-quenching method is employed to synthesize RuO2

nanorods loaded on antimony-tin oxide (ATO). Physical characterizations and
theoretical calculations indicate that the ATO can increase the electrochemical
surface areas of the catalysts, while the tensile strains incorporated by
quenching can alter the electronic state of RuO2. The optimized catalyst
exhibits a small overpotential of 198 mV at 10 mA cm−2 for OER, and keeps
almost unchanged after 150 h chronopotentiometry. When applied in a real
PEMWE assembly, only 1.51 V is needed for the catalyst to reach a current
density of 1 A cm−2.

B. Huang, N. Jiang, M. Wang, J. Huang, L. Guan
CAS Key Laboratory of Design and Assembly of Functional
Nanostructures
Fujian Key Laboratory of Nanomaterials
Fujian Institute of Research on the Structure of Matter
Chinese Academy of Sciences
Fuzhou 350000, China
E-mail: guanlh@fjirsm.ac.cn
B. Huang, N. Jiang
Collage of Materials Science and Opto-Electronic Technology
University of Chinese Academy of Sciences
Beijing 100049, China
H. Xu
Institute of Biopharmaceutical and Health Engineering
Tsinghua Shenzhen International Graduate School
Tsinghua University
Shenzhen 518055, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202201654

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202201654

1. Introduction

Hydrogen energy can offer a promising
way to reduce fossil energy usage and
alleviate carbon dioxide emissions.[1] Water
electrolysis, consisting of two half-reactions
of the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), is
regarded as one of the best solutions to
hydrogen production.[2] The HER is known
to be more favorable in kinetics and mass
transport,[3] so it is more compulsory to de-
velop OER catalysts for coupling industrial
applications. In alkaline electrolytes, lay-
ered double hydroxides are active and stable
enough to drive the sluggish OER.[4] How-
ever, most of the reported catalysts suitable
for alkaline OER are thermodynamically
unstable when operated in acid elec-
trolytes. For now, it is commonly accepted
that proton-exchange membrane water

electrolyzers (PEMWE) can deliver much higher current densi-
ties than alkaline electrolyzers due to the intrinsic high ionic con-
ductivity of the proton membrane.[5] Therefore, PEMWE devices
are more practicable for industrial usage. Nevertheless, the acidic
media and high operating voltages in PEMWE have limited the
anodic catalysts to be expensive Ir-based materials.[6] Beyond Ir-
based materials, much cheaper Ru-based materials can also be
employed for OER in acid media.[7] Furthermore, Nørskov’s vol-
cano curve has indicated that the activity of RuO2 toward OER is
located near the peak position.[8] Though with relatively higher
OER activity than IrO2, RuO2 cannot operate for a long time due
to the formation of volatile RuO4, which tends to dissolve in the
electrolyte.[9]

In previous reports, doping of foreign atoms is the main-
stream for boosting the OER activity of RuO2.[10] Indeed, Sargent
et al. had done high-throughput density functional theory (DFT)
screenings and experimental trials to indicate that the Ru-Ir-Sr
ternary oxide can achieve exceptionally high OER activity and
stability.[7b] However, the selective leaching of unstable elements
(dopants) is essential for obtaining high OER activity.[11] In real
PEMWE devices, transition metal ions leached from the anode
catalysts would irreversibly poison the proton membranes, thus
degrading the electrolyzer performances.[12] So alternative meth-
ods must be proposed to modify RuO2 without highlighting the
doping of unstable atoms. To this end, strains can be introduced
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Figure 1. a) The schematic illustration of the synthesis procedures. b) The XRD patterns of ATO, Co-HMT/ATO, Ru-Co-HMT/ATO, and s-RuO2/ATO.
The red areas inserted indicate the bumps induced by the existence of RuO2. c) The TEM image of s-RuO2/ATO. d) The elements mapping images of
s-RuO2/ATO. The scale bars inserted are 100 nm.

as positive enhancements for electrolysis.[13] For instance, the
self-generated strained Pt skins outside the Pt-M (transition
metals) alloy can offer a much higher mass activity than the
pristine Pt in ORR.[14] While for the OER, Yang et al. prepared
a strained iridium oxide catalyst based on lattice mismatches,
and the strained sample exhibited a mass activity of 3.7 times
higher than that of bare iridium oxide.[15] Strains would cause
electron structure modifications.[16] Since the electron structure
is closely involved in the binding with oxygen intermediates
(*OH, *O, and *OOH), changes of it would tune the catalytic
activity.[16,17] However, studies related to strain-influenced RuO2
activity toward OER are still missing due to the complex prepa-
ration procedures like epitaxial growths of thin films.[18] So easy
methods to induce strains in RuO2 and systematic investigations
on it are urgently needed.

Here, we report tensile strained RuO2 nanorods grow-
ing on antimony-tin oxide (ATO) particles using the Co-
hexamethylenetetramine metal-organic framework (Co-HMT)
and fast-quenching treatment. The tensile strains were intro-
duced on RuO2 nanorods due to the fast-quenching process in-
stead of lattice mismatches between ATO and RuO2. As a result,
the modified electronic states promote the OER activity with an
overpotential as low as 198 mV at 10 mA cm−2. Moreover, the
catalyst shows no apparent degradations after 12 h chronopoten-
tiometry on the carbon electrode or 150 h chronopotentiometry
on the Ti felt electrode. When applied in PEMWE devices, only
1.51 V (IR-free) is needed to drive a current density of 1 A cm−2.
Our work has demonstrated that tensile strains can be employed

as a positive enhancement for OER of RuO2, thus would inspire
future OER catalyst designs.

2. Results and Discussion

As illustrated in Figure 1a, the tensile-strained RuO2 loaded
on ATO was prepared via ion substitutions, pyrolysis, and fast
quenching. The ATO was prepared by the method presented in
the previous report.[19] The Co-HMT was first formed in ATO dis-
persions by adding the Co salt and hexamethylenetetramine, and
the self-assembled product was noted as Co-HMT/ATO. From the
scanning electron microscope (SEM) image shown in Figure S1
(Supporting Information), it is found that the Co-HMT exists as
spindle-like crystals together with irregular ATO nanoparticles.
The as-prepared Co-HMT/ATO composites were then subscribed
to Ru3+ substitutions, where the RuCl3•3H2O/Co-HMT mass ra-
tios are fixed to be around 1:1 to ensure sufficient ion replace-
ments. After Ru3+ substitutions, no separated Co-HMT can be
observed (Figure S2, Supporting Information), indicating the de-
struction of Co-HMT structures during the substitution process
(noted as “Ru-Co-HMT/ATO”). The XRD patterns in Figure 1b
also prove that no pure Co-HMT residuals are retained in Ru-
Co-HMT/ATO. Besides, the transmission electron microscopy
(TEM) and corresponding elementals mapping images (Figure
S3, Supporting Information) show that the Ru elements tend to
reside on the ATO surfaces, implying that the Co-HMT might un-
dergo dissolution and redeposition in the Ru3+ substitution pro-
cess. In the last step, final pyrolysis was conducted to transform
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the Ru species into RuO2. In order to incorporate tensile strains
into the RuO2, a fast-quenching process was performed.[20] In
detail, the powder product was immediately taken out from a
hot furnace and quenched in liquid N2 to preserve the resid-
ual stresses. After quenching, the final sample was collected and
named s-RuO2/ATO (“s” refers to “strained”).

In the X-ray diffraction (XRD) patterns of s-RuO2/ATO, no
prominent diffraction peaks attributed to RuO2 are presented.
Conversely, only small bumps near the ATO peaks (SnO2) can be
identified (Figure 1b). As shown in the TEM images (Figure 1c), s-
RuO2/ATO exhibits a nanorod morphology, totally different from
the initial ATO (Figures S4 and S5, Supporting Information).
Similar morphology has been reported in Co-doped RuO2.[10a]

Furthermore, elementals mapping images (Figure 1d) show that
Ru elements are more prone to distribute on the outside while
Sn elements are on the inside, proving that the nanorods out-
side are RuO2 crystals instead of ATO. The nanorod structures
of s-RuO2/ATO can favor the maximum exposure of OER active
sites.

Apart from s-RuO2/ATO, another three samples including n-
RuO2/ATO (without quenching process, “n” refers to “normal”),
s-RuO2 (without ATO substrate), and n-RuO2 (without quench-
ing process and ATO substrate) were prepared as counterpart
references. As shown in Figure S6 (Supporting Information), n-
RuO2/ATO shows identical morphology to s-RuO2/ATO, imply-
ing that the quenching process does not change the overall mor-
phology. Similar morphologies can also be observed between s-
RuO2 and n-RuO2 (Figure S7, Supporting Information). How-
ever, samples without ATO substrates show thicker and broader
nanorods. Some of the nanorods are even broader than 30 nm,
much bigger than samples with ATO substrates (Figure S8, Sup-
porting Information), indicating that ATO substrates can reduce
the sizes of RuO2 crystals. It is easy to conjecture that thin-
layer precursors containing Ru elements covered on ATO sur-
faces have fewer sources to contact and grow, so relatively smaller
RuO2 nanorods can grow on the ATO substrates. The Ru and Co
contents in s-RuO2/ATO checked by inductively coupled plasma
mass spectrometry (ICP-MS) are 19.5 and 2.4 wt%, and similar
results are also obtained from n-RuO2/ATO provided by the same
precursors (Table S1, Supporting Information). Here, it should
be noted that small fractions of Co residuals are inevitable due to
Co-HMT precursors. Since several reports have clarified that Co
dopants positively influence the OER,[10a,21] we have tentatively
kept the Ru/Co ratios during the substitution processes for a ra-
tional comparison.

The electrochemical OER performances were first assessed on
a three-electrode rotating ring electrode configuration in 0.1 m
HClO4 solution. For comparison, the load masses of Ru for all
samples keep at 0.19 mg cm−2. In Figure 2a; and Figure S9 (Sup-
porting Information), the linear sweep voltammetry (LSV) curves
are plotted in the range of 1.3–1.6 V (vs reversible hydrogen elec-
trode (RHE)). As can be seen, the optimized s-RuO2/ATO ex-
hibits an overpotential of 198 mV at the current density of 10 mA
cm−2 (𝜂10), which is much lower than that of n-RuO2/ATO (𝜂10 =
224 mV), indicating that the quenching process is beneficial for
boosting the OER activity. Here, the reported 𝜂10 of s-RuO2/ATO
is lower than most previous works (Table S2, Supporting Infor-
mation). Additionally, the sample without the ATO substrate (s-
RuO2) exhibits lower activity (𝜂10 = 241 mV) than n-RuO2/ATO,

demonstrating that the ATO substrates are also vital for enhanc-
ing the OER activity. Identical to the above assumption, the n-
RuO2 without quenching process and ATO substrate show the
worst OER activity (𝜂10 = 276 mV).

The LSV curves were further plotted on the logarithm axis.
As shown in Figure 2b, the Tafel slopes for s-RuO2/ATO, n-
RuO2/ATO, s-RuO2, n-RuO2 are 50, 78, 57, and 68 mV dec−1, re-
spectively. The trend summarized from the obtained Tafel slopes
is that the quenching process could reduce the Tafel slope. Be-
sides, the quenched samples seem to exhibit similar Tafel slopes,
and so do the unquenched samples. Since the Tafel slopes reflect
the intrinsic microkinetic in electrochemical processes, we sug-
gest that the quenching process could alter the catalyst’s binding
strengths with the OER intermediates, thus rendering different
coverages of oxygen intermediates.[22]

In order to investigate the intrinsic activity of the samples, we
estimated the electrochemical surface areas (ECSA) by calculat-
ing the double-layer capacitances based on the cyclic voltammetry
(CV) measurements between 0.4 and 1.2 V (vs RHE) under con-
tinuous N2 bubbling. In Figure 2c; and Figure S10 (Supporting
Information), it is observed that the ECSAs of s-RuO2/ATO and n-
RuO2/ATO are nearly four times larger than those of s-RuO2 and
n-RuO2. Though the total load masses for samples with the ATO
substrates are much higher, the recorded CV curve of bare ATO at
the load mass equal to the quantity in s-RuO2/ATO indicates that
the ATO is not the main factor for the enhanced ECSA (Figure
S11, Supporting Information). As discussed above, the ATO can
decrease the crystal sizes of RuO2, which might be the primary
reason for the enhanced ECSA after using ATO as substrates. Be-
sides, we also observe that the quenching process also improves
ECSAs from the differences between quenched and unquenched
samples. To clarify if the enhanced OER activity originated from
the enhanced ECSAs, we normalized the LSV curves by ECSA
capacitances in Figure S12 (Supporting Information). As can
be seen, these differences between samples with and without
ATO substrates are diminished. Nevertheless, for the quenched
and unquenched counterparts, a significant difference still
exists.

As mentioned above, the Co dopants are inevitable. Since the
Ru/Co ratios are similar in samples, it can be deduced that the
above conclusions about the positive effects of ATO and quench-
ing are reasonable. To extend the quenching effect, we have also
prepared RuO2 from the fast-quenching process with no Co in-
volvement (see detailed information in the Experimental Sec-
tion). As shown in Figure S13 (Supporting Information), the
quenching step enhances the OER performances of RuO2, prov-
ing its transferability to undoped RuO2.

The long term-stability tests were performed at 10 mA cm−2

for 12 h and presented in Figure 2d. As can be seen, after 12
h chronopotentiometry, these samples show increased overpo-
tentials at different degrees. The increased overpotentials were
plotted in the inserted image of Figure 2d. Intriguingly, these
samples with ATO as substrates show no significant differences
compared to their counterparts, evidencing that the ATO has lim-
ited effects on improving the stability of RuO2. However, previous
studies have presented that the ATO substrate can improve the
stability of IrO2.[19,23] Given the similarities in rutile structures
between RuO2 and IrO2, we believe that the insufficient contacts
between RuO2 and ATO may result in the limited effects of
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Figure 2. a) The LSV curves, b) The Tafel slopes, c) The CV curves, and d) The chronopotentiometry curves of n-RuO2, n-RuO2/ATO, s-RuO2, and s-
RuO2/ATO. e) The mass loss percentages evaluated from ICP-MS results in the electrolyte after 12 h chronopotentiometry of s-RuO2/ATO. f) The LSV
curves of n-RuO2/ATO recorded at pH = 2, 1.3, 1, and 0. g) The LSV curves of s-RuO2/ATO recorded at pH = 2, 1.3, 1, and 0. h) The 𝜂10 from f,g)
recorded at different pH values for n-RuO2/ATO and s-RuO2/ATO.

ATO in our experiment. Nevertheless, samples with quenching
processes exhibit improved stability compared to their counter-
parts, proving that quenching can be used as a positive factor to
enhance the stability of RuO2. Combining with the Tafel slopes
and ECSAs analyzed above, we tentatively suggest that the ATO
substrate can increase the exposed active sites, and the quench-
ing process can alter the intrinsic characteristics of Ru sites. In
addition, the CV curve of s-RuO2/ATO after chronopotentiom-
etry shows a 13% increment in ECSA. (Figure S14, Supporting
Information). As evidenced by the ICP-MS results (Figure 2e),
we attribute the increased ECSA to the leaching of Co atoms.

The glass carbon electrode is not suitable for more extended
chronopotentiometry tests due to the detachment of active mate-
rials and oxidation of the carbon electrode. Further evaluations of
s-RuO2/ATO’s stability were performed on Ti felt electrode. There
were no apparent attenuations of the potential after a continuous

150 h chronopotentiometry test (Figure S15, Supporting Infor-
mation).

The LSV curves recorded at different pH values are presented
in Figure 2f,g on the standard hydrogen electrode (SHE) scales.
As can be seen, the LSV curves gradually move to higher poten-
tials under lower pH values. In Figure 2h, we observed a clear
pH-dependent 𝜂10 with the same slopes of −56 mV pH−1 (con-
certed proton-electron transfer: −59 mV pH−1), demonstrating
the absence of the lattice oxygen mechanism (LOM) pathway. The
LOM pathway is not beneficial for the structural stability of the
catalysts due to the collapse of the metal–oxygen framework. The
absence of the LOM pathway can partly explain the excellent sta-
bility of s-RuO2/ATO.[24] The above results demonstrate the syn-
ergic positive effects of the ATO substrate and quenching process
toward OER, but pertinent proofs are still needed to unravel the
mechanism.
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Figure 3. a) The XRD patterns of n-RuO2, n-RuO2/ATO, s-RuO2, and s-RuO2/ATO. b) The magnified regions XRD patterns of n-RuO2 and s-RuO2. c)
Rietveld refinements of the XRD patterns for n-RuO2 and s-RuO2. d) The GPA image of s-RuO2/ATO for axial strain (ɛxx). e) The Ru K-edge FT-EXAFS
spectra of n-RuO2/ATO, s-RuO2, and s-RuO2/ATO after phase corrections. f) The Raman spectra of n-RuO2/ATO, s-RuO2/ATO, Commercial RuO2, and
ATO.

The XRD is sensitive to subtle differences in crystal struc-
tures. To carefully screen the differences between samples, pro-
longed scans with 0.5° min−1 were used. As shown in Figure
3a, s-RuO2/ATO and n-RuO2/ATO show two sets of diffraction
peaks, which can be assigned to SnO2 (PDF No: 41-1445) and
RuO2 (PDF No: 40-1290). The peaks of RuO2 in s-RuO2/ATO
and n-RuO2/ATO are heavily overlapped with peaks from SnO2,
and only small bumps at higher degrees can be distinguished.
Additionally, the diffraction peaks of s-RuO2 and n-RuO2 con-
cord very well with the RuO2. It can be seen that the diffrac-
tion peaks of RuO2 in s-RuO2 and n-RuO2 are much more pro-
nounced and narrower than s-RuO2/ATO and n-RuO2/ATO (Fig-
ures S16 and S17, Supporting Information), confirming that the
crystal sizes in samples without the ATO substrates are larger,
and agreeing well with the above discussions. When closely in-
specting the peak positions (Figure 3b), the corresponding peaks
are negatively shifted for s-RuO2 compared to n-RuO2. Based on
the diffraction equation, lower diffraction angles mean expanded
lattice parameters, so it can be deduced that tensile strains are in-
corporated in s-RuO2.[25] The XRD patterns after Rietveld refine-
ments indicate that the lattice parameters of s-RuO2 are slightly
larger than n-RuO2 (Figure 3c; and Table S3, Supporting Infor-
mation). The samples with ATO substrates are not suitable for
Rietveld refinements due to the very weak diffraction peaks of
the RuO2 phase. However, the boarding of lattice parameters in
s-RuO2 can hint that the induced tensile strains are related to the
quenching process. Besides, when s-RuO2 was further annealed
at 350 °C and cooled down to room temperature naturally, these
characteristic peaks of RuO2 moved back to positions of n-RuO2

due to the release of residual strains (Figure S18, Supporting In-
formation).

High-resolution TEM images can provide direct evidence for
the differences existing in crystal structures. As shown in Figures
S19 and S20 (Supporting Information), the interplanar spacings
of (110) were obtained by averaging 8 accumulations. Similar to
Rietveld refinements (Table S3, Supporting Information), the in-
terplanar spacings of (110) of rutile-structured RuO2 are 3.20,
3.23, and 3.23 Å for n-RuO2/ATO, s-RuO2/ATO, and s-RuO2, re-
spectively. Nevertheless, a large number of grain boundaries and
stacking faults are also frequently observed in s-RuO2/ATO and
s-RuO2 (Figure S21, Supporting Information), which could be re-
lated to the fast quenching process.[26] Geometric phase analy-
sis (GPA) was also performed near these defective regions.[27] As
shown in Figure 3d; and Figures S22 and S23 (Supporting In-
formation), s-RuO2/ATO and s-RuO2 process high distortions in
these regions. In terms of effects from ATO, no evidence of its in-
fluences on crystal structures can be identified. As s-RuO2/ATO
exhibits excellent long-term stability, post-OER (On glass car-
bon electrode) TEM characterization is also critical to assess the
structural integrity. Figure S24 (Supporting Information) shows
that tensile strains are preserved after 12 h chronopotentiometry,
demonstrating the excellent stability of s-RuO2/ATO.

X-ray absorption spectroscopy (XAS) and Raman spectrum
were also employed to investigate the incorporated tensile
strains presented in s-RuO2/ATO. In the Fourier transformed ex-
tended X-ray absorption fine structure (FT-EXAFS), the first and
second shells of s-RuO2/ATO and s-RuO2 have longer radial dis-
tances than n-RuO2/ATO (Figure 3e). The longer radial distances
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Figure 4. a) The XANES spectra of Ru foil, n-RuO2/ATO, s-RuO2, and s-RuO2/ATO. b) The XPS-Ru3d spectra of n-RuO2/ATO and s-RuO2/ATO. The peaks
used for Ru 3d fitting are asymmetric, while the carbon C1s peaks are symmetric.[30] The same parameters were used to fit all the Ru 3d peaks. c,d) The
free energy diagrams of RuO2 and strained RuO2 calculated on the coordinatively unsaturated sites (CUS, colored with green). The inserted axis gives
the strain values in different directions of the strained RuO2.

observed in FT-EXAFS indicate the existence of tensile strains.[26]

It should be mentioned that the scattering paths in FT-EXAFS
do not identically correspond to the real atomic distances due to
multiple scattering.[28] Hence, further discussions using lattice
parameters are based on the results from TEM and XRD.

According to the previous reports, the Eg peak tends to red-
shift for the tensile-strained RuO2 in the Raman spectrum.[29] As
expected, the Eg peaks of s-RuO2/ATO and s-RuO2 are shifted to
a lower wavenumber than n-RuO2/ATO (Figure 3f; and Figure
S25, Supporting Information). In conclusion, the diffractometry
and spectroscopy methods can testify that the quenching process
could induce tensile strains in the RuO2. However, we do not
observe enough evidence that ATO could influence the crystal
structures of RuO2 in the above characterizations, possibly due to
the insufficient contacts between RuO2 nanorods and ATO sub-
strates.

The chemical environments were characterized by the X-ray
absorption near-edge structure (XANES) and X-ray photoelectron
spectroscopy (XPS). In the XANES spectra (Figure 4a), the sam-
ples with tensile strains (s-RuO2 and s-RuO2/ATO) show slightly
lower absorption edges than n-RuO2/ATO, indicating the lower
valence states induced by tensile strains. Similar negative shifts
are also observed in the XPS Ru 3d regions (Figure 4b; and Fig-

ure S26, Supporting Information), supporting the results from
XANES. The Ru site in high chemical valence states tends to be
leached out, compromising the stability of crystal structures.[9]

So, we tentatively attribute that the stability of s-RuO2/ATO ben-
efits from the lower valence states of Ru sites. Besides, there is
no sufficient evidence of the interactions between ATO and RuO2
that can be identified due to the minor difference in s-RuO2 and
s-RuO2/ATO (XANES and XPS results), suggesting that tensile
strains are the leading causes of the modified electronic states.

DFT was employed to investigate the effect of tensile strains.
Two relatively simple models with no consideration of cobalt
dopants and involvements of linear relation breaking sites (In-
sets in Figure 4c,d). Four elemental steps of OER are considered
in the calculation

M + 2H2O = M-OH + H2O + H+ + e− (1)

M-OH + H2O + H+ + e− = M-O + H2O + 2H+ + 2e− (2)

M-O + H2O + 2H+ + 2e− = M-OOH + 3H+ + 3e− (3)

M-OOH + 3H+ + 3e− = M + O2 + 4H+ + 4e− (4)

Adv. Sci. 2022, 9, 2201654 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201654 (6 of 9)
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Figure 5. a) The LSV curves of s-RuO2/ATO and commercial RuO2 in PEMWEs. b) The chronopotentiometry curves (without IR corrections) at 500 mA
cm−2 of s-RuO2/ATO and commercial RuO2 in PEMWEs.

As shown in Figure 4c,d, the barrier of the limiting step of OER
decreases after the introduction of tensile strains into RuO2. Be-
sides, the absorption energies of oxygen intermediates are weak-
ening on the tensile-strained RuO2. According to Nørskov’s re-
sults, relatively lower binding strengths of oxygen intermedi-
ates could improve the OER in RuO2.[8a] When considering the
bridge-O coverages on the surfaces of RuO2 in DFT calculations,
a similar trend with decreased limiting step after applying the
tensile strains is also observed (Figures S27 and S28, Support-
ing Information). Notably, the limiting step on the strained RuO2
with bridge-O coverage is smaller and much closer to the experi-
mental results.

As a model catalyst, s-RuO2/ATO, incorporated with the ATO
substrate and tensile strains, was used as the anode material in
PEMWE. Detailed configurations of the PEMWE assembly can
be found in Figure S29 (Supporting Information). The PEMWEs
were tested at 80 °C with a water flow of 100 mL min−1 to the
anode only. Figure 5a shows the recorded LSV curves. As shown,
the s-RuO2/ATO has displayed a remarkably high activity with the
potential of only 1.51 V at 1 A cm−2 (IR-free), far surpassing the
commercial RuO2. Furthermore, the assembled PEMWEs were
operated at 0.5 A cm−2. As shown in Figure 5b, the PEMWE us-
ing commercial RuO2 as the anode cannot work anymore after 5
h. The PEMWE using s-RuO2/ATO as the anode shows no signif-
icant decline even after 40 h continuous operation. As discussed
above, the high efficiency and robustness of the PEMWE using
s-RuO2/ATO as the anode can be ascribed to the incorporations
of ATO substrate and tensile strains.

3. Conclusions

In summary, we have successfully prepared a catalyst with
strained RuO2 nanorods loaded on the ATO substrate by employ-
ing the ATO as substrate and the quenching process to induce
tensile strains. The ATO substrate enhances the ECSA of RuO2,
while tensile strains induced by quenching can modify the elec-
tronic states of RuO2. Synergetic effects from the ATO and tensile
strains enable s-RuO2/ATO to be one of the best OER catalysts
with only 198 mV overpotential at 10 mA cm−2, and it is kept al-
most unchanged after 150 h chronopotentiometry. In addition,
the PEMWE assembled by using s-RuO2/ATO as anode also dis-
plays remarkably high efficiency and stability. This work demon-

strated that tensile strains in RuO2 would positively influence the
OER activity, and present a new perspective toward future catalyst
designs.

4. Experimental Section
Preparations of ATO: The ATO was synthesized following previous re-

ports with slight modifications.[31] First, 1.28 g dodecylamine (Adamas)
was mixed with 65 mL ethanol and 160 mL deionized water, then stirred
for 3 h to form an emulsion. At the same time, antimony triacetate (0.48 g,
Macklin) and SnCl4 (2.15 mL, Macklin) were added into 20 mL ethanol.
Then, 20 mL of the metal contained ethanol were slowly added into the
above emulsion, followed by stirring for 1 h. After that, the above solution
was then slowly added to 200 mL of 1.5 × 10−3 m NH3H2O solution and
kept stirred for 1 h. The prepared solution was then transformed into an
oil bath at 80 °C for 72 h. Then the precipitate was collected by centrifuga-
tion (5000 rpm, 10 min) and washed with water five times. The obtained
wet product was dispersed in 60 mL water and transformed into a 100 mL
autoclave at 120 °C for 24 h. The as-prepared product was collected by cen-
trifugation (5000 rpm, 10 min) and washed with water five times. Finally,
the gray powder was calcinated in air at 400 °C for 3 h.

Preparations of Co-HMT/ATO: First, 200 mg of the prepared ATO was
dispersed in 50 mL of isopropanol by sonication for 4 h. Then, 197 mg
cobalt nitrate hexahydrate (Macklin) was dissolved into the ATO disper-
sion. The hexamethylenetetramine (HMT) (Sinopharm) solution was pre-
pared by adding 950 mg HMT into a mixture of 2 mL water and 5 mL
ethanol. Then, the HMT solution was dropwise added into ATO dispersion
to initialize the formation of the Co-HMT metal–organic framework. After
reaction for 30 min, the sample was collected by centrifugation (5000 rpm,
5 min) and washed with isopropanol five times. Then, the sample was
dried in a vacuum condition.

Preparations of Ru-Co-HMT/ATO: The prepared 100 mg Co-HMT/ATO
was dispersed in 5 mL tetrahydrofuran by sonication for 10 min. Then
60 mg of the RuCl3• 3H2O (Adamas) was added, followed by a 24 h vig-
orous stir. The final sample was collected by centrifugation (10 000 rpm,
10 min) and washed with tetrahydrofuran two times. Then, the sample was
dried in a vacuum condition.

Preparations of s-RuO2/ATO: The prepared Ru-Co-HMT/ATO was an-
nealed in air at 350 °C for 2 h in a muffle furnace. After 2 h annealing,
the sample was quickly taken out and immersed in liquid N2 (−196 °C) to
finish the quenching process.

Preparations of n-RuO2/ATO: Sample of n-RuO2/ATO were prepared
similar to s-RuO2/ATO except without the last quenching step. In detail,
the sample was cooled down to room temperature inside the muffle fur-
nace in nature.

Preparations of s-RuO2: The sample of s-RuO2 was prepared similar
to s-RuO2/ATO except without the addition of ATO. To achieve a similar
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substitution degree of Co2+ by Ru3+, the mass ratio of Co-HMT to
RuCl3•3H2O is setted to be 1:1.

Preparations of n-RuO2: Sample of s-RuO2 was prepared similar to s-
RuO2/ATO except without the addition of ATO and quenching step.

Preparations of EG-s-RuO2 and EG-n-RuO2: The Ru nanoparticles were
first synthesized by oil bathing the mixture of 60 mg RuCl3 and 30 mL
ethylene glycol at 190 °C under stirring for 30 min. Then, the obtained Ru
nanoparticles were collected by centrifugation and washed with ethanol
and water several times. Later, the Ru nanoparticles were annealed (with
a quenching step for EG-s-RuO2) in the same condition as s-RuO2 and
n-RuO2.

Preparations of s-RuO2/C and n-RuO2/C: 30 mg Ketjen Black were
mixed with 100 mg RuCl3• 3H2O in 15 mL H2O by simple sonication for 1
h. After that, the mixture was free-dried. Then the same annealing process
mentioned above was used to synthesize s-RuO2/C and n-RuO2/C.

Physical Characterizations: X-ray powder diffraction spectroscopy was
recorded on Miniflex600 (Rigaku) with Cu K𝛼 X-ray (𝜆 = 0.154 nm). Scan-
ning electron microscope images were obtained in a Su-8010 electron mi-
croscope. Transmission electron microscope (TEM) images were obtained
in JEOL 2100F (JEOL). XAS spectra were collected at Shanghai Synchrotron
Radiation Facility (SSRF) and analyzed by Athena software. The Raman
spectra were recorded in the Horiba Jobin Yvon LabRAM ARAMIS system
equipped with 633 nm light. Before recording the Raman spectra, the sys-
tem was calibrated using a Si plate. XPS spectra were measured on ES-
CALAB 250Xi (ThermoFisher) and calibrated to adventitious C1s peak at
284.8 eV.

Theoretical Calculations: All spin-polarized DFT calculations for peri-
odic material systems were performed with the Vienna Ab initio simulation
package (VASP)[32] with the projector-augmented wave (PAW) method.
The exchange-correlation function was handled using the generalized gra-
dient approximation (GGA) formulated by the Revised Perdew–Burke–
Ernzerhof (RPBE). The van der Waals (vdW) interactions are described
with the DFT-D3 method in Grimme’s scheme. The interaction between
the atomic core and electrons was described by the projector augmented
wave method. The plane-wave basis set energy cutoff was set to 500 eV.
The Brillouin zone was sampled with a 3 × 3 × 1 grid centered at the
gamma (Γ) point for geometry relaxation. The perfect RuO2 bulk was fully
optimized using 5 × 5 × 5 k-point Gamma (Γ) centered Monkhorst-Pack
mesh sampling. The RuO2 facets were modeled using a four atomic layer
1 × 2 supercell slab with 6.22 × 6.39 Å in x and y directions, respectively.
The RuO2 facets with strain were modeled with 6.27 × 6.44 Å in x and y
directions, respectively. A 15 Å vacuum region, ensuring negligible lateral
interaction of adsorbates. The bottom two atomic layers were kept frozen
at the lattice position. All structures with a dynamic magnetic moment
were fully relaxed to optimize without any restriction until their total ener-
gies were converged to < 1×10−6 eV, and the average residual forces were
< 0.02 eV Å−1. Moreover, the Gibbs free energy calculation is operated
with the computational hydrogen electrode (CHE) model.[33]

Electrochemical Tests: A three-electrode configuration including a ro-
tating disk electrode (RDE, working electrode), Ag/AgCl electrode (refer-
ence electrode), and graphite electrode (counter electrode) was used to
record the linear sweep voltammetry (LSV), cyclic voltammetry (CV), and
chronopotentiometry curves. The electrochemical workstation used was
CHI 760E (CH Instruments). The ink was prepared by dispersing 5 mg
sample into a mixture of 970 μL isopropanol and 30 μL Nafion (5 wt%),
and sonicated for at least 1 h. The load masses on the RDE for all the
samples are based on the Ru contents (ICP results), which were set to be
0.19 mg cm−2. The LSV and CV curves were recorded under N2 bubbling.
Before the LSV and CV tests, at least 50 CV curves (0.4–1.2 V) were carried
out to stabilize the catalyst. The LSV curves were recorded at 5 mV s−1,
while the CV curves were at 100 mV s−1. Here, it should be mentioned
that all the LSV curves were IR corrected automatically in CHI software.

Electrolytes of different pH were prepared from concentrated HClO4
(Sigma) by diluting. To reduce high ionic resistances in electrolytes with
pH 1.3 and 2, certain K2SO4 (Sigma) was added to make the total ionic
concentrations 0.1 m.

Proton-exchange membrane water electrolyzer (PEMWE) was tested on
Gamry (Gamry Instruments) Interface 5000E. The Membrane Electrode

Assembly (MEA) was prepared using Nafion 212 by the Catalyst Coated
Membrane (CCM) method with a geometric area of 2 cm2. The catalyst
inks were prepared at the same I:C ratio (Nafion: Catalyst, mass ratio)
used for three-electrode measurements. In addition, the total load mass
for the anode (s-RuO2/ATO) was weighted to be 3.3 mg cm−2, while it
was 0.6 mg cm−2 for the cathode (Pt/C, 20 wt%). It has to note that the
PEMWE using commercial RuO2 also employed an anodic load mass of
3.3 mg cm−2. During the data recording, both the anode and cathode plate
were heated to 80 °C. Besides, a water flow preheated to 80 °C at 100 mL
min−1 was supplied to the anode side.
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