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Abstract

Hydrogen production via water electrolysis offers a sustainable pathway to
decarbonize energy systems, yet the development of cost-effective, efficient
bifunctional electrocatalysts for overall water splitting (OWS) still remains a
critical challenge. Current catalysts often rely on complex multiphase
heterostructures to optimize oxygen and hydrogen evolution reactions
(OER/HER), but their intricate designs increase costs and hinder scalability.
Here, we present a single-phase bifunctional electrocatalyst, CaCu;Co,Ru,0;,
(CCCRO), which exhibited exceptional performance for OWS in alkaline con-
and 1.629 V at 100 mA cm >,

along with 500 h of operational stability at a current density of 100 mA cm 2.

ditions, specifically, 1.536 V at 10 mA cm 2

In situ x-ray absorption spectroscopy (XAS) revealed the valence-state transi-
tion from Cu®"/Co*"/Ru’" to Cu®"/Co*>"/Ru’>>" during OER, but both
valence state reduction and structural reconstruction into a CuCoRu nanoalloy
occurred under HER conditions. Density functional theory (DFT) calculations
indicated that synergistic effects among Cu, Co, and Ru ions enhance catalytic
activities for both OER and HER. This work demonstrates that structurally
simple yet compositionally tuned oxides can surpass complex catalysts in both
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1 | INTRODUCTION

The excessive extraction and utilization of non-renewable
fossil fuels, such as oil, coal, and natural gas, have led to
a range of severe issues, particularly environmental pol-
lution and the greenhouse effect resulting from their
combustion."”* Hydrogen energy, with its distinctive
advantages of zero carbon emissions, high energy den-
sity, and versatile application scenarios, is progressively
transitioning from “future energy” to practical
implementation.®~

Green hydrogen production via water electrolysis,
characterized by zero carbon emissions and efficient syn-
ergy with renewable energy sources, has emerged as a
pivotal technology for achieving energy transformation
and carbon neutrality. Electrocatalytic water splitting
consists of two half-reactions: the hydrogen evolution
reaction (HER), which produces hydrogen, and the oxy-
gen evolution reaction (OER), which produces oxygen.’
Although significant progress has been made in develop-
ing highly active electrocatalysts for HER and OER, there
remains a critical need for efficient bifunctional catalysts
to enhance the performance of overall water splitting
(OWS).” The challenge lies in achieving simultaneous
compatibility of an electrochemical catalyst with both
high HER and OER activity.* " Since OER and HER
involve the adsorption and desorption of different inter-
mediates (e.g., *O, *OOH, *H), both reactions suffer from
sluggish kinetics and low energy efficiency,'*'* and dif-
ferent electrocatalysts have traditionally been employed
for the cathode and anode, such as Pt/C for HER and
IrO, and RuO, for OER.® On the one hand, there is a
pressing need to develop low-cost catalyst materials in
order to reduce the cost of hydrogen production.”'>"'”
On the other hand, the distinct functional requirements
of these reactions necessitate separate synthesis processes
involving different materials, equipment, or procedures,
as well as diverse electrode components and device fabri-
cation methods, all of which contribute to increased sys-
tem complexity and cost.>”'> Moreover, under the harsh
operating conditions inherent to water electrolysis—such
as extreme pH levels, high potentials, and the

the efficiency and durability of OWS, offering a scalable design paradigm for
advancing green hydrogen technologies.

electrocatalysis, in situ XAS, overall water splitting, structure transformation, synergistic

requirement for long-term operational stability—
electrocatalyst degradation (e.g., leaching and structural
transformation) is inevitable. This degradation can lead
to significant cross-contamination between the two elec-
trodes, especially when composed of different materials.
Therefore, utilizing the same material for both HER and
OER electrocatalysts could mitigate this cross-
contamination issue.”'*'® Consequently, there is an
urgent demand for the development of highly active,
durable, and economically viable bifunctional
electrocatalysts capable of enabling efficient and low-
cost OWS.

Currently, numerous electrocatalysts have been
developed for efficient OWS.'*?° These electrocatalysts
primarily feature complex structures, such as
heterojunction  structures,”’>*  complex  surface
structures,”>*’ and so forth. Such structures not only
provide a larger geometric surface area but also optimize
the electronic properties of the electrocatalysts, thereby
enhancing the adsorption and desorption processes of
various intermediates and ultimately resulting in superior
OWS performance. For example, an Ir/SrlrO;
heterojunction catalyst modulated the electron distribu-
tion at the interface between Ir metal and SrIrO; perov-
skite, achieving an ultra-low overpotential of 229 mV for
the OER and 28 mV for the HER at a current density of
10 mA cm 2* A V-doped V-NiS/NiS, heterojunction
catalyst exhibited a dynamically balanced -electronic
structure during the reaction process, optimizing the
adsorption and desorption of various intermediates. Con-
sequently, the voltage of OWS was only 1.6 V at a current
density of 10 mA cm %?* A self-assembled hierarchical
NiCo0,0, hollow structure demonstrated excellent OWS
performance, achieving a current density of 10 mA cm >
at a voltage of merely 1.65 V.?* However, most reported
electrocatalysts for OWS have complex structures, which
significantly increase design and manufacturing costs,
thereby limiting their potential for large-scale applica-
tions. In contrast, relatively few single-phase catalysts
have been reported as bifunctional electrocatalysts for
OWS, as most single-structure catalysts cannot exhibit
both HER and OER properties.”**° Therefore, the
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development of bifunctional electrocatalysts with a
single-phase structure not only simplifies the material
preparation process but is also crucial for further under-
standing the reaction mechanisms of bifunctional
electrocatalysts.

Ru element is the cheapest precious metal in the
Pt group precious metal system, and it has been
reported that Ru catalysts not only have excellent OER
performance but also have excellent HER
activity.''**733  Therefore, Ru-based materials are
expected to become highly active bifunctional OER
and HER catalysts. For example, the defective-rich
RuO, (MD-RuO,-BN) exhibits low-coordination Ru
atoms and weak Ru-O interaction, which suppresses
the oxidation of lattice oxygen and the dissolution of
high valence Ru, thereby demonstrating excellent OER
performance (196 mV @ 10 mA cm °) and stability
(1.2mV H 1.3 The Ru-Ru,P heterostructured cata-
lyst, synthesized through a molten salt-assisted cata-
lytic method, promotes charge redistribution within
the catalytic system, lowers the d-band center of Ru,
and thereby enhances the adsorption capacity for reac-
tion intermediates, achieving a current density of
10 mA cm 2 under alkaline conditions with an
overpotential as low as 18 mV.** The synthesized cata-
lyst (Ru@PRC), which incorporates Ru clusters and
carbon enriched with pentagonal carbon rings (PRC),
optimizes the electronic structure of the catalytic sys-
tem through p-d orbital hybridization between carbon
and Ru, resulting in an overpotential of only 28 mV at
a current density of 10 mA cm 2> Although numer-
ous studies have reported Ru-based materials as highly
effective catalysts for either the OER or the HER,
there remains a limited number of studies focusing on
their application as OWS catalysts, particularly as
single-phase catalysts capable of facilitating both
reactions.

Here, we report a single-phase bifunctional
electrocatalyst, CaCu;Co,Ru,0;, (CCCRO), which dem-
onstrates excellent performance for both the OER and
HER in 1.0 M KOH solution. This single-phase bifunc-
tional catalyst achieves a current density of 10 mA cm ™2
at only 1.536 V for OWS and operates stably for 500 h at
a current density of 100 mA cm ™2 without attenuation.
In situ x-ray absorption spectroscopy (XAS) indicates
that CCCRO only changes its valence state without
structural reconstruction during the OER process. How-
ever, during the HER, CCCRO reconstructs into a
nanoalloy composed of Cu, Co, and Ru atoms. Further-
more, density functional theory (DFT) calculations
reveal that Cu enhances the synergistic interactions
between Cu and Co/Ru, leading to enhanced OER and
HER performance.

2 | RESULTS AND DISCUSSION

2.1 | Morphology and structure

The pristine CCCRO catalyst with a quadruple perovskite
structure (AA’3B40,,) was synthesized via the solid-state
reaction method. The crystalline phase and morphology
of the pristine CCCRO were characterized using x-ray dif-
fraction (XRD) and high-resolution transmission electron
microscopy (HRTEM). The XRD pattern of the pristine
CCCRO was in excellent agreement with the standard
pattern of the Im-3 space group (CaCuzRuyO;,, ICSD
PDF#95715), as shown in Figure S1. In this symmetry,
Ca ions occupy the A site at the Wyckoff position 2a
(0, 0, 0), Cu occupies the A’ site at 6b (0, 0.5, 0.5), and Co
and Ru ions co-occupy the B site at 8¢ (0.25, 0.25, 0.25).
Additionally, the Ru(Co)O¢ octahedron is connected to
the CuO, planar quadrilateral via angle-sharing oxygen
atoms (Figure S2). Rietveld refinement of the synchro-
tron XRD pattern was carried out to obtain the crystal
structural parameters of the pristine CCCRO (Figure 1A),
which were consistent with the Im-3 space group, thereby
confirming the successful synthesis of the quadruple
perovskite CCCRO with Co and Ru disorder occupying
the B site. Moreover, to investigate the influence of Cu
ions on the performance of OWS, we also synthesized
Sr,CoRuO¢ samples. As shown in Figure S3, the XRD
pattern confirmed the successful synthesis of the
Sr,CoRuOg in its pure phase. The pristine CCCRO was
characterized using HRTEM, as illustrated in Figure 1B.
The pristine CCCRO exhibited an irregular morphology
with an approximate size of 38 nm (Figure 1C). The
HRTEM images of the pristine CCCRO revealed distinct
lattice fringes with a spacing of 0.264 nm, corresponding
to the (220) crystal planes (Figure S4). Furthermore, as
shown in Figure 1D, the selected area electron diffraction
(SAED) pattern of the pristine CCCRO along the [111]
zone axis displayed distinct diffraction spots, indicating
that the pristine CCCRO possesses excellent crystallinity.
Furthermore, we investigated the atomic arrangement of
the pristine CCCRO nanoparticles using high-angle
annular dark-field scanning transmission electron
microscopy (HAADF-STEM). The HAADF-STEM image
presented in Figure 1E demonstrates that the precise
atomic arrangement aligns well with the theoretical
perovskite structure along the (111) crystal planes. Addi-
tionally, the HAADF-STEM image indicates that the pris-
tine CCCRO exhibits a uniform distribution of lattice
fringes, with three sets of lattice fringes having
interplanar spacings of 0.54 nm, which correspond to the
(110),(101), and (0 1 1) crystal faces of the pristine
CCCRO, respectively (Figure 1F). As illustrated in
Figures S5 and S6, the energy-dispersive x-ray (EDX)
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STEM images.

analysis of the pristine CCCRO revealed the presence of
only five elements: Ca, Cu, Co, Ru, and O. The elemental
distribution was homogeneous, and their proportions
adhered to the stoichiometric ratio (Table S1). Based on
the above analysis, we can conclude that the CCCRO
with a quadruple perovskite structure has been success-
fully synthesized.

2.2 | Electrocatalytic performance

To evaluate the potential of CCCRO as a bifunctional cat-
alyst for both OER and HER, a comprehensive series of
electrochemical performance tests were conducted. A
conventional three-electrode system was employed to
investigate the OER and HER activities of the catalyst in
N,-saturated 1.0 M KOH electrolyte. The electrocatalytic
activity of CCCRO, Sr,CoRuOg, commercial RuO,, and
commercial 20% Pt/C for the OER and HER was assessed
using linear sweep voltammetry (LSV). Notably, as
shown in Figure 2A, CCCRO demonstrated superior
OER performance compared to commercial RuO, across
the entire potential range. CCCRO achieved a current
density of 10 mA cm 2 at a potential of merely 1.428 V
(vs. RHE), which is significantly lower than Sr,CoRuOg
(1.483 V) and commercial RuO, (1.529 V). Furthermore,

CCCRO attained a current density of 100 mA cm™ > with
a potential of merely 1.479 V (vs. RHE), which was
110 and 154 mV lower than those of Sr,CoRuOg and
commercial RuO,, respectively (Figure 2B). This result
further substantiates the superior OER activity of CCCRO
and demonstrates that Cu ions can enhance the OER per-
formance of Co-Ru based perovskites. Moreover, the
Tafel slope serves as a critical parameter for assessing
the reaction kinetics of the catalysts. Specifically, the
Tafel slope of CCCRO was 38 mV dec™!, which was con-
siderably lower than the 80 and 83 mV dec™' observed
for Sr,CoRuOg4 and commercial RuO,, respectively, indi-
cating that the reaction kinetics were significantly
enhanced in CCCRO, as shown in Figure 2C. For the
pristine CCCRO catalyst, the LSV curves after 1, 5,
10, 20, and 30 cycles of CV were obtained at a scan rate
of 5mV s~ . These results indicate that the CCCRO cata-
lyst underwent an obvious reconstruction process during
the HER process (Figure S7). The reconstruction of
the CCCRO catalyst can be attributed to the formation of
CuCoRu alloy, which will be discussed in detail later. In
Figure 2A, the commercial 20% Pt/C demonstrated supe-
rior HER performance in 1.0 M KOH at lower current
densities, such as 10 and 50 mA cm 2. However, as the
current density increased to 100 mA cm % CCCRO
exhibited a lower voltage of —0.134V (vs. RHE)
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FIGURE 2 Electrocatalytic performance. (A) The LSV curves for CCCRO, Sr,CoRuOg, commercial RuO,, and commercial 20%

Pt/C. (B) Comparison of the overpotentials for CCCRO, Sr,CoRuOg, commercial RuO,, and commercial 20% Pt/C at different current
densities. (C) Tafel slopes for CCCRO, Sr,CoRuOg, commercial RuO,, and commercial 20% Pt/C. Comprehensive comparisons of (D) the
OER performance of CCCRO and commercial RuO,, and (E) the HER performance of CCCRO and commercial 20% Pt/C. (F) Polarization
curves in a two-electrode system. (G) Comparison of overpotentials at a current density of 10 mA cm 2 for CCCRO with previously reported
high-activity OWS catalysts. (H) Evaluation of the long-term electrochemical stability of CCCRO for the OWS at a current density of

100 mA cm 2.

compared to —0.161V for commercial 20% Pt/C
(Figure 2B). Furthermore, the catalytic performance of
Sr,CoRuO¢ was consistently lower than that of CCCRO
and commercial 20% Pt/C across the entire voltage range.
The Tafel slope of CCCRO was 64 mV dec™!, which was
significantly lower than that of commercial 20% Pt/C
(80 mV dec ') and Sr,CoRuOg (95 mV dec ™). This also
illustrates the Volmer-Heyrovsky mechanism of hydro-
gen evolution in the CCCRO catalyst (Figure 2C).

The electron transport rate of electrocatalysts is
intrinsically linked to their conductivity. To gain deeper
insights into the conductivity of the electrocatalysts, elec-
trochemical impedance spectroscopy (EIS) was

performed to assess the charge transfer resistance of the
electrocatalysts (Figure S8), which confirmed that
CCCRO facilitated faster charge transfer during both
OER and HER. The electrochemically active surface area
(ECSA) of CCCRO and the reference catalysts was deter-
mined by evaluating their electrochemical double-layer
capacitance (Cq;) through cyclic voltammetry (CV) in the
non-faradaic region at different scan rates (Figures S9
and S10). As shown in Figures S9C and S10C, the
CCCRO catalyst exhibited Cq values of 19.7 and 16.2 mF
cm ? for the OER and HER, respectively. These values
were significantly higher than those of commercial RuO,
(6.5 mF cm?) and comparable to those of commercial
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20% Pt/C (17.6 mF cm ). These findings indicate that
the CCCRO catalyst substantially enhances the number
of active sites for both OER and HER. Furthermore, the
LSV curves were also normalized by ECSA, revealing that
CCCRO also exhibited higher intrinsic activity in both
OER and HER (Figures S9D and S10D). The turnover fre-
quency (TOF) of CCCRO and reference catalysts was cal-
culated to evaluate their intrinsic electrocatalytic
performance. At a potential of 1.50 V (vs. RHE), the TOF
of CCCRO was 0.40 s', which is 57 times higher than
that of commercial RuO, (0.008 s~ ') (Figure S11A). At
—0.15V (vs. RHE), the TOF of CCCRO was measured at
0.71 s, significantly exceeding the value of 0.38s™ '
observed for commercial 20% Pt/C (Figure S11B). Fur-
thermore, as illustrated in Figure S12, the mass activity
(MA) of CCCRO and reference catalysts was compared at
different potentials. CCCRO demonstrated the highest
MA values for both OER and HER. Specifically, CCCRO
achieved a MA of 788.9 A g ! at 1.50 V (vs. RHE), which
is 38.3 times greater than that of commercial RuO,
(Figure S12A). Additionally, at —0.15V, the MA of
CCCRO was 718.5 A g ', approximately 1.6 times higher
than that of commercial 20% Pt/C (449.1 A g ")
(Figure S12B).

Based on a series of comprehensive electrochemical
evaluations, the performances of CCCRO in the OER and
HER were systematically compared to those of commer-
cial RuO, and 20% Pt/C, respectively. The results demon-
strated that CCCRO exhibited superior overall
performance in both OER and HER, as illustrated in
Figure 2D,E. In addition to exhibiting superior OER and
HER activities, excellent stability is another critical
parameter for evaluating electrocatalysts. As shown in
Figure S13, CCCRO was evaluated as both the cathode
(loaded on carbon paper) and the anode (loaded on Ni
foam) under a current density of 100 mA cm ™2 within a
conventional three-electrode system. The results demon-
strated that CCCRO exhibited stable performance in
100 h with negligible attenuation, highlighting its excel-
lent long-term stability as a catalyst for both OER
and HER.

To further investigate the practical application poten-
tial of the CCCRO catalyst in alkaline conditions, a
bifunctional water-splitting device was assembled using
the CCCRO catalyst as both the cathode and anode. For
comparison, commercial RuO, and 20% Pt/C were
employed as the anode and cathode catalysts for the
OWS, respectively. Specifically, the cathode was loaded
onto carbon paper, while the anode was loaded onto Ni
foam. As shown in Figures 2F and S14, at current densi-
ties of 10 and 100 mA cm >, the voltage for the CCCRO
@ Ni foam||[CCCRO @ Carbon paper cell was only
1.536 V. and 1.629 V, respectively. This performance

surpassed that of the RuO, @ Ni foam||20% Pt/C @ Car-
bon paper cell, which exhibited voltages of 1.621 V and
1.770 V at the same current densities. These results indi-
cate that the CCCRO catalyst demonstrates superior
OWS performance. Figure 2G and Table S2 present a
comparison between the CCCRO catalyst and previously
reported high-performance bifunctional catalysts for the
OWS in alkaline conditions, demonstrating that
the CCCRO bifunctional catalyst exhibits commendable
OWS activity. In Figure S15, water electrolysis was
conducted under a constant current of 0.1 A, with
CCCRO employed as both the anode and the cathode.
The hydrogen produced at the cathode and the oxygen
generated at the anode were collected using the displace-
ment method and subsequently quantified. The mea-
sured volume ratio of hydrogen to oxygen was
approximately equal to the theoretical value of 2:1,
suggesting that the corresponding Faraday efficiency
approached 100%. As shown in Figure 2H, the CCCRO @
Ni foam||CCCRO @ Carbon paper cell was subjected to
continuous testing for 500 h at a current density of
100 mA cm 2%, and the voltage decay rate was only
21.4 pV h™!, demonstrating that the CCCRO bifunctional
catalyst possesses outstanding durability and highlighting
its promising prospects for industrial applications. In
addition, the LSV curve after 5000 cycles of CV only
showed a slight decrease compared with the initial LSV
curve, indicating excellent durability during the cyclic
scanning process, as shown in Figure S16. In an OWS
system, the stability of OER is determined by the balance
between cation leaching and the saturation of leached
ions in the electrolyte. If the formation of this balance
occurs before structural collapse, the catalysts remain sta-
ble; otherwise, the catalysts become unstable. For HER,
anion leaching leads to the formation of metal clusters
on the surface of the substrate or pure metals, whose sta-
bility plays an important role in catalytic stability. For
the CCCRO bifunctional catalyst, these points are satis-
fied, resulting in excellent long-term operational stability.

2.3 | Insitu XAS studies

Previously, it was rarely reported that materials with a
single-phase structure could serve as bifunctional cata-
lysts for OWS. In this study, we found that the CCCRO
catalyst demonstrates exceptional performance in both
the OER and HER. Our previous detailed study found
that CCCRO experienced an increase in the oxidation
states of Co and Ru ions without structural changes dur-
ing the OER." However, the underlying mechanisms
responsible for the superior HER performance of the
CCCRO catalyst and its changes during the HER remain
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FIGURE 3 Insitu XAS of CCCRO under different potentials. (A) The in situ Cu K-edge XANES spectra of CCCRO, along with

references including Cu® foil, Cu*,0, and Cu*" 0. (C) The in situ Co K-edge XANES spectra of CCCRO, along with references including Co°®
foil, Co**0, and Co,>"05. (E) The in situ Ru K-edge XANES spectra of CCCRO, along with references including Ru® foil, Ru**0,, and
Sr,GdRu>* Q. (B), (D), and (F) The in situ K-edge FT-EXAFS spectra of Cu, Co, and Ru in the CCCRO catalyst during the HER.

unclear. Synchrotron x-ray absorption spectroscopy
(XAS) is highly sensitive to elements, oxidation states,
and coordination structures.***> To elucidate the rela-
tionship between the structure of the CCCRO catalyst
and its catalytic activity, in situ XAS experiments were
conducted.

It is well known that the K-edge x-ray absorption
near-edge structure (XANES) of transition metals (TMs)
exhibits remarkable sensitivity to their valence
states,>’ and the extended x-ray absorption fine struc-
ture (EXAFS) demonstrates exceptional sensitivity to the
local coordination environment, including coordination
geometry and bond lengths.***" Firstly, we analyzed the
valence states and coordination structures to elucidate
the electronic structure of the CCCRO in air (pristine).
The XANES spectra of CCCRO in air indicated that the
energy positions of the absorption edges for Cu, Co, and
Ru ions were close to those of Cu?'O, Co,*'0s,
and Sr,GdRu’'Og references (Figure 3A,C,E), respec-
tively. The linear correlation between the energy of the
absorption edge and the valence states of the standard
samples further supports this conclusion (Figure S17).
This correlation suggests that the oxidation states of Cu,
Co, and Ru ions in the pristine CCCRO are

approximately +2, +3, and +5, respectively. In addition,
the Fourier Transform (FT) EXAFS results of CCCRO
and the references are illustrated in Figure S18. The first
radial distances of Cu-0, Co-0, and Ru-O in the pristine
CCCRO are also similar to those in CuO, LaCoO;, and
Sr,GdRuOy, respectively. Figure S19 illustrates the fitting
curves obtained from the FT-EXAFS of Cu, Co, and Ru
ions in the pristine CCCRO. Based on the fitting results,
it is evident that the Cu-O bond length is approximately
1.91 A, forming a planar structure with four oxygen
atoms (Table S3). Additionally, since the Co and Ru ions
co-occupy the B-site of the perovskite structure, their
fitting results are similar, including details such as coor-
dination atom types, coordination numbers, and bond
lengths (Figure S20 and Table S3).

Next, by combining in situ XAS experiments, it is pos-
sible to investigate the valence states and local environ-
mental changes of the catalysts during the reaction
process, thereby elucidating the reaction mechanism.*”*?
In Figure 3A, the Cu-K XANES spectra reveal that the
energy position of the absorption edge for the CCCRO
catalyst at the open circuit potential (OCP) closely resem-
bles that of the Cu*"O reference, suggesting that the oxi-
dation state of Cu ions at OCP remains unchanged.
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During the HER, as the applied potential progressively
decreases, the white line position in the Cu-K XANES
spectra gradually shifts to lower energy, and the intensity
of the white line also decreases, as shown in Figure 3A.
Specifically, at an applied potential of —0.20 V (vs. RHE),
the energy position of the absorption edge was found to
be 1.83 eV lower than that of the air (or OCP) state.
Figure 3B presents the FT-EXAFS of CCCRO as a func-
tion of applied potentials during the HER, alongside the
FT-EXAFS of Cu foil for comparative analysis. As
the applied potential decreases, the intensity of the Cu-O
bond (~1.51-1.61 A) in CCCRO progressively diminishes
and nearly disappears at —0.15 V (vs. RHE). In contrast,
the intensity of the Cu-Cu bond (~2.11-2.19 A), similar
to that of Cu foil, steadily increases. This observation sug-
gests that Cu ions in CCCRO undergo reduction to metal-
lic Cu during the HER process.

Furthermore, Figure 3C illustrates the in situ Co-K
XANES spectra of CCCRO. In the OCP state, the energy
position of the absorption edge aligns with that observed
in both the air state and Co,>" O, indicating that the Co
ions remained in the +3 oxidation state. During the HER
process, when the applied potential was 0.0 V (vs. RHE),
the energy position of the absorption edge shifted 1.82 eV
to the left relative to the air state, indicating a rapid
reduction in the oxidation state of Co ions from +3 to
nearly +2. As the applied potential decreases further, the
energy position of the absorption edge continued to shift
leftward, and at an applied potential of —0.20V
(vs. RHE), the oxidation state of Co ions was evidently
lower than +2. Similar to Cu ions during the HER pro-
cess, this process was accompanied by a decrease in the
intensity of the white line peak, and the white line
shifted leftward. As illustrated in Figure 3D, when com-
bined with the FT-EXAFS curves as a function of applied
potential during the HER, it can be observed that the
peaks corresponding to the Co-O bond (~1.48-1.57 A)
and Co-Ca/Ru bonds (~2.75A) attributed to CCCRO
gradually diminish with the application of potential. Con-
currently, when the applied potential reached —0.05V
(vs. RHE), a Co-Co bond similar to that of Co foil
emerged, and the intensity of the peak increased as the
applied potential decreased. This observation suggests
that the metallic Co serves as an active species in the
HER process.

Finally, after analyzing the changes of Cu and Co ions
in the CCCRO catalyst, it is essential to confirm the
changes in Ru ions during the HER and OER processes.
As illustrated in Figure 3E, Ru ions in CCCRO also
remained in a +5 oxidation state under the OCP condi-
tion. During the HER, in contrast to the abrupt decrease
observed in Co and Cu ions, the absorption edge of the
energy position of Ru ions decreased gradually. At

—0.20 V (vs. RHE), the XANES spectral shape and posi-
tion closely resembled those of Ru foil, indicating that
Ru’" in the pristine CCCRO was reduced to metallic Ru
during the HER process. Further analysis of the FT-
EXAFS curves of Ru ions during the HER revealed that
as the applied voltage decreased, the Ru-O bond (~1.41-
1.51 A) in the CCCRO catalyst diminished, while the
peak intensity of the Ru-Ru bond (~2.43 A) continued to
increase, as shown in Figure 3F. All findings demonstrate
that the CCCRO catalyst undergoes completely different
changes in the OER and HER processes. In the OER pro-
cess, the CCCRO catalyst retained its perovskite structure
without changes."' However, the active species for the
HER was no longer the CCCRO perovskite but rather
the CuCoRu alloy structure.

To further substantiate the in situ XAS conclusions,
the CCCRO catalyst was analyzed using XRD, x-ray pho-
toelectron spectroscopy (XPS), and HRTEM images after
the HER and OER (100 mA cm 2 for 50 h). The XRD
patterns acquired after the HER were in good agreement
with the structure simulated for the Cu;Co,Ru, alloy,
indicating that the CCCRO catalyst undergoes recon-
struction into an alloy structure, as shown in
Figure S21A. Moreover, the XRD pattern obtained after
the OER exhibited fundamental consistency with the
standard (ICSD PDF#95715), suggesting that the struc-
ture of the CCCRO catalyst remains unchanged
(Figure S21B). In addition, to investigate the changes in
the electronic structure of the CCCRO catalyst during the
HER process, we conducted an XPS analysis. As depicted
in Figure S22, after the HER, a significant proportion of
Cu and Co exists in metallic states.**** However, only
Ru*" was observed, which may be attributed to oxidation
by atmospheric exposure during sample transfer. This
observation underscores the critical importance of in situ
XAS for identifying reactive species. As illustrated in
Figure S23, the morphology of the CCCRO catalyst after
the HER exhibited particles with an approximate diame-
ter of 12 nm, indicating a significant deviation from the
pristine CCCRO. Furthermore, it was clearly seen that
the lattice fringes of the catalyst after the HER were con-
sistent with those of CuCoRu alloy nanoparticles
(Figure S24). Moreover, the EDX and inductively coupled
plasma mass spectrometry (ICP-MS) analyses of the
CCCRO catalyst after the HER indicated that Ca and O
ions were nearly absent. Combined with the in situ XAS
results, the continuous leaching of Ca ions and the influ-
ence of the reduction potential during the HER process
led to the reduction of high-valent Cu, Co, and Ru ions to
CuzCo,Ru, alloy nanoparticles, as illustrated in
Figures S25 and S26 and Tables S4 and S5. In Figure S27,
the EDX results after the OER indicated that the ele-
ments remained evenly distributed. Furthermore, the
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FIGURE 4 The reaction mechanism. (A) Schematic diagram illustrating the structural transformation of the CCCRO catalyst during
HER process. The yellow, blue, white, green, and red balls represent Cu, Co, Ru, Ca, and O atoms, respectively. (B-D) The FT-EXAFS fitting
results were obtained based on the optimized perovskite and alloy structures using DFT calculations. (E) Free energy curves for the HER.

(F) The charge distribution in CuCoRu alloy structure.

after OER elemental analysis results demonstrated that
partial leaching of Ca and Cu ions occurred in the
CCCRO catalyst, while the atomic ratios of Co and Ru
remained nearly unchanged (Tables S5 and S6). These
findings not only further corroborate the in situ XAS
results but also substantiate that the Cus;Co,Ru, alloy
nanoparticles formed during the HER serve as the actual
catalytic active phase.

2.4 | DFT calculation to elucidate
reaction mechanisms

Previous density functional theory (DFT) calculations on
the OER mechanism of CCCRO revealed that both Co
and Ru sites serve as active centers participating in the

lattice oxygen mechanism (LOM).'° Additionally, the
energy band structure indicated that Cu ions effectively
modulate the electronic structure of CCCRO near the
Fermi level, demonstrating a synergistic interaction
among the Cu, Co, and Ru sites."*

Based on the in situ XAS and morphological analysis
after the HER, it is evident that the active species trans-
form from the perovskite into metal nanoparticles com-
posed of Cu, Co, and Ru, as illustrated in Figure 4A.
However, the underlying mechanism by which these
structures enhance the reaction kinetics remains elusive.
To elucidate the mechanisms responsible for the
enhanced HER performance by the alloy structure, DFT
was employed. Additionally, EDX (Table S4) and ICP-MS
(Table S6) analyses were conducted to determine the stoi-
chiometric ratios of elements in the alloy structure.
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Firstly, to validate the accuracy of the alloy and
perovskite models we constructed, we employed the theo-
retically optimized alloy and perovskite structures for the
FT-EXAFS fitting. As illustrated in Figures 4B-D, S28,
and Table S7, the structure formed at —0.2 V (vs. RHE)
exhibited excellent agreement with the optimized alloy
model, providing further evidence that the active phase
generated during the HER was indeed the alloy structure.
These results confirm the accuracy and reliability of our
theoretical models.

To elucidate the active sites in the HER and establish
a clear structure-activity relationship, we simulated eight
distinct adsorption sites for *H intermediates on
Cu;CoyRu, alloy catalysts (Figure S29), calculating the
corresponding Gibbs free energies (AG). In Figure 4E,
the Cu site within the CuCoRu alloy exhibits the highest
energy barrier for the rate-determining step (RDS),
corresponding to the transformation process from the
OH* + H* intermediate to the H* intermediate
(AG = 0.61 eV). In contrast, the RDS for both Co and Ru
sites involves the transformation from H* to H,, with
respective AG of 0.19 eV and 0.37 eV, which are signifi-
cantly lower than that of the Cu site. This indicates that
both Co and Ru sites in the CuCoRu alloy serve as active
sites for hydrogen evolution. Moreover, to investigate the
charge transfer during the HER, the charge density differ-
ence before and after hydrogen adsorption was calculated
and plotted. As illustrated in Figure 4F, the results indi-
cate a strong interaction between the Co/Ru atoms and
the neighboring Cu atoms. The analysis suggests that the
Cu atoms play a crucial role in modulating the electronic
structure of the Co and Ru active sites through charge
transfer, thereby enhancing the HER performance of the
CuCoRu alloy. This charge redistribution is a key factor
in the catalytic behavior of the alloy, highlighting the
importance of the Cu-Co/Ru synergy in optimizing
hydrogen evolution kinetics.

3 | CONCLUSION

In summary, the single-phase CCCRO catalyst demon-
strated outstanding performance in OWS, achieving a
current density of 10 mAcm > at only 1.536V,
outperforming the most single-phase catalysts reported.
Additionally, it exhibited high operational stability for
500 h at a current density of 100 mA cm 2. In situ XAS
revealed that the perovskite structure of CCCRO
transformed into a CuCoRu alloy structure during the
HER. The DFT calculations confirm that, although Cu is
not an active site, its electronic interaction with Co/Ru
reduces the energy barrier of the Co/Ru sites, thereby
enhancing the HER performance. Our findings provide

valuable insights into improving OWS performance
through multi-element synergistic effects in a single-
phase catalyst.

4 | EXPERIMENTAL SECTION

41 | Chemicals

The CaO (99.99%), CuO (99.99%), RuO, (99.995%), Co304
(99.99%), and KCIO, (99.9%) were purchased from Alfa.
The isopropanol (C3HgO, liquid, >99.5%) was purchased
from Sinopharm Chemical Reagent Co., Ltd. The 20%
Pt/C and 5 wt% Nafion solution were purchased from
Aladdin. The carbon paper was purchased from Toray.
The Ni foam was purchased from Sinero Technology.

4.2 | Materials synthesis

The synthesis of the CCCRO electrocatalyst was
conducted using high-purity CaO, CuO, Co;0,4, RuO,,
and KClO, powders as starting materials via a solid-state
reaction under high-pressure and high-temperature con-
ditions. In this process, KClO, served as an oxygen source
to minimize oxygen vacancies in the synthesized quadru-
ple perovskite sample. The blended mixture was encapsu-
lated in a platinum capsule, which was heated by a
graphite heater and electrically insulated with hexagonal
BN sleeves. Molybdenum plates were used as the conduc-
tive electrodes, and cubic pyrophyllite blocks served as
the pressure medium. The entire high-pressure assembly
was loaded into a DIA-type cubic six-anvil apparatus,
where it was subjected to a pressure of 8 GPa. The sample
was then heated at a rate of 100 K min™ to 1550 K, held
for 30 min, and subsequently quenched rapidly with an
estimated cooling rate of ~1000 K min™". The resultant
powder sample was thoroughly washed with deionized
water to remove any residual KCl, and then ball-milled
to obtain a high-quality electrocatalyst for subsequent
characterization and measurement.

4.3 | Structural characterization

The structure of the electrocatalysts was characterized using
x-ray diffraction (XRD) with a Bruker D8 Advance diffrac-
tometer. Synchrotron XRD was performed using a large
Debye-Scherrer camera installed at the BLO2B2 beamline
(A=0.77508 A) of SPring-8. The morphology of
electrocatalysts was examined through high-resolution
transmission electron microscopy (HRTEM) utilizing an
FEI Tecnai G2 F20 microscope operating at 200 kV. In
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addition, high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images were
captured with an aberration-corrected FEI Themis Z STEM
microscope. The Cu and Co K-edge x-ray absorption spectra
(XAS) were collected at an in-house laboratory-based x-ray
absorption spectrometer (SuperXAFS M9000) and at the
Shanghai Synchrotron Radiation Facility (SSRF) on the
BL20U beamline. For the Ru K-edge XAS spectra, measure-
ments were conducted at the SSRF on the 14 W1 beamline
and at the Synchrotron SOLEIL on the ODE beamline. All
K-edge XAS data were processed and analyzed using the
Demeter software.*” The energy calibration was performed
based on the absorption edges of Cu, Co, and Ru foils.

4.4 | Electrochemical measurements

The electrochemical performance of the catalysts for the
oxygen evolution reaction (OER) and the hydrogen evolu-
tion reaction (HER) was conducted in a 1.0 M KOH solu-
tion, using an electrochemical workstation (Metrohm
Autolab with a PGSTAT 302 N system). A glassy carbon
electrode (GCE) served as the working electrode, while a
carbon rod acted as the counter electrode, and a Hg/HgO
electrode (with 1.0 M KOH solution) was used as the refer-
ence electrode. Initially, 5 mg of the catalyst powder and
5 mg of carbon black were mixed into a solution compris-
ing 700 pL of deionized water and 250 pL of isopropanol.
Subsequently, 40 uL. of Nafion solution was added to the
mixture, which was then sonicated in an ultrasonic bath
for 1 h. Following this, 8 pL of the prepared catalyst ink
was carefully deposited onto a polished glassy carbon elec-
trode (GCE) with a diameter of 5 mm (0.196 cm?, loading
of 0.2 mg cm™?), which served as the working electrode.
The potential conversion from the Hg/HgO to the
reversible hydrogen electrode (RHE) scale was calculated
using the equation E(RHE) = E(Hg/HgO) + 0.059*pH
+0.0977 V. For the impedance spectroscopy measure-
ments, the frequency range employed was from 10° to
10~ % Hz. The measured potentials were referenced to the
RHE, and the potential losses due to electrolyte resistance
were corrected using a 90% iR-drop compensation. The per-
formance of alkaline overall water splitting was assessed in
a two-electrode setup using a 1.0 M KOH solution. The
CCCRO catalyst was loaded onto carbon paper and Ni
foam with an area of 1 cm? (1 cm x 1 cm) as the cathode

and anode, respectively, with a loading of 0.5 mg cm 2.

4.5 | Theory calculations

The calculations were conducted using density functional
theory (DFT) with the Perdew, Burke, and Ernzerhof

generalized gradient functional (GGA-PBE) using the
Vienna Ab initio Simulation Package (VASP). 4% A
4 x 4 x 1 k-point mesh was employed, with a cutoff energy
of 400 eV. The force and energy convergence criteria were
set to 0.03 eV A~! and 10> eV, respectively. The top two
layers and the adsorbates were allowed to fully relax during
relaxation calculations. A vacuum gap of approximately
15 A was set along the surface normal direction.
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