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% Check for updates Designing efficient acidic oxygen evolution catalysts for proton exchange

membrane water electrolyzers is challenging due to a trade-off between
activity and stability. In this work, we construct high-density microcrystalline
grain boundaries (GBs) with V-dopant in RuO, matrix (GB-V-RuO,). Our theo-
retical and experimental results indicate this is a highly active and acid-
resistant OER catalyst. Specifically, the GB-V-RuO, requires low overpotentials
0f 159, 222, and 300 mV to reach 10, 100, and 1500 mA cm?ge, in 0.5 M H,S0y4,
respectively. Operando EIS, ATR-SEIRAS FTIR and DEMS measurements reveal
the importance of GBs in stabilizing lattice oxygen and thus inhibiting the
lattice oxygen mediated OER pathway. As a result, the adsorbate evolution
mechanism pathway becomes dominant, even at high current densities.
Density functional theory analyses confirm that GBs can stabilize V dopant and
that the synergy between them modulates the electronic structure of RuO,,
thus optimizing the adsorption of OER intermediate species and enhancing
electrocatalyst stability. Our work demonstrates a rational strategy for over-
coming the traditional activity/stability dilemma, offering good prospects of
developing high-performance acidic OER catalysts.

The electrolysis of water is considered the most promising method for
producing hydrogen and achieving carbon neutrality in the energy
sector'?. Proton exchange membrane water electrolyzers (PEMWEs)
have attracted widespread attention because of their many advantages
including high-purity hydrogen, fast system response, and large
operating current™*. However, the rapid performance degradation of
anode catalysts due to corrosion in harsh acidic environments greatly
hinders their commercial application®. Developing efficient and highly
acid-stable ruthenium/iridium (Ru/Ir) -based catalysts for anodic oxy-
gen evolution reaction (OER) in acidic media has become a research
imperative® . Compared with IrO,, rutile-structured RuO, has a higher

OER activity and lower price, but its stability is generally much lower’.
Vojvodic et al. found that coordinatively-unsaturated Ru sites on RuO,
(110) surfaces are soluble during OER™, leading to catalyst corrosion.
Alexandrov et al. demonstrated that during the OER process, the dis-
solution of RuO, produces soluble high valence Ru species (Ru®*,
6 > 4), including RuO,(OH) and RuO,(OH),". These metastable species
are beneficial for achieving high OER activity, but destroy the parent
RuO; structure, resulting in poor stability (hence the root cause of high
activity and instability are the same). Most strategies developed to date
in an attempt to mitigate Ru dissolution are inadequate, especially
when PEMWEs are operated at high current densities™".
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The adsorption evolution mechanism (AEM) has been widely
reported on RuO; in the OER process, where a high theoretical over-
potential of 0.37 V was required owing to the linear scaling relationship
between O-containing intermediates™. The localized structure of Ru-O
bonds can significantly affect the OER activity of RuO,-based electro-
catalysts. Effective strategies, including defect engineering”™", ele-
ment doping'®?, interface engineering”?, and strain engineering”*,
have been developed to fabricate Ru-based catalysts with modified Ru
-0 localized structures. Previous studies have revealed that strength-
ening the Ru-O bond covalency can effectively enhance the
catalytic activity of RuO, via enabling lattice oxygen mediated oxygen
evolution mechanism (LOM), thus breaking the thermodynamic lim-
itations of the AEM pathway**°. In the LOM pathway, the OER process
is triggered via electrochemical activation of lattice O, where a high
orbital overlap between O 2p and Ru 3 d can be found, and simulta-
neously avoids the generation of OOH intermediates, thus breaking
the linear scaling relationship commonly encountered for AEM*5,
However, fast OER kinetics via the LOM pathway is usually accom-
panied by a deterioration in electrocatalyst stability, in which highly
oxidized Ru species, O vacancy-induced phase reconstruction and
structural collapse occur, greatly reducing the lifetime of the
catalyst’>*°. To achieve a better activity-stability balance in RuO,, Ge
et al. introduced guest elements to regulate the local structure of Ru
-0, where the OER path of the catalyst can be tuned between AEM and
LOM by selecting specific doped metals with different ionic
electronegativity®. Recently, our group reported that introducing zinc
atoms into the RuO, matrix can effectively regulate the electronic
structure of active Ru atoms, thus optimizing the binding strength of O
adsorbates during OER and greatly improving both the activity and
stability of RuO,™. Although element doping can significantly enhance
the OER activity of RuO, via directly adjusting the Ru-O localized
structures, the OER performance of the catalyst highly depends on
the guest atoms. Often, the doped bulk phases become unstable
and corrode, leading to unsatisfactory OER performance under high
current conditions. Therefore, effective strategies need to be devel-
oped adopting an integrated design of Ru-O coordination and
phase structures for improving the activity and stability of RuO,
simultaneously.

Herein, we report a fast thermal-driven cation exchange strategy
to introduce a high density of sufficient microcrystalline grain
boundaries (GBs) into a V-doped RuO, matrix without any templating
agents. The presence of a high-density of GBs in the GB-V-RuO,
catalyst was verified using X-ray absorption spectroscopy (XAS),
X-ray photoelectron spectroscopy (XPS) and aberration-corrected
scanning transmission electron microscopy (AC-STEM). At the
atomic level, we demonstrate that the introduction of atomic V and
GBs precisely regulated the local Ru-O bonding, resulting in more
low-valent and low-coordination Ru sites and a weakened Ru-O
hybridization. Consequently, the GB-V-RuO, -catalyst delivered
both good activity and stability for catalyzing OER in acidic media.
Specifically, low overpotentials of 159 and 300 mV were required
to reach 10 and 1500 mA cm?,, respectively. Furthermore, the
electrocatalyst operated stably with long lifetimes of 760h at
10 mA cm’,, for acidic OER, far exceeding commercial RuO, and IrO,
(Com. RuO,/Com. IrO,). Operando differential electrochemical mass
spectroscopy (DEMS) and attenuated total refraction surface-
enhanced infrared spectroscopy (ATR-SEIRAS IR) studies revealed
that the introduction of GBs significantly inhibits the LOM pathway via
stabilizing lattice O, with an AEM-dominant OER pathway still be
retained over the entire OER window, thus ensuring the efficient and
stable OER process under high current densities. Density functional
theory (DFT) analyses further confirm that V doping and GBs can
effectively modify the electronic structure of RuO,, thus optimizing
the adsorption of oxygen intermediates and providing a lower energy
OER route.

Results

Electrocatalyst characterization

The catalysts were prepared using a rapid thermal-driven cation
exchange strategy (Fig. 1a, See details in Materials and Methods, Sup-
plementary Note 1 and Supplementary Fig. 1), where the crystallization
process and GB density in the catalysts were precisely regulated via
directly controlling the reaction temperature. We found that the RuO,
product obtained at low temperatures (-350 °C) had smaller crystalline
domains with high-density GBs (GB-V-RuO,) (Supplementary
Figs. 2 and 3), whereas the RuO, single crystals (V-RuO;) can be
obtained at high temperatures (700 °C). As shown in Fig. 1b, the
powder X-ray diffraction (XRD) patterns of GB-V-RuO, and V-RuO,
both matched that of the rutile RuO, phase (JCPDS no. 43-1027) with
no obvious impurities. It should be also noted that the diffraction
peaks of GB-V-RuO, had a larger full width at half-maximum, implying a
smaller crystalline domain size. Aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy (AC-
HAADF STEM, Fig. 1c and Supplementary Fig. 4) revealed that GB-V-
RuO, comprised small crystalline domains (size of ~6.37 nm). Note that
it doesn’t affect the generation of grain boundaries with or without the
introduction of V (Supplementary Fig. 5). Moreover, GBs were well-
distributed in the bulk phase of GB-V-RuO, (the white dashed lines
represent GBs). The magnified HAADF-STEM image (Fig. 1d-f) of GB-V-
RuO; revealed the multiple exposed crystal faces of a rutile RuO,
phase, where the lattice fringe spacings of 2.43 and 3.27 A could readily
be assigned to the (101) and (110) facets of RuO,, respectively®.
Meanwhile, V atoms were located at Ru atom positions. The corre-
sponding fast Fourier transform pattern (inset of Fig. 1d) confirmed the
polycrystal nature of GB-V-RuO.. In contrast, V-RuO, exhibited single
crystalline characteristics (no GBs) and a homogeneous distribution of
V atoms (Fig. 1g and h, Supplementary Figs. 6 and 7). Differences in
crystal structure between GB-V-RuO, and V-RuO, were also verified
using the Raman spectroscopy (Supplementary Fig. 8). As shown in
Fig. 1i-l, the local crystal structures of GBs and twin boundaries in GB-V-
RuO, were next studied using high-resolution HAADF-STEM imaging.
Energy-dispersive X-ray spectroscopy (EDX, Fig. Im and n) elemental
mapping profiles of GB-V-RuO, further showed a uniform distribution
of V, Ru and O within RuO, matrix without obvious Ru and V aggre-
gation. The V content of GB-V-RuO, was determined to be 3.75 wt%,
which was similar to that of V-RuO,. Also, inductively-coupled plasma
optical emission spectroscopy (ICP-OES) analysis of GB-V-RuO, indi-
cated that approximately 4.36 wt% V was successfully implanted into
the RuO, matrix (Supplementary Table 1), indicative of an abundance
of asymmetric Ru-O -V structural motifs. The Ru-O-V structure
motifs and GBs in GB-V-RuO, were expected to significantly change the
local electronic structure of Ru-O sites, thus greatly affecting the OER
behavior of RuO,.

We first performed X-ray photoelectron spectroscopy (XPS) ana-
lysis to clarify the electronic structure of GB-V-RuO, with a Com. RuO,
powder as a reference. The survey XPS spectrum for GB-V-RuO,
(Supplementary Figs. 9 and 10) confirmed that the V atoms were suc-
cessfully introduced. The core-level V5, 2p spectrum (Fig. 2a) showed
two peaks at 515.3 and 516.9 eV, which could readily be ascribed to V*
and V** species, respectively. No peaks due to V° species were found.
As shown in Fig. 2b, the core-level Ru 3p spectrum for GB-V-RuO,
showed two sets of peaks, each in a 2:1 area ratio, indicating mixed
oxidation states of Ru** and Ru*". Compared with Com. RuO,, GB-V-
RuO, exhibited a lower average oxidation state of Ru atoms (the Ru** /
Ru** ratio for GB-V-RuO, was 0.48, compared to 0.39 for Com. RuO,).
Differences in electronic structures of GB-V-RuO, and Com. RuO, were
further confirmed by examining the core-level O 1s spectra (Fig. 2c),
where a lower lattice O concentration was observed for GB-V-RuO,.
Since the Ru-O coordination environment determines the electronic
structure and OER activity/stability of RuO,-based electrocatalysts, we
used X-ray absorption spectroscopy (XAS) to further study the
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modified electronic structure of the GB-V-RuO, catalyst. Ru K-edge X-
ray absorption near-edge structure (XANES) spectra for the GB-V-RuO,
catalyst along with reference data for Com. RuO, and Ru foil are shown
in Fig. 2d. The absorption edge position for the GB-V-RuO, was located
between those of Com. RuO, and Ru foil, indicating a lower oxidation
state than Com. RuO,, in agreement with the results of XPS analysis.
The Ru K-edge extended X-ray absorption fine structure (EXAFS,
Fig. 2e) spectrum of GB-V-RuO, catalyst showed two main peaks in R
space at 1.46 and 3.01 A, corresponding to Ru-O and Ru-O-Ru scat-
tering paths, respectively. Notably, the intensity of Ru—O-Ru (second
shell) scattering path for GB-V-RuO, catalyst was obviously weaker
than that of Com. RuO,, implying the unsaturated coordination
structure due to the presence of asymmetrical Ru-O -V structure
motifs and abundant GBs in GB-V-Ru0,*, which was also confirmed by
the corresponding Ru k*-weighted wavelet transform (WT)-EXAFS

Fig. 1| Synthesis route and catalyst characterization. a Diagram of the synthesis
procedure for GB-V-RuO, (left) and V-RuO; (right). b XRD patterns of GB-V-RuO,
and V-RuO,. ¢ Aberration-corrected HAADF-STEM image of GB-V-RuO,, with the
abundant grain boundaries marked with white dashed lines. d Magnified HAADF-
STEM image of GB-V-RuO,. Inset shows the corresponding fast Fourier transform
pattern. e, f are the intensity profiles of the blue and orange boxes in (d),

spectra (Supplementary Fig. 11). Soft X-ray O K-edge XAS tests were
also carried out to obtain deeper insights into the electronic structure
modulation in the GB-V-RuO, catalyst (Fig. 2f). Two pre-edge peaks at
~529 and ~531 eV were observed for both GB-V-RuO, and Com. RuO,,
representing t,; and e, orbitals hybridization with unoccupied O 2p
orbitals, respectively’>*. GB-V-RuO, had a smaller t,/e, intensity ratio
of 1.10 compared with Com. RuO; (1.20), suggesting a lower degree of
hybridization and more unoccupied Ru states for GB-V-RuO,”. Con-
sidering that the valence orbitals of metal atoms are directly bound to
O-containing intermediates during OER, the binding strength of oxy-
gen intermediates during OER process will be affected due to the dif-
ference in the unoccupied orbital states of g and .. Figure 2g showed
the V K-edge XANES spectra of GB-V-RuO,, Com. VO, and V foil. The
absorption edge of GB-V-RuO, was close to that of Com. VO,, indi-
cating an average V valence state of -4. The corresponding V K-edge
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respectively. g HAADF-STEM image of V-RuO,. h shows the temperature-scale
image of the selected region in (g). i and k show the presence of twinning and a GB
in GB-V-RuO,, respectively. j and I illustrate the atomic arrangement of twinning
and a GB, respectively. m, n HAADF-STEM together with elemental mappings of Ru,
V and O atoms in GB-V-RuO,, and corresponding EDX spectrum. Scale bar, 100 nm.
Source data for Fig. 1 are provided as a Source Data file.

Nature Communications | (2025)16:4482


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59472-0

a b ) C
GB-V-RuO, V2p Com. RuO, (Ru*": =0.39:7) Ru3p Com. RuO, O1s
3 3 3
8 c c
2 2 2
c C f
2 ] b
£ = =
520 518 516 514 512 490 485 480 475 470 465 460 455 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)
d e f
M RuK -edge ’ Ru...Ru  RuK -edge —— GB-V-RuO, O K-edge
—~ m
=) i \\‘ INQ_ AN~ — .
s W/ = - Ru foil*0.5 Com. RuO, bo: &
> ; g 3 e GB-V-RuO, 1.10
3 / s ]
§ // = Ru..O \E ,\\g Com. RuO, 1.20
£ 1 / E \ GB-V-RuO 2 — N
N Ve > [ \ - N
3 X | ~— S T ~
I /22110 22140 = N 2 N \
€ —— GB-V-RuO, w /1\ Ru...Ru -, / \.
S ) Com. RuO \ A \
2 Ru foil % 1\ . o “ 2 \ N N
—— Com. RuO, d V. o Y - .
22050 22200 22350 22500 0 2 4 6 525 530 535 540 545 550
Photon energy (eV) Radial distance (A) Photon energy (eV)
g h i 4 o
V K-edge V.V V K-edge GB-V-RuO, V foil
= ‘ V 0il*0.3 3] /\O .
s M - 3
%\ J‘\ Vet p CA
2 | = V...0 —
8 = /1N < 5 - .
£ | g /0 GB-V-RuO
= ‘ X [\~ oE -
&) ‘\ g — "\ * . N——— e —
€ | —— GB-V-RuO, L ) i
= V...V
2 ‘u v foil VAN } Com. VO,
‘ —— Com. VO, A~ WARVEVE SV S VN
: : : : . . T T 0 T T T T
5400 5500 5600 5700 5800 5900 0 2 4 6 0 5 10 15 0 5 10 15
Photon energy (eV) Radial distance (A) k(A7) k(A7)

Fig. 2 | XPS and XAS characterization of GB-V-Ru0,. a-c V 2p;, (a), Ru 3p;,,
(b) and O 1s (c) XPS spectra of the GB-V-RuO, and Com. RuO; catalysts. d, (e)
Normalized Ru K-edge XANES (d) and FT-K-edge EXAFS spectra (e) of GB-V-RuO,.
The data for Ru foil and Com. RuO, were also included for comparison. f O K-edge

XAS spectra for GB-V-RuO, and Com. RuO,. g, h Normalized V K-edge XANES

(g) and FT-K-edge EXAFS spectra (h) for GB-V-RuO,, with V foil and Com. VO, used
as reference materials. i, k*-weighted WT-EXAFS contour plot for (i) GB-V-RuO, and
V foil. Source data for Fig. 2 are provided as a Source Data file.

EXAFS spectrum (Fig. 2h) for GB-V-RuO, displayed a peak at 1.52 A in R
space which could readily be ascribed to the V-0 scattering path.
Notably, the V-0 peak position was close to that of the Ru-O peak
(1.46 A) in Com. RuO,, confirming that V atoms replaced Ru atoms
within RuOg motifs, which was expected to adjust the electronic
structure of the remaining Ru—-O bonds and thus enhance electro-
catalyst activity. As exhibited in Fig. 2i, the k>weighted WT of the V
K-edge EXAFS data was performed for GB-V-RuO, and V foil. The V
K-edge WT-EXAFS spectra of GB-V-RuO, exhibited one intensity max-
ima, which could be attributed to a V - O scattering path (R=1.51A and
k=6.63A™), with no V-V scattering path associated with V metal foil
being observed.

Electrocatalytic performance of GB-V-RuO, for acidic OER

The OER performance of GB-V-RuO, was evaluated and compared with
several benchmark electrocatalysts (Com. RuO, and Com. IrO;) in
0.5 M H,S04, where the linear sweep voltammetry (LSV) was adopted
(see details in Electrochemical OER Measurement). As shown in Fig. 3a,
Com. RuO, and Com. IrO, had overpotentials of 264 and 297 mV to

reach 10 mA cm?g,, respectively. In comparison, the GB-V-RuO, cat-
alyst showed an improved OER activity, where an overpotential of only
159 mV was required to deliver 10 mA cm?g,. Moreover, to reach the
current density of 100 mA cm?y,, the GB-V-RuO; catalyst achieved a
minimum overpotential of 222 mV (~160 mV lower than that of Com.
Ru0,). More importantly, the OER process on GB-V-RuO, could be
maintained at industrial-level current densities (Fig. 3b), where low
overpotentials of 270, 290 and 300 mV were required to deliver 500,
1000 and 1500 mA cm?g,, respectively. As exhibited in Supplemen-
tary Fig. 12 and Table 2, GB-V-RuO, showed good OER activity at both
low and high current densities compared with Com. RuO,, Com. IrO,
and most high-performance Ru/Ir-based catalysts recently reported
for acidic OER. Moreover, the smallest Tafel slope of 58.5mV dec’
(Fig. 3c) further reflects the fast OER kinetics of GB-V-RuO, compared
with Com. RuO, (85.1 mV dec™) and Com. IrO, (101.7 mV dec?)***’. The
good OER performance of GB-V-RuO, catalyst was also confirmed
using the glassy carbon as substrate (Supplementary Fig. 13), where the
GB-V-RuO; catalyst still exhibits high OER activity compared with the
commercial catalysts. To elucidate the relationship between the
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Fig. 3 | Investigations of OER activity and stability. a Representative LSV curves
for GB-V-RuO,, Com. IrO, and Com. RuO, in 0.5M H,SO4. b LSV curve using GB-V-
RuO; as the catalyst for acidic OER at high current density. ¢ Corresponding Tafel
slopes derived from a. d Comparison of the specific activity and TOFgcsa values of
GB-V-Ru0O,, V-RuO,, Com. IrO, and Com. RuO, at 1.5 V. e Chronopotentiometric
curves for GB-V-RuO, during acidic OER, showing the improved stability of GB-V-

RuO,, in comparison with Com. RuO, and Com. IrO,. The voltages were not iR
compensated. f Comparison of the degradation rate of GB-V-RuO,, V-RuO,, Com.
RuO; and Com. IrO, during long-term acidic OER tests. All the measurements were
performed using carbon paper as substrate in 0.5M H,SO, (pH=0.3+0.01) at a
scan rate of 5mVs™. Source data for Fig. 3 are provided as a Source Data file.

catalytic activity and structure, we further evaluated the OER perfor-
mance of V-RuO, and compared it with the GB-V-RuO, catalyst. As
shown in Supplementary Table 3, GB-V-RuO, had a large electro-
chemical specific surface area (ECSA), ca. 28 times higher than that of
V-RuO,, which means a greatly increased number of active sites. Fur-
ther, the LSV curves normalized by ECSA (Fig. 3d, Supplementary
Fig. 14) verified the highest specific activity of GB-V-RuO, in the OER
potential window compared to the V-RuO,, Com. RuO, and Com. IrO,.
Meanwhile, the turnover frequency (TOFgcsa, the TOF value normal-
ized to ECSA) of GB-V-RuO, is ~3.25 times higher than that of V-RuO,
catalyst (Supplementary Table 4), suggesting a higher intrinsic activity.
Benefitting from the large ECSA (more active sites) and high intrinsic
activity, GB-V-RuO, thus exhibited higher current density and TOFg,
(the TOF value normalized to geometric area, Supplementary Table 4)
than that of V-RuO, within the tested OER potential region (Supple-
mentary Figs. 15a). The large difference in acidic OER performance
between GB-V-RuO, and V-RuO, (Supplementary Figs. 15b) suggested
that GBs are important to regulating structure and boosting the cata-
Iytic activity of GB-V-RuO,. Further, the catalytic activities of the
electrocatalysts depended on the crystallization process and GB den-
sity (Supplementary Figs. 16-19). We found that as the density of GBs
decreased, the ECSA and OER activity of the GB-V-RuO, series of cat-
alysts progressively decreased (Supplementary Figs. 20-22). The
relationship further demonstrated the important contribution of GBs
to the improved OER activity of GB-V-RuO,.

In addition to activity, the durability of catalysts is another
important consideration for acidic oxygen evolution. Figure 3e shows
the chronopotentiometric (CP) responses of GB-V-RuO,, V-RuO,, Com.

RuO, and Com. IrO, catalysts in a homemade H-type cell at room
temperature. The Com. RuO, and Com. IrO, showed poor durability
under acidic conditions with a short operating time of less than 80 h at
10 mA cm’g,. V-RUO, exhibited a slightly increased stability of 120 h.
In contrast, the GB-V-RuO, catalyst showed significantly enhanced OER
stability, where a long lifetime of ~760 h was achieved at 10 mA cm?ge,.
To further verify the acidic stability of catalysts, the activity degrada-
tion rates were calculated (Fig. 3f). Notably, the GB-V-RuO, catalyst had
a very low degradation rate of 0.16 mV h' during the 760-hour test.
Contrastly, Com. RuO, (9.44mVh?), Com. IrO, (4.18 mVh'), and
V-RuO, (2.61mVh?) exhibited much higher degradation rates. In
addition, the GB-V-RuO, catalyst can also operate stably for more than
60 h at 100 mA cm?, (Supplementary Fig. 23). However, rapid vol-
tage climbs were observed in a short time for GB-RuO, and Com. RuO,,
indicating their comparatively poor acid durability at high current
density. The good stability of GB-V-RuO, was further confirmed by the
time-dependent current density curve (Supplementary Fig. 24). Due to
its good acid OER activity and durability, the GB-V-RuO, catalyst is
comparable with those high-performance Ru/Ir-based catalysts for
acidic OER, as shown in Supplementary Table 2. In addition, a simple
PEMWE device was assembled using the GB-V-RuO, catalyst as the
anode (Supplementary Fig. 25), where the GB-V-RuO, catalyst also
exhibited a high PEM performance. Specifically, only 1.400, 1.472 and
1.577 V are required for the current densities of 0.2, 0.5, and 1.0 A cm
’geor Tespectively. The PEMWE device can also operate steadily for
500h at 0.2Acm?%,,, significantly exceeding the PEMWE devices
using GB-RuO, and Com. RuO.. Therefore, the high performance of the
PEMWE device based on GB-V-RuO, further demonstrates its great
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potential for future practical applications. Furthermore, cyclic vol-
tammetry (CV) tests were conducted to analyze the oxidation behavior
of Ru sites during OER (Supplementary Fig. 26). As can be seen, Com.
RuO, displayed two sets of redox peaks near 0.60 and 1.25 V, which can
be readily attributed to Ru*>/Ru* and Ru*/Ru®"%*, respectively***, For
the GB-V-RuO, catalyst, a significantly increased Ru**/Ru** signal area
was observed, suggesting that the oxidation state of Ru in GB-V-RuO,
varied between +3 and +4 during the OER process*. Furthermore,
peaks assigned to Ru*'/Ru®"%* disappeared for GB-V-RuO,, indicating
that the over-oxidation of Ru sites was effectively suppressed during
the acidic OER, thus stabilizing the structure of GB-V-RuO, and
enhancing its OER durability. The university of this synthetic mod-
ulation strategy in optimizing the electronic environment of local Ru
-0 bonding at the GBs and thus improving the OER performance has
been also well demonstrated, as shown in Supplementary Note 2 and
Supplementary Figs. 27-29.

We carefully studied the composition and structure of the GB-V-
RuO, catalyst after the stability test to gain deeper insight into its
robust durability. As shown in Supplementary Fig. 30, XRD revealed
that the peaks attributed to rutile-structured RuO, were still retained
after the long-term acidic OER testing. The slight broadening of dif-
fraction peaks after OER suggested some mild surface corrosion of the
catalyst had occurred. AC-HAADF STEM images (Supplementary
Figs. 31 and 32) showed that the original morphology of GB-V-RuO, was
retained during OER, as well as the uniform distribution of Ru, Vand O
elements. The magnified AC-HAADF STEM image further showed that
abundant GBs still existed along with the crystalline RuO, lattice arrays
in GB-V-RuO, after OER. The surface chemical information from XPS
analysis revealed almost no V in the near surface region of the used
catalysts (Supplementary Fig. 33), indicating that V was leached from
the surface (depth of ~10 nm) of the GB-V-RuO, catalyst. Moreover, up
to 41.3 % of the V in the parent GB-V-RuO, was dissolved into the
electrolyte (Supplementary Table 5), which was also verified by the
EDX line scanning profiles (Supplementary Fig. 32). The loss of V atoms
leads to the overoxidation of active Ru site and its corresponding
dissociation, and this is likely responsible for the modest activity
degeneration during the long-term testing. The core-level Ru 3 d XPS
spectra for used GB-V-RuO, (Supplementary Fig. 34) showed a
decreased ratio of Ru*" to Ru** (0.36:1) on the catalyst surface, implying
that more high-valent Ru*" were formed in the oxidation voltage
window.

Operando spectroelectrochemical measurements exploring the
OER pathway

We next conducted operando EIS, ATR-SEIRAS IR and DEMS analyses
to investigate the oxygen evolution reaction mechanism used by the
different catalysts. Firstly, to reveal the interfacial charge transfer
behavior under different applied biases, operando EIS tests were car-
ried out. The Bode plot (Fig. 4a, b and Supplementary Fig. 35) reflects
the OER reaction kinetics, manifested by a decrease in low-frequency
peaks and a shift of phase angle to higher frequencies with increasing
bias®. The low-frequency phase angular peaks are related to the sur-
face charge conduction of the catalyst*. Generally, the smaller the
phase angle of the low-frequency region is, the faster the electron
transfer of OER is. Compared with V-RuO, and Com. RuO,, the GB-V-
RuO; catalyst exhibited the smallest phase angle in the low-frequency
region with a narrow phase transition peak interval of 1.35-1.5V, indi-
cating the fastest charge transfer rate on the catalyst surface. The
corresponding Nyquist plots further confirmed the fast charge transfer
process on the surface of GB-V-RuO, catalyst (Supplementary Fig. 36),
which is consistent with its good OER performance. Isotope-labeled
operando DEMS measurements were further performed to identify the
OER pathway on GB-V-RuO,. For comparison, the V-RuO, was used as a
reference catalyst to reveal the influence of GBs on the OER process.
Figure 4d shows the operando DEMS apparatus, with the evolved O,

products being analyzed using gas chromatography. As shown in
Supplementary Figs. 37 and 38, catalysts were firstly *0-labeled using
multiple LSV and CV cycles (1.1-1.5 V versus RHE) in a H,®O-containing
electrolyte (0.5M H,S0,). After that, the ®O-labeled catalysts were
thoroughly washed with H,"O deionized water, followed by four LSV
cycles in the H,"O electrolyte. As depicted in Fig. 4c, when the voltage
reached the OER region, the signals of *20,*,0, and >0, products were
detected using GB-V-RuO, and V-RuO, as the anode catalysts. As pre-
viously reported®”, the O, speciation of products can be used to
distinguish the AEM and LOM (Fig. 5e). The composition of the gaseous
0O, products was further quantified and compared using MS. As shown
in Fig. 4f*2,0, was the main product along with small amounts of **O,
and *0,, indicating an AEM-dominant oxygen evolution on the cata-
lyst surface (Supplementary Fig. 39)***¢. GB-V-RuO, evolved negligible
amounts of >0, and *¢0,, suggesting that GBs can effectively inhibit
the LOM path (Supplementary Fig. 40) and stabilize the catalyst
structure*’. Also, operando DEMS spectra (Supplementary Fig. 41)
collected from GB-RuO, showed that an AEM-dominant oxygen evo-
lution occurred on GB-RuO,, indicating the introduction of GBs can
effectively improve the catalytic activity of RuO, without activating
LOM. To further verify the OER pathways, the oxygen intermediate
species generated on the electrocatalysts during OER were identified
using operando ATR-SEIRAS IR analysis. Figure 4g shows the operando
ATR-SEIRAS IR spectra collected from GB-V-RuO, as a function of the
applied step voltage. Several absorption peaks centered at 1019, 1200
and 3300 cm™ were observed as the voltage increased. The absorption
peaks centered at 1200 and 3300 cm™ are attached to *OOH and *OH
intermediates (Supplementary Table 6) formed during the AEM path-
way, respectively*®*°, Similar spectral changes were also observed on
V-RuO, (Fig. 4h), except for the significantly enhanced peak at
1019 cm™, which is assigned to *OO0, suggesting the co-existence of a
LOM pathway on that catalyst’>*". As is well known, LOM processes can
contribute partly to high intrinsic OER activity. However, if the loss rate
of lattice O is higher than its replenishing rate, the dynamic accumu-
lation of O vacancies can weaken the binding of neighbouring Ru
atoms, thus leading to the dissolution of Ru active sites and bulk
structure destabilization. In view of this, the ratio of peak intensities of
*00 and *OOH was carefully analyzed and compared for GB-V-RuO,
and V-RuO,. As shown in Fig. 4i, in the OER potential range, GB-V-RuO,
had a much smaller ratio of l.oo /I-oon, indicating the participation of
lattice O was inhibited compared with V-RuO, and the reaction path
over GB-V-RuO, mainly involved AEM, consistent with the operando
DEMS results. In summary, the operando spectroelectrochemical
measurements revealed an AEM-dominant O, evolution process on the
GB-V-RuO, catalyst, with GBs effectively inhibiting the LOM path and
stabilizing the catalyst structure, thus resulting in fast OER reaction
kinetics and good durability, in good agreement with the OER per-
formance determined experimentally.

DFT calculations

To elucidate the synergistic role of GBs and V-doping in the OER per-
formance of GB-V-RuO,, DFT calculations were performed to reveal
the intrinsic mechanism. Our calculations indicated that the (110)
crystal plane of RuO, is the most active for acidic OER (Supplementary
Fig. 42), which is consistent with the reported literatures"'>*. Thus,
(110) facet plane was selected as the computational model to perform
the following calculations (Supplementary data 1, 2 and 3). According
to the experimental results, three models were constructed for the
calculations, including RuO, (110), V-RuO, (110) and GB-V-RuO,, as
displayed in Fig. 5a and Supplementary Fig. 43. Firstly, it was confirmed
that V-doping to replace Rugg, site was more thermodynamically
favored (Supplementary Fig. 44), with a lower doping energy of
0.30 eV. As such, V-doping into Rugg, site was selected for the sub-
sequent calculations, where neighboring Rucys site acted as the active
site for OER (See Fig. 5b and Supplementary Fig. 45). To clarify the
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influence of GBs and V doping on the electronic structure of RuO,, the
density of states (DOS) of the active sites was then calculated (Sup-
plementary Fig. 46). Compared with RuO, (-1.02 eV), the d-band center
of V-RuO, (-1.11eV) decreased after V-doping, evidencing a modified
electronic structure. The d-band center of GB-V-RuO, shifted further
away from the Fermi level (-1.73 eV), which will weaken the binding
energy of oxygen intermediates according to d-band center theory*>. A
weaker *O binding energy for GB-V-RuO, agreed with the negative d-
band center shift, which was expected to enhance the OER activity.
Next, charge density difference calculations and Bader charge analyses
were performed, as displayed in Supplementary Fig. 47. Compared to
pristine RuO,, a significant charge rearrangement around the active
site for V-RuO, and V-GB-RuO, was observed, which was responsible
for the improved OER activity of these catalysts. Further, the number
of electrons transferred after *O adsorption was calculated for V-RuO,
and GB-V-RuO; to uncover the role of GBs (Supplementary Fig. 48).
Compared with V-RuO, (0.43 €), less electron transfer occurred for

GB-V-RuO, (0.36 ¢), which is beneficial to have acted to reduce the
binding energy of *O and further enhance its OER activity. The elec-
tronic structure analyses thus explain the activity difference of these
three catalysts.

Next, the OER performance of the three model catalysts was
evaluated, considering both the AEM and LOM pathways. The potential
determining step (PDS) was explored. As shown in Fig. 5b, for the AEM
mechanism, the PDS of RuO, and V-RuO, was the third reaction step
(*O > *OO0OH) with high theoretical overpotentials of 0.65 and 0.66V,
respectively. But for V-GB-RuO,, the PDS transforms to the last step
(*OOH > 0,) with a low overpotential of only 0.41V, confirming that
GBs can significantly boost the activity of V-RuO,. As for the LOM path
(Fig. 5b and Supplementary Figs. 49 and 50), the overpotentials of
RuO,, V-RuO, and GB-V-RuO, were 1.56, 1.75 and 1.63V, respectively.
All overpotentials for the LOM pathway were higher than those of the
AEM pathway, suggesting a dominant AEM path on the three catalysts.
In order to further explore the selectivity between AEM and LOM
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mechanisms, the overpotential difference between the two pathways
was calculated for each catalyst. As illustrated in Fig. 5¢c, compared with
Ru0; (0.91V), V-RuO, had a higher overpotential difference (1.09 V).
The largest difference of 1.22 V was seen for GB-V-RuO,, indicating a
high AEM selectivity after introducing GBs. The activity origin of these
three catalysts was further explored. According to previous report™, a
linear scaling relationship between AG.o — AG.oy and AG.qy exists for
AEM. As such, we plotted AG.oy against AG.o — AG-oy in Fig. 5d, finding
that GB-V-RuO, was closer to the peak in the r volcano diagram, which
indicates that GB-V-RuO, has a near-ideal binding energy of OER
reaction intermediates, further confirming the synergistic role of
V-doping and GBs in enhancing the OER. In addition, we also found
that the strain effect at the GBs has a limited effect on the OER activity
(Supplementary Fig. 51), where the significantly promoted OER activity
of GB-V-RuO, is intrinsically attributed to the regulated electronic
structure of active Ru-O-V motifs at the GBs. Lastly, the stability of
these three catalysts was evaluated by calculating the formation
energy of O and Rucys vacancies, with the results summarized in
Fig. 5e. It can be observed that the formation energy of Oy, and Ruy,¢
followed the order of GB-V-RuO, > V-RuO, >Ru0O,, which illustrates
that the coexistence of V and GBs contributes to the long lifetime of
GB-V-RuO.. Also, based on the experimental results, the leaching of
abundant V atoms in the parent GB-V-RuO, (Supplementary Table 5)

results in the activity degeneration during the long-term test. In order
to evaluate the effect of V leaching on the OER activity of GB-V-RuO,,
the theoretical calculation about the OER activity of GB-V-RuO, with V
vacancy (GB-V-RuO,/V,,.) was calculated, as shown in Supplementary
Fig. 52. Compared with GB-V-RuO,, GB-V-RuO,/V,, exhibits the similar
potential determining step, but the free energy barrier of GB-RuO,/Vy,c
is as high as 2.02 eV. This correspondingly leads to a higher theoretical
overpotential of GB-V-RuO,/Vy,. (0.79V) than that of GB-V-RuO,
(0.41V), in agreement with the experimental results. In addition, the V
site located at GBs also exhibits a larger demetallation energy than that
at the Ru (110) basal plane (Supplementary Fig. 53), which means that
the V site at GBs is more stable, further confirming that the formation
of GBs can alleviate V leaching and thus ensure the good stability of GB-
V-RuO,. Our theoretical calculations agree well with the experimental
results and reveal that GBs and V dopants can remarkably improve the
acidic OER performance of RuO,-based catalysts.

Discussion

In summary, abundant grain boundaries were successfully constructed
into V-doped RuO, catalyst, achieving highly active and acid-stable
OER electrocatalysis. Low overpotentials of 159 and 300 mV were
required to reach 10 and 1500 mA cm’ge,, respectively. The GB-V-RuO,
catalyst can operate stably for ~760 h at 10 mA cmg, under acidic
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conditions, and then the leaching of most V dopants mainly led to the
deactivation. Operando EIS, ATR-SEIRAS FTIR and DEMS measure-
ments revealed that the introduction of GBs can effectively prevent
lattice O from participating in OER, resulting in an AEM-dominant OER
pathway over the entire OER potential window even at high current
densities. DFT analyses verified that introducing V atom dopants and
GBs modulated the electronic structure of RuO, for more efficient OER
activity. Importantly, a large theoretical voltage difference between
the LOM and AEM pathways allowed the GB-V-RuO; catalyst to strictly
follow an AEM path in acidic OER. Moreover, GBs significantly
enhanced the stability of GB-V-RuO, catalyst during OER by alleviating
V leaching. Consequently, very high acidic OER activity and good
durability were realized.

Methods

Materials

All chemicals were purchased directly from commercial suppliers and
used without further purification. The RuCl;-3H,0, Water—'*0 (H,'¢0),
Com. RuO; (99.95%) and IrO, (99.95%) were purchased from Adamas
Reagent (Shanghai) Co., Ltd. The VCl; and 5 wt% Nafion® ionomer were
purchased from Shanghai Aladdin Biochemical Technology Co.,Ltd.
The Com. Pt/C (40 wt% Pt), titanium felt and carbon paper were pur-
chased from Suzhou Sinero Technology Co.Ltd. The Nafion 115
membrane was purchased from DuPont Co.

Synthesis of catalysts

The catalysts were synthesized using a thermal-driven cation exchange
strategy. Firstly, an aqueous solution containing 0.015 g of VCl; and
0.30 g of RuCl3-3H,0 in 150 mL of water was prepared. The aqueous
solution was heated in the Teflon-lined autoclave at 200 °C for several
hours. The obtained precipitate was washed and then dried. The col-
lected powders were then calcined at 350, 400, 500, 600 or 700 °C for
4 h, respectively. The product obtained at 350 °C is denoted herein as
GB-V-RuO,, whilst the product obtained at 700 °C is denoted herein as
V-RuO,. The GB-RuO, catalyst was obtained using a similar process to
GB-V-RuO,, but without the addition of VCls.

Characterization

A Rigaku MiniFlex600 equipment (a Cu K, X-ray source) was used to
obtain the wide-angle powder XRD data. Aberration-corrected scan-
ning transmission electron microscope (USA) was used to collect the
HAADF-STEM and bright field images. A Gatan Enfina electron energy-
loss spectrometer and a Gatan EDAX energy-dispersive X-ray system
were used. XPS analyses used a Kratos AXIS Ultra DLD spectrometer.
The Ru and V loadings in the samples were determined by ICP-OES
(Agilent 5110). The Shanghai Synchrotron Radiation Facility offered the
service for testing XAS measurements in transmission mode. We
employed a Si (111) double-crystal monochromator to control the X-ray
photon energy. The metallic Ru and V foils were used for the energy
calibration. Background normalization/subtraction routines were car-
ried out using Athena software.

Electrochemical OER measurement

The electrolyte is 0.5M H,SO,. The concentrated sulfuric acid (98%)
and deionized water were used to prepare the electrolyte (0.5M
H,S0,). The pH of the electrolyte is 0.3 + 0.01'%. Acidic OER tests on GB-
V-RuO, and the other reference electrocatalysts were carried out at
room temperature. A homemade three-electrode cell was adopted,
which consists of a working electrode (catalyst-modified carbon paper
(area 0.25 cm’g,) / glassy carbon electrode (area 0.1963 cm’g,)), 2
counter electrode (graphite rod) and a reference electrode (saturated
calomel electrode (SCE)). An electrochemical workstation (model
number CHI660E) from Shanghai, China was adopted to conduct all
electrochemical tests. To prepare the working electrodes, dispersions

consisting of 5 mg of electrocatalyst, 20 pL of Nafion solution (5 wt.%)
and 480 pL deionized water were prepared. After the ultrasonic
treatment, the homogeneous electrocatalyst ink was applied on the
working electrode, after which the resulting modified working elec-
trode was allowed to dry naturally in air. The mass loadings of the
electrocatalysts on glassy carbon and carbon paper were controlled at
approximately 0.5 and 1.0 mg cm %, respectively. Using the equation
(Eruie = Esce + E%sce + 0.059xpH- 123V, where Epye and Esce are
potentials versus RHE, with F%c¢ = 0.241V.) to obtain the overpotential
against the reversible hydrogen electrode (RHE)*. The SCE electrode
was calibrated under an H, atmosphere using a Pt wire as the working
electrode'®*, For comparison, Com. RuO, (Adamas, 99.95%) and IrO,
(Adamas, 99.95%) were obtained. The OER performance of V-RuO, and
other reference electrocatalysts were all tested under the same con-
ditions to allow meaningful comparison of their intrinsic catalyst
activity and stability. Linear sweep voltammetry (LSV) tests of (sweep
rate: 5 mVs™) were used. To evaluate the OER activity at a large current
density (> 1A cmgeo?), the Autolab electrochemical analyzer config-
ured with BOOSTER1OA was used. The voltage range was 1.1-1.7V
versus RHE. The solution resistance (-4.5 Q) was tested at an open
circuit voltage. A 95% iR compensation was employed. We employed
electrochemical impedance spectroscopy (EIS, 0.1-100 KHz). The CV
method at different scan rates (1.041-1.141V versus RHE with no Far-
adaic processes) was used to obtain electrochemically active surface
areas (ECSA). A linear fit was applied to plots of current density dif-
ference versus sweep rate was carried out to calculate double-layer
capacitance (Cgy), in which the slope is the Cy value. A homemade
H-type electrolytic cell was used to conduct the long-term stability of
GB-V-RuO, during OER at different current densities™.

In situ EIS measurements

The in-situ EIS tests (1.35 to 1.6 V versus RHE) were carried out in 0.5 M
H,S0,, as previously reported*’. The frequency range was 0.1 to
10,000 Hz.

Operando ATR-SEIRAS IR measurements

Operando attenuated total reflection surface-enhanced infrared
spectroscopy (ATR-SEIRAS IR) data were recorded using the previous
method™"®. The electrocatalysts were deposited on the Au-coated Si
prism and used as working electrodes. Before ATR-SEIRAS IR mea-
surements, a potential was applied to the as-constructed working
electrode for a period of time until reliable signals were obtained.
Background curves were collected under open circuit conditions. The
resolution was 4 cm™.

Operando DEMS measurements with isotope labelling
Operando DEMS experiments were conducted on a homemade three-
electrode cell®®. For the isotope labelling investigations, an electrolyte
(0.5 M H,S0,) containing H,'¥0 was used to label the electrocatalyst at
voltages from 1.1 to 1.5V versus RHE. Then, the ®0-labelled electro-
catalyst was subjected to multiple LSV cycles in an electrolyte (0.5M
H,S04) with H,®O as a solvent, and the gaseous products were
detected by mass spectrometry.

Computational details

The Vienna ab initio simulation package (VASP 5.4.4) was adopted
here’*. The exchange-correlation energy was explored via the Perdew-
Burke-Ernzerhof function based on the theory of Generalized Gradient
Approximation®. Moreover, we studied the expansion of the electro-
nic eigenfunctions, where a kinetic energy cutoff of 450 eV was con-
sidered using the projector-augmented wave method®. Values of
0.03eV A and 10°eV were set for the force convergence threshold
and total energy, respectively. Using the empirical correction of the
DFT +D3 scheme investigated Van der Waals interactions®”’. The
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vacuum layer was at least 15 A in the z direction to minimize possible
interactions between slabs. The electron transfer was calculated via
Bader charge analysis®. The Brillouin zone was sampled witha3 x3 x 1
k-points grid for the RuO, and V-RuO, via the Monkhorst-Pack scheme,
while 2 x 2 x 1 k-points grid was utilized for the V-GB-RuO, to avoid too
many atoms in the model. Denser 5 x 5 x 1 and 7 x 7x1 k points were
taken for static self-consistent calculations and electronic structure
calculations.

The Gibbs free energy change (AG) was estimated according to
the following Eq. (1), where the computational hydrogen electrode
(CHE) model was employed for imitating the OER reactions™:

AG=AE zpg + AE + AGyyy + AGy — TAS @

in which AEzp signifies the difference in zero-point energy at 298.15K,
which can be calculated from vibrational frequencies, between the
products and the reactants. The values of AE were obtained from the
total energies. The effects of the electrode pH and applied voltage
were corrected using the AGpy and AGy terms, respectively. AS is the
entropy change and was obtained in a similar manner to AFzpg; The
vibrational frequencies of free molecules and entropy values were
obtained from the NIST database®®.

The formation energy of an O vacancy and Ru vacancy were cal-
culated by the following Eq. (2):

Evac—form :Evac +HO/RU - Epri 2)
where Eyac, Hore and Epy; are the energy of catalysts with O or Ru
vacancy, the chemical potential O/Ru referenced to O, gas and a Ru
crystal, and the energy of the pristine catalyst, respectively.

The doping energy of V was calculated by the following Eq. (3):

Edop =Ev_ruo2 * Hru — Eruo2 — Hy 3)
where Ey.ruo2, Eruo2, Hru and ity are the energy of V-RuO,, RuO, and the
chemical potential of Ru and V atoms, respectively.

For the construction of grain boundaries, we developed an
effective strategy to build them. Firstly, a 4*4 supercell with six layers
of RuO, (101) facets was constructed. Next, based on the built (101)
facet, the (110) facet was cut, and the junction between (101) facet and
(110) facet was defined as the grain boundary of these two facets. This
construction method can maintain the stability of grain boundary
during the calculation process.

Data availability

All data supporting this study is available in the article and the Sup-
plementary Information. Source data are provided within this
paper. Source data are provided with this paper.
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