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Combined In Situ X-Ray Spectroscopic and Theoretical Study
on Trimetal Synergistic Enhancement of Water Oxidation

Yalei Fan, Xubin Ye, Jing Zhou, Dabiao Lu, Chang-Yang Kuo, Yu-Cheng Huang,
Ting-Shan Chan, Chien-Te Chen, Youwen Long,* Jian-Qiang Wang,* Zhiwei Hu,*

and Linjuan Zhang*

Electrochemical water-splitting is vital in energy storage and conversion appli-
cations. However, the sluggish kinetics of the oxygen evolution reaction (OER)
hinders the electrochemical water-splitting. Therefore, developing efficient cat-
alysts and understanding the OER mechanism are highly desirable. This study
successfully synthesized a new quadruple perovskite oxide CaCu;Co,Ru,0;,
(CCCRO) catalyst exhibiting high OER activity with overpotential 198 mV at
10 mA cm—2, a Tafel slope of 37 mV dec™', and long-term operational stability
with a current density of 500 mA cm=2 for >500 h. The in situ X-ray absorption
near-edge structure (XANES) indicated that a part of high-spin (HS) Co**

ions and low-spin (LS) Ru’* ions transitioned to the tetravalent Co (V) and
hexavalent Ru (VI) valence states under OER. However, the Cu?* valence state
remained unchanged. Furthermore, the density functional theory (DFT) calcu-
lations reveal that the lattice-oxygen oxidation mechanism (LOM) rather than

global warming, making the pursuit
of renewable and clean energy sources
imperative.l*  Electrochemical water-
splitting, powered by renewable electric-
ity derived from wind and solar energies,
is a promising and sustainable approach
for producing clean hydrogen fuel from
aqueous solutions.>7! Additionally, elec-
trochemical water-splitting involves two
key reactions: anodic oxygen evolution
reaction (OER) and cathodic hydrogen
evolution reaction (HER). The OER is
the bottleneck in the electrochemical
water splitting due to the sluggish kinet-
ics of the four electron-coupled proton
transfer process.®] Although the ox-

conventional adsorbate evolution mechanism (AEM) is responsible for high
OER activity in Ru (VI)-O-Co (IV) network, and that the Cu(A’)/Co(B)/Ru(B’)
three sites synergistically facilitate the OER activity for CCCRO.

1. Introduction

The increased carbon dioxide emissions due to the rapidly grow-
ing energy demand have led to environmental pollution and

ides of precious metals, like ruthenium
(Ru) and iridium (Ir) are considered
the most effective commercial OER
electrocatalysts, their widespread prac-
tical applications are hindered due to
their scarcity and exorbitant costs.['%13]
Therefore, it is highly desirable to develop efficient OER
catalysts with abundant resources, low costs, high activ-
ity, and excellent stability and to understand the underlying
OER mechanism. Particularly, the advancement of catalysts
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with large-scale industrial applications in alkaline solutions is
indispensable for expediting full-scale hydrogen production
through water electrolysis.

Perovskite-type metal oxides with the general ABO, formula,
where A = alkaline earth or rare earth metals and B = transition
metals (TMs), structural stability, and high electronic conductiv-
ity have received increasing attention in water splitting.['*7] The
multi-elements synergistic effect is a useful way to boost the OER
activity. Doping nonprecious 3d TM ions in the electrocatalyst
ABO, (B = Ru and Ir) can remarkably enhanced the OER activity
and at the same time reduce the usage of Ru and Ir ions.[18-23]
For example, La, ;Sr,sNiMn,Ru, O, exhibited a 10 mA cm™
current density at 1.66 V, comparable to that of RuO, but with
significantly reduced precious metal content.'®] The synergistic
effect between the Co and Ir ions in Sr,ColrO_; led to a low over-
potential of 210 mV at a 10 mA cm~2 current density, which was
significantly superior to the SrCoO,; and SrlrO,; catalysts.l!]
CaCu,lr,0,, had a mass activity reaching about 50.2 A g™! at
1.50 V, about three times of 1rO,.[2% Although CaCu,Ir,0O,, had
OER inactive-Cu®* ions, the synergistic effect due to Cu®* ions
through orbital mixing between localized Cu 3d orbitals and
much expanded Ir 5d states effectively enhanced the OER perfor-
mance. Therefore, the synthesis of complex multi-metal oxides is
a promising approach for the reduced usage of precious metals
and enhanced OER performance.

In comparison to precious metals, Co-based electrocatalysts
have a lower price. Moreover, Co ions not only possess various
oxidation states such as +2, +3, and +4, but also have spin de-
gree of freedom, namely Co** and Co** ions can have high-spin
(HS), low-spin (LS) even Intermediate-spin (IS) states. Therefore,
Co compounds are extensively used in electrocatalysis.[”19242]
When Co is incorporated into Ru-based materials, the synergis-
tic effects between Co and Ru can effectively improve the OER
performance.[? The Ru/LiCoO, single atom catalyst exhibited
enhanced conductivity and reduced oxygen adsorption energy
due to strong electron coupling between Ru and Co sites, lead-
ing to a low overpotential of 247 mV at a 10 mA cm™ current
density.*]

Theoretically, the conventional adsorbate evolution mecha-
nism (AEM) cannot overcome the limitations of the linear pro-
portional relationship of key intermediates, like *O, *OH, and
*OOH, and fails to represent the low overpotential of catalysts for
TMs with a strong TM d-O 2p covalent property, such as Fe (IV),
Co (IV), and Ni (IV) states.[2*?7] Recent studies have unveiled the
pivotal role of lattice oxygen in water oxidation processes through
the formation of surface oxygen vacancies (Oy) and the repair
of specific oxides and hydroxide materials, referred to as lattice-
oxygen oxidation mechanism (LOM).I?82] The LOM-based OER
decoupled the proton and electron transfer, circumventing the
constraints imposed by the linear proportional AEM to reduce the
overpotential and energy consumption. Many high valence state
oxides showed the lattice-oxygen participation of OER.%32 For
example, the Fe,O;@CeO,-O, catalyst, featuring a significant
presence of Oy, and binding heterojunctions, effectively activated
the lattice oxygen.**] Moreover, this activation shifted the reac-
tion pathway from AEM to LOM, impressively reducing the over-
potential with only 172 mV required at 10 mA cm=2. A part of Li
ions was removed from the Li,Co,0,*" and LiNiO,?] catalysts
during the OER, and high-valence Co (IV) and Ni (IV) species

2

Adv. Energy Mater. 2025, 15, 2404599 2404599 (2 0f11)

www.advenergymat.de

were produced, which activated the surface lattice oxygen and en-
abled the direct O—O coupling between the lattice oxygen and the
*0 intermediates to optimize the OER activity.

This study reported an electrocatalyst of complex perovskite
oxide CaCu;Co,Ru,0,, (CCCRO), where the TM ions of Cu, Co,
and Ru were expected to boost the OER performance synergisti-
cally. This electrocatalyst exhibited an excellent OER performance
in alkaline solutions, with an ultralow overpotential of 198 mV
for a current density of 10 mA cm™2, ranking the highest per-
formance among Co-Ru based catalysts. First, in situ X-ray ab-
sorption near-edge structure (XANES) was measured to explore
the valence states of Cu, Co, and Ru as a function of the applied
potential starting from Cu?*/Co** /Ru* determined using the ex
situ L, ;-edge soft X-ray absorption spectroscopy (sXAS) spectra.
Then, in situ extended X-ray absorption fine structure (EXAFS),
in situ synchrotron radiation (SR)-based X-ray diffraction (XRD),
and in situ Raman spectroscopy were employed to study the pos-
sible structural modification under OER. Finally, the OER mech-
anism in this complicated catalyst with three TMs was expatiated
using the density functional theory (DFT).

2. Results and Discussion

2.1. Crystal Structure and Morphology

The ruthenate oxide CCCRO belonged to the typical cubic A-
site ordered quadruple perovskite compound AA’,B,O,,, with a
2 x 2 x 2 superstructure of simple cubic perovskite ABO;.
As shown in Figure la, one Ca** and three Cu’?' ions oc-
cupy A-sites in order, while the Co** and Ru’* ions formed
the corner-share (Co/Ru)O, octahedra at B-sites randomly. A
solid-state reaction method was used to successfully prepare
the CCCRO sample, whose structure was characterized using
SR/lab-based XRD. As shown in Figure 1b, the Rietveld re-
finement of the lab-based XRD pattern revealed that CCCRO
adopted the Im-3 space group. Additionally, the lattice parame-
ter was a = 7.30121(1) A, with no observable impurity phases
(Table S1, Supporting Information). Moreover, based on the
CaCu;Ru,O,, reference (ICSD PDF#95715), it is observed that
the peaks shift to the right at the high angular position (Figure
S1, Supporting Information), indicating the lattice shrinkage,
which is caused by the smaller ionic radius of Co ions and the
higher oxidation state of Ru (as confirmed by XAS, shown be-
low) when Co is partially replacing replaced Ru cations. Addi-
tionally, the crystalline phase of the prepared CCCRO was char-
acterized using SR-based XRD. Moreover, the SR-based XRD pat-
terns of CCCRO exhibited a strong correlation with the standard
CaCu;Ru, 0, spectra (ICSD PDF#95715) (Figure S2, Support-
ing Information). Furthermore, pure phase CaCu;Ru,0,, and
Sr,CoRuO, samples were synthesized, and their lab-based XRD
patterns and the Rietveld refinement are shown in Figures S3
and S4 (Supporting Information) as comparison catalysts for
CCCRO catalyst. Transmission electron microscopy (TEM) was
used to understand the morphology of the CCCRO catalyst. The
morphology of the pristine CCCRO particles showed an aver-
age particle size of ~50 nm (Figure S5, Supporting Informa-
tion). As shown in the high-resolution TEM (HRTEM) image in
Figure 1c, the lattice fringes of CCCRO had a plane d-spacing
of 0.264 nm corresponding to its (220) planes. The perovskite
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Figure 1. Structural characterization for CCCRO. a) Crystal structural model. b) Refined. XRD profile. c) HRTEM image. d) SAED pattern along the [110]
direction. e) Atomic-resolution HAADF-STEM image. The red, green, and blue dots represent the Ca, Cu, and Co/Ru atoms, respectively.

crystal matrix on the surface was well-preserved with no dis-
cernible amorphous layer. As shown in the selected area electron
diffraction (SAED) pattern of CCCRO recorded along the [100]
zone axis in Figure 1d, CCCRO had good crystallinity. Fur-
thermore, as shown in the high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) images
in Figure le, the atomic image of CCCRO was in excellent
agreement with the theoretical structure. The atomic image
in Figure le depicts the (001) planes, where atoms at A site
and B site were arranged alternately. As shown in Figure S6
(Supporting Information), the elemental content of the CCCRO
sample was characterized using energy-dispersive X-ray (EDX)
spectroscopy. The results demonstrated that the constituent el-
ements were uniformly distributed in CCCRO, element segre-
gation did not occur, and the atomic ratios of Ca/Cu/Co/Ru/O
adhered to the anticipated stoichiometry (Table S2, Supporting
Information).

2.2. Electronic Structure

It is well known that the energy position and multiplet spec-
tral feature of sXAS at the L,;-edge of 3d TMs are highly
sensitive to the valence states,’33*] spin states,3>%] and local
environment*?*) of the 3d TM ions. The Cu L, ;-edge spec-
tra of CCCRO and references Cu**O and Cu*,0 for compar-
ison are shown in Figure 2a.3%] The white line peak for CC-
CRO and CuO had the same energy position, suggesting a +2
valence state for Cu in CCCRO. As depicted in Figure 2D, the
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energy position and shape of the Co L, ;-edge spectra of CC-
CRO and Sr,CoRuO, had a close resemblance, suggesting the
presence of Co as a HS-Co®* state in CCCRO.[*! Furthermore,
ascertaining the valence state of Ru was imperative to eluci-
date the definitive chemical formula of CCCRO. As shown in
Figure 2c, the white line peak for CCCRO and Sr,CoRuO, had
the same positioning in the Ru L;-edge spectra, indicating a +5
oxidation state for Ru in CCCRO to fulfill the charge balance
requirement.

Additionally, the XANES at the TM K-edge is sensitive to
the valence state of the TM ions.[*1#2] The Cu K-edge XANES
spectra of CCCRO, CuO, Cu,0, and the Cu foil are shown in
Figure 2d. The absorption edge of CCCRO (at a normalized in-
tensity of 0.8) was at the same position as that of CuO, pro-
viding further evidence for Cu** in CCCRO. Additionally, the
K-edge XANES of Co and Ru are shown in Figure 2e,f. Evi-
dently, the absorption edge of CCCRO were at the same posi-
tion as those of LaCoO; and Sr,CoRuO, in Co and Ru K-edge
XANES, respectively, further confirming the Cu**/Co** /Ru’* va-
lence states in CCCRO. It is well known that the EXAFS is
extremely sensitive to the local environment of metal ion, in-
cluding the bond length, coordination number, and degree of
disorder.["3%4] The EXAFS analysis of CCCRO is presented in
Figure S7 (Supporting Information). Based on the best fitting
results of Fourier transform (FT)-EXAFS spectra, we can con-
clude that Cu adopted a CuO, coordination structure in CC-
CRO, while the Co and Ru ions exhibited an octahedral coor-
dination reflecting their atomic positions (Figure 2g—i; Figures
S8 and S9 and Table S3, Supporting Information). However,
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Figure 2. Characterization of valence and coordination structures. a) Cu L, ;-edge spectra of CCCRO (red line) and references Cu**O (black line) and
Cu™,0 (blue line). b) Co L, 3-edge spectra of CCCRO (red line) and references LS-Co** (EuCo®*Oj: black line), HS-Co®* (Sr,Co**RuQg: green line), and
Co%*O (blue line). c) Ru L;-edge spectra of CCCRO (red line) and references Sr,CoRu>* Oy (black line) and SrRu**O; (blue line). d) Cu K-edge spectra
of CCCRO (red line) and references Cu® foil (green line), Cu?*O (black line), and Cu*,0O (blue line). e) Co K-edge spectra of CCCRO (red line) and
references Co? foil (green line), LaCo3* 05 (black line), and Co?*O (blue line). f) Ru K-edge spectra of CCCRO (red line) and references Sr,GdRu>*Og
(black line), Ru**O, (blue line), Ru>*Cl; (purple line), and Ru® foil (green line). g—i) The EXAFS fitting curves for CCCRO. j-I) WT for the k?-weighted

EXAFS spectra of CCCRO.

the Co—O bond had a shorter length than the Ru—O bond
because the Co ion had a smaller ionic radius than the Ru ion.
Furthermore, the coordination conditions of Cu/Co/Ru were vi-
sually explored using a powerful wavelet transform (WT) analysis
to directly reflect the structure information in the R and K spaces.
The WT of CCCRO and reference samples supporting the EXAFS
analysis are depicted in Figure 2j-1 and Figure S10 (Supporting
Information).

Adv. Energy Mater. 2025, 15, 2404599 2404599 (4 of 11)

2.3. Electrocatalytic OER Performance

The OER performance of CCCRO was evaluated using electro-
chemical measurements in an O,-saturated 1 M KOH solution
with a standard three-electrode system. The electrode potentials
were calibrated with respect to the reversible hydrogen electrode
(RHE). A glassy carbon electrode (GCE) operated at 1600 rpm,
and a 5 mV s7! scan rate was employed for linear sweep

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Electrocatalytic OER performance. a) LSV curves of CCCRO, CaCu;Ru,O1;, Sr,CoRuOg, and RuO,. b) Comparison of the overpotentials (at
current density of 10 mA cm™2) and the current densities (at an overpotential of 270 mV) of the CCCRO, CaCu;Ru,O4,, Sr,CoRuQg, and RuO,. c) Tafel
plots. d) Differences in the charging current density plotted against the scan rate for CCCRO, CaCu;Ru,O;,, Sr,CoRuOg, and RuO,. ) Comparison of
the overpotential at 10 mA cm~2 for CCCRO and the previously reported Co-Ru based catalysts. f) LSV curves of the AEM electrolyzer using CCCRO and
RuO,, Pt/C catalysts as the anodic and cathodic electrodes, respectively. g) Stability tests of the AEM water electrolyzers at 500 mA cm™2.

voltammetry (LSV). This study selected CaCu,Ru,O,, and
Sr,CoRuOy as references since the OER activity could be checked
in case of the lack of Co or Cu at the B or A sites, respectively.
As shown in the LSV curve in Figure 3a, CCCRO had a low
overpotential of only 198 mV to achieve a current density of
10 mA cm~2, which surpassed the performance of CaCu;Ru,O,,
(275 mV), Sr,CoRuO (254 mV), CaCu;Co,0,, (370 mV),[* and
commercial RuO, (300 mV). Additionally, at a 270 mV overpoten-
tial (+1.50 Vvs RHE), CCCRO had a specific OER activity 10, 18,
and 38 times higher than CaCu,Ru,O,,, Sr,CoRuO,, and com-
mercial RuO,, respectively (Figure 3b). A comparison of the mass
activities (MA) of the CCCRO, CaCu,Ru,0,,, Sr,CoRuO,, and
RuO, catalysts at 1.5 V (vs RHE) is shown Figure S11 (Support-
ing Information). CCCRO exhibited the highest MA of 788.9 A
g1, ~38 times higher than that of commercial RuO,. Further-
more, Tafel analysis was used to gain a more comprehensive un-
derstanding of the OER kinetics, as shown in Figure 3c. CCCRO
exhibited the lowest Tafel slope of 37 mV dec™!. The Tafel slopes

Adv. Energy Mater. 2025, 15, 2404599 2404599 (5 Of11)

of CaCu;Ru,0,,, Sr,CoRuO;, CaCu,;Co,0,,,* and RuO, were
51, 82, 75, and 86 mV dec™!, respectively. Furthermore, electro-
chemical impedance spectroscopy (EIS) confirmed the enhanced
charge transfer capability of CCCRO sample (Figure S12, Sup-
porting Information). The electrochemically active surface area
(ECSA), determined using the non-Faradaic cyclic voltammetry
(CV) data exhibited a positive correlation with the electrochem-
ical double layer capacitance (Cy) (Figure S13, Supporting In-
formation). As illustrated in Figure 3d, CCCRO had the largest
ECSA and more electrochemically active sites, which were con-
ducive to catalyzing OER. To further assess the intrinsic catalytic
activities of samples, LSVs curves were further normalized by
ECSA (Figure S14, Supporting Information), and CCCRO ex-
hibited the highest intrinsic activity. Meanwhile, the intrinsic ac-
tivity of the electrocatalysts was investigated using the turnover
frequency (TOF). In comparison to its counterparts, CCCRO
exhibited the highest TOF value for the OER (Figure S15, Sup-
porting Information), thereby further confirming the highest
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OER activity for CCCRO. A 100-h chronoamperometry con-
firmed that CCCRO had long-term stability without any signif-
icant loss of activity (Figure S16, Supporting Information). The
electrochemical analysis mentioned earlier demonstrated that
CCCRO had exceptional OER performance in alkaline condi-
tions, surpassing numerous previously reported Co-Ru based
electrocatalysts (Figure 3e; Table S4, Supporting Information).

Moreover, an anion exchange membrane (AEM) electrolyzer
was constructed to investigate the potential applications of CC-
CRO under industrial conditions. The AEM electrolyzer had
a sandwich structure with a 4 cm? surface area, and it com-
prised a collector, commercial 20% Pt/C as a cathode catalyst,
CCCRO as an anode catalyst, and an anionic membrane, as
shown in Figure S17 (Supporting Information). Additionally,
an AEM electrolyzer with commercial RuO, as the anode cat-
alyst was constructed. As depicted in Figure 3f, the CCCRO
catalyst had cell voltages of 1.83 and 2.05 V at room tempera-
ture for current densities of 0.5 and 1.0 A cm™2, respectively.
In contrast, the RuO, catalyst had cell voltages of 2.02 and
2.37 V at current densities of 0.5 and 1.0 A cm™2, respectively
(Figure S18, Supporting Information). Furthermore, the long-
term stability of the AEM electrolyzer at a 500 mA cm~ cur-
rent density was investigated. As illustrated in Figure 3e, CC-
CRO had considerable stability for >500 h with negligible poten-
tial fluctuations, suggesting promising prospects for industrial
utilization.

2.4. In Situ Spectroscopic Studies on OER Mechanism

Synchrotron-based in situ XAS and XRD were used to gain a
deep understanding of underlying OER mechanisms of CCCRO.
The in situ Co-K XANES spectra as a function of the applied po-
tential from the open circuit potential (OCP) to 1.75 V (vs RHE)
are shown in Figure 4a,b. The absorption edge shifted to higher
energy with the progressive rise in the potential, indicating an
increased valence state of Co ions. The specific variation in the
valence state of Co ions in response to applied potential was as-
sessed in comparison with LaCoO, and BaCoO;, the standard Co
(ITI) and Co (IV) references, respectively (Figure 4c). The valence
state of the Co ions reached its maximum value of approximately
Co***8 at an applied potential of 1.75 V. As reported in previous
theoretical calculations, the Co (IV) oxidation state was primar-
ily responsible for the high OER activity.['>3!] Furthermore, the
possible change of the local coordination environment of the Co
ion was investigated using the in situ EXAFS spectroscopy. The
FT-EXAFS and the evolution of the Co—O bond length obtained
through EXAFS fitting are illustrated in Figure 4d1,d2. The EX-
AFS fit curve and detailed data are presented in Figure S19 and
Table S5 (Supporting Information). Evidently, the Co—O bond
length decreased as the applied potential increased. Furthermore,
the WT analysis of EXAFS showed no changes in the Co-O-Ca/Cu
network under different potentials (Figure S20, Supporting
Information).

The in situ K-edge XANES of Ru and Co for the CCCRO
catalyst as a function of the applied potential exhibited similar
trends. As depicted in Figure 4e,f, the absorption edge of the
Ru K-edge XANES shifted towards higher energy with the in-
crease in applied potential, indicating an increased valence state
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of the Ruions. The in situ XANES spectra suggested that the hex-
avalent Ru (VI) ions were OER active species. In this study, Ru
(V1) indicated a strong covalence of a very high oxidation state
of Ru ion. As quantified by the Ru**O, and Sr,GdRu’>*O, stan-
dard references, the change in the valence state of Ru ions un-
der different potentials is illustrated in Figure 4g. As the applied
potential increased, the valence state increased until it reached
the highest valence state of Ru*>*. The FT-EXAFS of CCCRO
as a function of the applied potential is shown in Figure 4hl.
The first peak (~1.45 A) representing the Ru-O bond length
shifted slightly leftward, indicating a contracted Ru—O bond
length. The changes in the Ru—O bond length were quantified
using the EXAFS data fitting, and the results are presented in
Figure 4h2. The Ru—O bond length gradually decreased from
1.97 A in the air to 1.93 A at 1.45 V as the applied poten-
tial increased. However, the Ru—O bond length only slightly re-
duced over the 1.45-1.75 V applied potential range. The EX-
AFS fitting curves and detailed data are shown in Figure S21
and Table S6 (Supporting Information). Additionally, the WT re-
sults of the in situ Ru K-edge EXAFS demonstrated the absence
of any structural change during OER (Figure S22, Supporting
Information).

Furthermore, it was explored whether Cu ions would un-
dergo a valence state transition as a function of the applied
potential like Co and Ru ions. As shown in the in situ Cu-K
XANES in Figure 4i, the absorption edge did not shift with the
increase in the applied potential, indicating that the Cu®* va-
lence state remained unchanged and OER inactive for Cu ions
in CCCRO. Additionally, as shown in the FT-EXAFS and de-
tailed data fitting in Figures S23-S25 and Table S7 (Supporting
Information), there were no changes in the local environment
of the Cu ion. WT further confirmed no structural changes in
the Cu ions under different potentials (Figure S26, Supporting
Information).

Moreover, in situ XRD was measured using synchrotron radi-
ations to confirm the structural stability of CCCRO under OER.
As shown in Figure 4j, there were no additional diffraction peaks
with the increase in the applied potential, and the intensity of the
diffraction peaks of CCCRO did not change. Consequently, this
indicated that the CCCRO catalyst maintained its structural sta-
bility under OER condition. Raman spectroscopy is a robust tech-
nique for surface characterization, and it enables the detection of
several parameters, like crystal phase, chemical state, and struc-
tural distortion.***’] The in situ Raman spectroscopy did not in-
dicate any of structural changes (Figure S27, Supporting Infor-
mation). Thus, all in situ spectroscopic results concluded a high
structural stability of CCCRO under OER, which was responsible
for the OER operational stability observed for over 500 h.

From in situ XAS we know that the valence states of Co and
Ru increase from Co**“\Ru’* to Co*>*\Ru>**, which can be un-
derstood by leaching of Ca and Cu ions found from EDX (Table
S8, Supporting Information) and inductively coupled plasma-
mass spectrometry (ICP-MS) (Table S9, Supporting Informa-
tion). However, the SR-based XRD of CCCRO before and af-
ter OER in Figure S28 (Supporting Information) exhibited the
same patterns with only slightly shift to the large angle. The Ra-
man spectroscopy of CCCRO before and after OER confirmed
negligible structural changes of CCCRO during OER, as shown
in Figure S29 (Supporting Information). The HRTEM images

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. In situ spectra of CCCRO under different potentials. a,e,i) The K-edge XANES spectra of Co, Ru, and Cu for CCCRO at the applied potentials.
b,f) The partially enlarged view of Co and Ru K-edge XANES. c,g) Oxidation states derived from (a,e), respectively. d1,h1) FT-EXAFS at the Co and Ru
K-edges. d2,h2) Co-O and Ru-O bond lengths in the CCCRO electrocatalyst under the applied potentials, as extracted from the EXAFS fitting. The applied

potential is referenced as RHE. j) In situ SR-based XRD patterns of CCCRO

taken after OER showed that crystal plane spacing (d = 0.264 nm)
for the (220) crystal planes was consistent with that observed
before OER (Figure S30, Supporting Information). Additionally,
EDX images showed a uniform elemental distribution with no
obvious element segregation after OER (Figure S31, Support-
ing Information). Additionally, HAADF-STEM confirmed that
the atomic arrangement remained unchanged after OER (Figure
S32, Support Information). Thus, all above results indicated that
the crystal lattice of the remaining ions is unchanged. The K-
edge spectra of Cu, Co, and Ru for CCCRO before and after
OER demonstrated that there was no change in the valence
state of Cu, Co, and Ru ions and in the crystal structural of
the bulk of CCCRO (Figure S33, Supporting Information). Ad-
ditionally, sXAS at the 3d elements L,;-edge taken with total
electron yield (TEY) mode has a detection depth of ~#5 nm and

Adv. Energy Mater. 2025, 15, 2404599 2404599 (7 Of11)

under the applied potentials.

therefore is sensitive to electronic structure of the surface. As
shown in Figure S34 (Supporting Information), the Cu and
Co L, ;-edge spectra of CCCRO after the OER (green line) has
the same energy as that of before the OER (red line) reveal-
ing no change in the valence states of Cu and Co ions. How-
ever, due to partial dissolution of Ca and Cu ions, there is a
slight contraction of lattice leading to a spin state transition
from HS-Co** to LS-Co*t (Figure S34b, Supporting Informa-
tion), as known from comparison of HS-Co** (Sr,CoRuO)*!
and LS-Co** (EuCo0;)% at the bottom of Figure S34b (Sup-
porting Information). Moreover, the results of Ru L;-edge shown
that Ru returned to the +5 valence state after the OER (Figure
S34c, Supporting Information). Therefore, it highlighted the
importance of in situ techniques in identifying the real active
sites.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

35UR017 SUOWILLIOD AIR1D 3|qed|(dde au Aq pautenob afe sapiie YO ‘8N JO S9N 10y ArIqIT 8UIUO AB|IM UO (SUORIPUOD-PUR-SWLBYW0D /S [1MARe.q 1 U UO//SANY) SUORIPUOD pUe SWB | 8L} 39S *[5Z02/70/9T ] UO ARiqiTauljuQ A3|IAN ‘S9oUB S JO Awepedy assuiyD sasAud JO aImisu| Aq 66507202 WUe/Z00T OT/I0p/W00 A8 | 1M Aelq 1 Ul {Uo"paoueApe//Sdiy WOy papeo|umod ‘ST 'SZ0Z ‘0ve9vToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

2.5. DFT Calculations and the Electrocatalysis Mechanism

Considering that in situ XAS suggested that Co and Ru ions
were OER active sites and Cu ion was relatively OER inac-
tive in CCCRO catalysts, first-principles DFT was employed
to gain further insights into the fundamental OER mecha-
nism of CCCRO. The surface reaction pathway was simulated
using BO,-terminated (001) planes. Considering that the in
situ XAS obtained the Cu®*/Co**’/Ru*>® valence states and
EDX derived the ratio of Ca and Cu after OER, the pro-
posed model was Ca, s Cu, sCo**>,Ru*>*,0,, (Table S8, Support-
ing Information). The Ca,;Ru**>,0;, Ca,sCuysRut>*,0,,, and
Ca, sCo***Ru™>0, models were also considered for compari-
son (Figure S35, Supporting Information). The reaction mech-
anisms considered four proton-electron transfer steps and were
both AEM and LOM, as shown in Figure 5a,b. The values of
Gibbs free energy (AG) values for these structures obtained at
Ugrye = 0 V potential using AEM and LOM pathways are shown
in Figure 5c¢,d and Figure S36 (Supporting Information). Since
the *OOH formation in CaysRu,O, under AEM route exhib-
ited a higher free energy barrier, the theoretical thermodynamic
overpotential () was 1.02 V (LOM gives 1.6 V), which served as
the rate-determining step for OER. For the Ca, ;Cu,;Ru,O;,, the
AEM route also has the lower overpotential than LOM path, and
the 5 decreased to 0.78 V. Although Cu** was found to exhibit
OER inactivity, the synergistic effects of Cu?*-Ru’>>* could en-
hance the OER activity. This could be attributed to the optimized
Ru 4d electronic structure due to the Cu 3d electrons through the
Cu(A’)-O-Ru(B) network, reducing the overpotential compared to
Ca (3d°) with 3d electrons.[?]

Under the AEM path, Ca, ;CoRuO, had a slightly higher theo-
retical overpotential for OER (0.15 V at Co site and 0.10 V at Ru
site). However, under the LOM path, Ca, ;CoRuO, had theoreti-
cal overpotential values of 0.75 V (Co site) and 0.57 V (Ru site),
which was lower than those of Ca, ;Ru,0, and Ca, ;Cu,sRu,O;,
in AEM and LOM paths (Table S10, Supporting Information). We
can conclude that LOM scenario represents the real OER mech-
anism for Co (IV)-O-Ru (VI) network in the similar way as Co
(IV) and Ni (IV) oxides.[*?*3] When the ions of all three TMs, Cu,
Co and Ru in CCCRO were considered in the LOM pathway, the
n values reduced to 0.32 V (Co site) and 0.38 V (Ru site), much
lower than n = 0.75 V (Co site) and # = 0.57 V (Ru site) for the
LOM pathway of the bimetallic Ca, ;CoRuO, catalyst. These re-
sults further demonstrated that synergistic effects of the three
TM ions efficiently boosted the OER activity in CCCRO, though
Cu ions were relatively OER inactive. These values were smaller
than #=0.77 V (Co site) and = 0.68 V (Ru site) for AEM pathway
in CCCRO.

To gain further understanding of the origin of trimetal cooper-
atively enhanced OER activity by means of the participation of Cu
3d(A’ site)-O-Co 3d/Ru 4d(B site) in bonding, we also investigated
the low energy electronic structure close to Fermi energy (E;) of
Ca, ;CoRuQg, and Cu ions embedded in Ca, ;Cu, s Co,Ru,0,,. In
Ca, sCoRuOQy, there is an overlap between Co 3d/Ru 4d states with
O 2p at the Fermi energy (E;) in Figure 5e. As Cu ions is embed-
ded in CCCRO, the density state of total d character close to at E;.
(black line in Figure 5f) increases very clearly. This result demon-
strates that inactive Cu species can optimize the electronic struc-
ture at the E, in turn improve the OER performance in CCCRO.
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Thus, the microelectronic origin of the synergistic effects among
three sites (Cu, Co, and Ru) can be well understood.

To confirm the involvement of lattice oxygen during OER, we
assessed the pH dependence of the CCCRO. LSV curves were
obtained at different pH values (13.7, 13.5, and 13.0), as shown
in Figure S37 (Supporting Information). CCCRO exhibited pro-
nounced dependence to pH values. The implication here was
the involvement of non-cooperative proton-electron transfer and
LOM pathway in the OER, rather than the conventional AEM
pathway. Moreover, we conducted ®O-isotope labelling experi-
ments using in situ differential electrochemical mass spectrom-
etry (DEMS). First, the experiment was carried out on more
than four consecutive CV cycles of unlabeled CCCRO in an 8O-
enriched 0.1 M KOH electrolyte (Figure S38, Supporting Infor-
mation). After partial replacement of lattice 1°O by 'O from
the electrolyte, the *O-labeled CCCRO was cycled through an-
other four cycles in H,0-based KOH electrolyte to investigate
whether lattice oxygen participated in the OER (Figure 5g). The
results of the CV cycles demonstrated that the ¥O-labeled CC-
CRO exhibited abundances exceeding 1.5 times the natural iso-
tope abundance in the water (Figure 5h), indicating participation
of lattice oxygen via LOM pathway.

3. Conclusion

A new electrocatalyst of composite perovskite oxide, CCCRO was
successfully synthesized. The CCCRO catalyst exhibits best OER
performance and prolonged operational stability among Co-Ru
catalysts. The CCCRO catalyst have Cu?*, Co**, and Ru’* states,
as determined using the ex situ XAS spectra at the Cu-L,; (Cu-
K), and Co-L, ; (Co-K), and Ru-L (Ru-K) edges, respectively. The
in situ XANES spectra, as a function of applied potential, indi-
cated that nearly half of Co** and Ru’* ions were transferred to
the Co (IV) and Ru (VI) valence states, respectively. However, the
Cu?* valence state remained unchanged. Furthermore, various in
situ techniques, such as EXAFS, XRD, and Raman spectroscopy,
showed that CCCRO maintained its structural stability during
OER. The conclusions drawn from DFT calculations are as fol-
lows: (1) Rather than the conventional AEM, the LOM path simi-
lar to that for Co (IV)/Ni (IV) oxides, was a real OER mechanism
in CCCRO. (2) Cu?* was relatively OER inactive, but it optimized
the electronic structure through the A’-O-B/B’ path to enhance
the OER activity as further confirmed by density state close to Ej.
This study presents a highly efficient OER catalyst and a deep
understanding of the underlying mechanism of multisite syner-
gistic effects of OER.

4. Experimental Section

Synthesis of the CCCRO Catalysts:  The high temperature and high pres-
sure (HPHT) method was used to synthesize perovskite CCCRO materi-
als. The starting materials were high-purity CaO, CuO, Co;0y, RuO,, and
KClO, powders, which were thoroughly mixed in an agate mortar at a mo-
lar ratio of 3: 9: 2: 6: 3. Subsequently, the mixture was sealed into a plat-
inum capsule and subjected to HPHT treatment at 8 GPa and 1550 K for
30 min on a cubic-anvil-type apparatus. The sample was rapidly cooled to
room temperature after the heat treatment, followed by the gradual release
of the pressure. Finally, the resulting polycrystalline pellet was rinsed with
deionized water to eliminate the residual KCl.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB01T SUOWILIOD aAIERID 8|qed!dde ayy Aq peusenob afe sopie YO 9Sn JO S9N 10 ARIq1T8UIUQO /8|1 UO (SUONIPUOI-pUe-SWBIW0Y" A3 |1 Aeug Ut |uoy/:Scy) SUONIPUOD pue Swie 1 8y 88S *[5202/y0/9T ] Uo ARiq1T auljuO A8|IM ‘S0URIoS JO Awepedy 8seulyD SoSAUd JO Iniisu| Ag 66507202 WUSe/Z00T 0T/10p/wod" A3 | i Aseud 1 pul|uo"peouenpe//sdny wolj pspeojumod ‘ST ‘SZ0Z ‘0v89vTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED

SCIENCE

NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

a

) oH-
H,0+0,+e
_/\ 0-B-0 \) -
oH /' ® @
(I)OH (.)H
0-B-0 AEM 0O-B-O
BNE o _y OH-
(3 ]
K 0-B-0 7
OH- H,0 + ¢

AEM

Ca, sCoRuO4-Co site
Ca,; s;CoRuO¢-Ru site
—— Ca, 5Cu, 5Co,Ru,0,,-Co site
—— Cay 5Cu, 5Co,Ru,04,-Ru site

@ @ . ® @
Reaction steps
Ca, (CoRuO;, Co-3d
: Ru-4d
: ——0-2p
: tot-d

8 4 0 4 8

re

Mass signal (a.u.)

E-Ey (eV)
0, 2x 107 |
"0 1x 10"
*0; 2x 10" |
1 2 3 4

Cycle number

www.advenergymat.de

p  Hore e g
0-B-0
H,0 + e
OH-%—— } ore
OH 00
|
oson  LOM  obaov,

R & __y OH-
€
x 0-B-OH 7

OH- 0,+e
d 5| Lom
L4
44 o
 —
31 4 m=015V
) S M=032V
o, n=057V / ——
< 27 i ——
,’/—.";
n-0.38V ,",‘_17 Ca, sCoRuO,4-Co site
11 ’ ;l',,'f" Ca,; sCoRuO4-Ru site
& CaysCu, sCo,Ru,0,,-Co site
04— —— Cay5Cu, sCo,Ru,0,,-Ru site
@ (©)] ® ®
Reaction steps
f Ciy5Cu, <Co,RU,0,, Cu-3d
/\' E
5
&
N’ >
wn
Q
(=]
-9

E-E. (eV
e r (€Y)
0\
&
s o—
) 0\0
<9 034
=
<
=
=
=
=
«
=]
& Natural, 0.2%
0.2+
1 2 3 4

Cycle number

Figure 5. The OER mechanism of CCCRO. a) AEM, the letter B represents the element at the B-position in perovskite, which consists of Co and Ru
in CCCRO. b) LOM. ¢,d) AEM and LOM on Ca; sCoRuOg and Cag 5Cu, 5Co,Ru,O1,, respectively. e,f) Projected density of states of Ca; CoRuOg and
Cag 5Cuy sCoyRU,O,. The Fermi levels are set to 0 eV. g) DEMS results by '®O-isotopic labeled CCCRO with CV cycles in H,'O-based 0.1 m KOH
electrolyte. h) The evolution of measured 30 abundance of evolved oxygen (from total DEMS charge) for '8O-labled CCCRO with CV cycles.
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Synthesis of the CaCu3Ru,0;, and Sr,CoRuOg Catalysts: A conven-
tional solid-state reaction was used to prepare the CaCuzRu,O,, and
Sr,CoRuOg powders. For CaCuzRu,O4,, a mixture of CaCO3, CuO, and
RuO, in a 1:3:4 molar ratio was sintered at 1273 K for 24 h in the air.
The purity of the phase was confirmed using XRD, and the desired results
were achieved using multiple sintering rounds. For Sr,CoRuQOg, a mixture
of SrCO;3, Co3 04, and RuO, in a 6:1:3 molar ratio was used as the starting
material, which was calcined at 1473K for 24 h in the air. The purity of the
phase was confirmed using XRD, and the desired results were achieved
using multiple rounds of sintering.[48]

Commercial RuO,, Pt/C Catalysts: RuO, and 20% Pt/C was purchased
from Aladdin.

Structural Characterization: The structure of the catalyst was deter-
mined using XRD (Bruker D8 Advance X-ray diffractometer). The struc-
ture was refined using Rietveld refinement in the general structure analy-
sis system (GSAS).[*] An excitation wavelength of 473 nm was used for
the in situ Raman spectroscopy (Horiba LabRAM HR Evolution). The in
situ Raman measurements were performed in T m KOH, and the other
conditions were the same as those used for electrochemical activation.
The morphology of the materials was visualized using TEM (FEI Tecnai-G2
F20) with a 200 kV acceleration. HAADF-STEM images were recorded us-
ing an aberration-corrected microscope (FEI Themis Z STEM), which was
operated at a 60 kV accelerating voltage. The angle range of the HAADF
detector was 50-200 mrad. In situ Cu/Co and Ru K-edge XAS spectra
were acquired at the Shanghai Synchrotron Radiation Facility (SSRF) in the
fluorescence mode with a Si(111) double-crystal monochromator at the
BL20U beamline and in fluorescence mode with a Si(311) double-crystal
monochromator at the BL 14W 1 beamline, respectively.[>%] All K-edge XAS
data were analyzed using the program Demeter.>'l The energy calibra-
tion was according to the absorption edge of the Cu/Co/Ru foil. The sXAS
at the Cu L, ;-edge and the Co L, ;-edge were collected at TLS 11 A of the
National Synchrotron Radiation Research Centre (NSRRC). Due to the low
photon energy of soft XAS, the sample and the single crystal CuO (CoO)
were measured at the same time for energy correction to ensure data ac-
curacy. The Ru L3-edge was collected at the TLS 16 A of the NSRRC. The
SR-based XRD patterns were collected at the TLS 01C2 beamline of the
NSRRC. The incident beam energy for the XRD experiments was 16 keV,
and a CeO, reference sample was used to calibrate the diffraction intensity
and the peak shape.

Electrochemical Measurements: OER was performed in O,-saturated
1 M KOH using a three-electrode system on an electrochemical worksta-
tion (Metrohm Autolab equipped with a PGSTAT 302 N system). First,
5 mg of the catalyst powder and 5 mg of the carbon black were dispersed
in a solution of deionized water (700 pL) and isopropanol (250 uL). Then,
40 pL of Nafion was then added to the mixture, which was placed in an
ultrasonic water bath for 1 h. Then, 8 uL of the resulting catalyst ink was
added dropwise onto the polished GCE, and the working electrode was
allowed to dry naturally before testing. A Hg/ HgO electrode served as
the reference electrode, and the GCE with a 5 mm diameter (0.196 cm?)
was used as the working electrode. The potential equation with RHE was
E(RHE) = E(Hg/HgO) + 0.059*pH + 0.0977 V. The resistance compensa-
tion was based on manual iR-correction. The 1 m KOH aqueous solution
had a pH value of 13.72 at room temperature. The frequency range for
the impedance spectroscopy analysis was 10° Hz-1072 Hz. The geometric
area of the AEM electrolyzer was 4 cm[2l (2 cm x 2 cm). The cathode and
anode inks were evenly sprayed onto both sides of the surface of Fumasep
FAA-3-PK-75 ionic membrane, with a loading capacity of 1.0 mg cm=2.

Computation Details:  Spin-polarization first principles DFT calcula-
tions with the Vienna ab-initio simulation program (VASP) were em-
ployed to simulate the electronic properties and Gibbs free energy for OER
process.[2°3 The calculation was performed within the framework of gen-
eralized gradient approximation, employing the Perdew—Burke—Ernzerh
formula.l>4l The valence electrons considered were H 1s’, O 2522p4, Co
4523d’, Cu 4s'3d", and Ru 5s'4d’. The Hubbard U model was incor-
porated to describe the strong correlation effects in local Co 3d states
to address the self-interaction error of the exchange-correlation function.
This study sets Ugg = (U—)) to be 3.52 eV.[™! A vacuum spacing per-
pendicular to the structural plane of 15 A wa employed to eliminate spu-
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rious interactions, and Brillouin zone integration was performed with a
3 x 3 x 1 Monkhorst-Pack k-point mesh.[>3] The projected augmentation
wave potential was chosen to describe the ionic nucleus while consider-
ing the valence electrons using a plane wave basis set. The kinetic energy
cutoff was set at 520 eV. The utilization of the Methfessel-Paxton smear-
ing method with a 0.02 eV width allowed for a partial occupation of the
Kohn-Sham orbitals. The electronic energy was considered self-consistent
when the energy change was less than 107> eV. The AG values for these
intermediates included the zero-point energy (ZPE) and the entropy cor-
rection terms according to the formula: AG = AE + AZPE — TAS, where
AE represents the energy difference calculated relative to H,O (I) and H,

(g) (at Upe = 0).
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