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ABSTRACT: High-valence metals play an important role in
facilitating the oxidation cycles of 3d metals during the oxygen
evolution reaction (OER), while maximizing atomic utilization
efficiency is equally vital for further enhancing catalytic activity.
Herein, we present a facile strategy to synthesize single-atom
W confined within the lattice of CoFe-layered double hydroxide
(CoFeW-LDH), which features an ultrathin (~ 5 nm) defect-rich
nanosheet-assembled hollow cubic structure that serves as an
efficient OER electrocatalyst. The introduction of W,
characterized by significant differences in atomic radius and
electronic structure, induces numerous lattice defects. This
unique geometric structure and the modulated electronic
structure endow it with low OER overpotentials of 263 mV at
10 mA-cm™ and remarkable durability exceeding 100 h at a high
current density of 1 A-cm™ under alkaline conditions, outperforming most non-precious metal catalysts as well as
commercial precious IrO, catalyst. Density functional theory calculations reveal that the incorporation of W reconfigures the
electronic structure of the adjacent Co sites at defects in a manner conducive to enhancing OER kinetics and charge
transfer. This work proposes an effective strategy for synthesizing lattice-confined, high-valence metal single-atom
electrocatalysts with enhanced atomic utilization and OER activity.

KEYWORDS: CoFeW-layered double hydroxide (CoFeW-LDH), defects, electrocatalysts, high-valence metals, lattice
confinement

1 Introduction energy issues [1-3]. However, the oxygen evolution reaction
(OER), as the anodic half-reaction in electrocatalytic water splitting,
involves a sluggish four-electron transfer process, which constitutes
the primary bottleneck for efficient hydrogen production via
electrolysis [4—6]. Although noble metal-based catalysts, such as
ruthenium oxide (RuO,) and iridium oxide (IrO,), exhibit high
OER activity, their widespread application is limited by the high
cost and scarcity of these precious metals [7-9].

In recent years, single-atom catalysts (SACs) have attracted

Electrocatalytic water splitting has emerged as a highly promising
and sustainable strategy for large-scale hydrogen production,
offering a clean and renewable energy solution to address global
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intrinsically high surface free energy of single atoms makes them
prone to aggregation during synthesis or catalytic reactions, leading
to the formation of nanoparticles or clusters [12, 13]. Once
agglomeration occurs, the atomic utilization efficiency decreases
significantly, and the distinctive electronic structure of the single-
atom active sites becomes distorted, resulting in instability of the
catalytic performance [14, 15]. Therefore, it is critical to address the
issues of aggregation and leaching of SACs during reactions to
ensure their stability [12, 16]. One of the most effective strategies to
enhance their stability involves modulating the support structure
and the metal-support interaction [17-19]. Layered double
hydroxides (LDHs) have been widely used as supports for SACs
due to their distinctive advantages, such as well-defined layered two-
dimensional structure [20], strong surface anchoring effect [21-23],
flexible adjustable composition and electronic structure [24-26].
These characteristics contribute to providing abundant anchoring
sites and excellent dispersivity, stabilizing single atoms by
preventing their migration and agglomeration, as well as optimizing
the electronic structure of active sites, thereby enhancing catalytic
performance. In addition, it has been reported that high-valence
metal oxides significantly enhance the OER performance, primarily
by optimizing the filling of e, orbitals, promoting efficient charge
transfer processes and lattice oxygen migration, inducing valence
oscillation of active sites, accelerating surface reconstruction,
improving the chemical and structural stability of materials (ie.,
corrosion resistance) [27-30]. However, it remains a great challenge
to confine high-valence metal single atoms within the lattice
structure of Co-based LDHs and to efficiently activate their OER
activity and stability through precise regulation and assembly.

In this work, we demonstrate a facile and effective strategy to
assemble a confined single-atom W within the lattice of a CoFe-
LDH electrocatalyst (CoFeW-LDH), which exhibits excellent OER
activity and durability. The OER overpotentials at current densities
(J) of 10 and 100 mA-cm™ were determined to be 263 and 323 mV,
respectively, far superior to those of bimetallic CoFe-LDH and Co-
LDH and comparable to the commercial IrO, catalyst.
Furthermore, it shows outstanding durability at a high current
density of 1 A-cm™ over 100 h in 1 M potassium hydroxide (KOH).
The enhanced OER activity of CoFeW-LDH stems from the
introduction of W, which induces the formation of extensive
defects because of the significant difference in atomic radius and
valence electron structure between Co and W, and triggers the local
electronic reconfiguration of the adjacent Co sites around the
defects, thereby delivering excellent catalytic OER performance.

2 Experimental

2.1 Chemicals and reagents

2-Methylimidazole (2-MeIM, CH(N,, 98.0%, Shanghai Macklin
Biochemical Co., Ltd.), cetyltrimethyl ammonium bromide (CTAB,
CH,BrN, > 99.0%, Shanghai Macklin Biochemical Co., Ltd.),
ferrous sulfate heptahydrate (FeSO,7H,O, 99.0%, Shanghai
Macklin Biochemical Co., Ltd.), cobalt nitrate hexahydrate
(Co(NO;),6H,0, 99.0%, Tianjin Oubokai Chemical Co., Ltd.),
tungsten chloride (WCl,, 99.5%, Shanghai Energy Chemical Co.,
Ltd.), KOH (99.0%, Tianjin Kemiou Chemical Reagent Co., Ltd.),
and ethanol (C,H;OH, > 99%, Tianjin Zhiyuan Chemical Reagent
Co., Ltd.) were used directly without further purification. Nafion
solution (~ 5 wt.%, Sigma-Aldrich) was used as binder. All aqueous
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solutions were prepared using Milli-Q water (18.2 MQ-cm, total
organic carbon (TOC) of 5 ppm).

2.2 Synthesis of zeolitic-imidazolate frameworks-67 (ZIF-
67)

First, 240 mg of Co(NO,),,6H,0 and 6 mg of C,H,BrN were
completely dissolved in 8 mL of water. This solution was then
rapidly added into 56 mL of 3.632 g 2-MeIM-dissolved aqueous
solution during stirring at room temperature. The reaction mixture
was stirred for an additional 20 min. Afterward, the formed ZIF-67
was collected by centrifugation, washed with ethanol, and dried
overnight at 60 °C.

2.3 Synthesis of CoFe-LDH, CoW-LDH, and CoFeW-LDH

The obtained ZIF-67 template was re-dispersed in 120 mL of
ethanol, and then dropwise added into 50 mL of an aqueous
solution containing a certain amount of FeSO,-7H,0, WCl,, or both
to achieve different molar ratios of Co:Fe, Co:W, or Co:Fe:W. The
mixture was transferred to a round-bottom flask and heated to
reflux at 85 °C for 2 h. The target product was collected by
centrifugation, washed alternately with water and ethanol three
times, and then dried for further use. The different molar ratios of
Co, Fe, and W in the CoFe-LDH, CoW-LDH, and CoFeW-LDH
were obtained by varying the molar concentrations of ZIF-67,
FeSO,7H,0, and WCl; in the precursor solution.

24 Structural characterizations

X-ray diffraction (XRD) measurement was conducted using a
Bruker D8 ADVANCE diffractometer with a Cu K« anode (A =
1.5406 A) operating at 40 kV and 40 mA (26 = 5°-90°).
Morphological structure characterizations were performed on a
Zeiss Sigma 500 field emission scanning electron microscope (FE-
SEM) operated at 10 kV, and a JEOL JEM-2100F high-resolution
transmission electron microscope (HR-TEM) operated at an
accelerating voltage of 200 kV, equipped with an Oxford
Instruments X-MET8000 energy-dispersive X-ray spectrometer
(EDS). Atomic-resolution scanning TEM (AC-STEM) images were
acquired using a JEOL JEM-ARM300F microscope equipped with a
probe-forming aberration corrector, operating at an accelerating
voltage of 300 kV. Atomic force microscopy (AFM) measurements
were performed on the Bruker Dimension Icon, and the data were
processed using the NanoScope Analysis software. The surface
chemical composition and valence state were examined by X-ray
photoelectron spectroscopy (XPS) using a Thermo ESCALAB
250Xi spectrometer. All the binding energy positions were
calibrated using the C 1s at 284.8 eV from adventitious carbon.
Quantitative analysis of the metal elements was carried out by
inductively coupled plasma optical emission spectrometry (ICP-
OES). X-ray absorption spectroscopy (XAS) was conducted using a
Rapid-XAFS 1M (Anhui Absorption Spectroscopy Analysis
Instrument Co., Ltd.) in transmission mode at 25 kV and 40 mA.
The test specimens were prepared by the KBr-disk method.

2.5 Electrochemical measurements

A three-electrode system, consisting of a catalyst-coated glassy
carbon (GC) disk working electrode with a diameter of 5 mm,
carbon rod counter electrode, and Hg/HgO reference electrode,
which is equipped with an electrochemical workstation (CHI750E,
CH Instruments, Inc), was employed for electrochemical
measurements. To prepare the catalyst-coated GC electrode, a
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catalyst suspension was first prepared by ultrasonically dispersing
4 mg of catalyst, 4 mg of activated carbon, and 20 pL of a 5%
Nafion solution in 1 mL of anhydrous ethanol. Subsequently, 25 pL
of the catalyst suspension was spin-coated onto the GC working
electrode and dried under an infrared lamp, resulting in a catalyst
loading of ~ 500 pg-cm™ Linear sweep voltammetry (LSV) curves
were recorded using the catalyst-coated GC rotating disk electrode
(RDE) at a scan rate of 5 mV-s™ and a rotation speed of 1600 rpm.
All potentials in the LSVs were converted to the reversible
hydrogen electrode (RHE) scale with iR-compensation. Tafel slopes
were derived from the LSV data by plotting the logarithmic current
density against the potential. Electrochemical impedance
spectroscopy (EIS) measurements were performed in the frequency
range from 100 kHz to 0.01 Hz at 15 V (vs. RHE). The
electrochemically active surface area (ECSA) was proportional to
the double-layer capacitance (Cy), which was determined from the
slope of the charging J versus scan rate in cyclic voltammetry (CV)
measurements conducted in the non-Faradaic region [31, 32].
A 30 h durability test was performed in 1 M KOH at 1.6 V (vs.
RHE), using a working electrode of carbon paper (1 cm x 1 cm)
coated with Co,Fe,;W,,,s-LDH (mass loading: 500 pg-cm™), which
is denoted as Co,Fe,sW,,,--LDH/A. For the simulated industrial
water electrolysis test, an electrolyzer was assembled with a 3 cm x
3 cm Co,FeysW,1,-LDH/Ni anode and a 3 cm x 3 cm 20% Pt/C/Ni
cathode, separated by a Fumasep FAA-3-PK-130 anion-exchange
membrane in 1 M KOH. The evaluation was performed by
chronopotentiometry at a constant current density of 1 A.«cm™ 1 M
KOH electrolyte was continuously supplied to both the anode and
cathode chambers of the electrolyzer. The produced hydrogen and
oxygen, along with the electrolyte, underwent gas-liquid separation
before the electrolyte was recirculated. To compensate for water
consumption, deionized water was replenished daily into the
external reservoir. Potentials were converted to the RHE scale using
the following equation: E (vs. RHE) = E (vs. Hg/HgO) + F
(Hg/HgO) + 0.059pH, where E is the electrode potential, and E’ is
the standard electrode potential. In order to evaluate the Faradaic
efficiency (1) of the OER, a Hoffman electrolysis apparatus was
used to collect the produced H, and O, in separate gas collection
tubes with volume scales. The detailed experimental procedure and
calculation method have been described in our previous work [33].

2.6 In-situ electrochemical characterizations

In-situ electrochemical Raman spectroscopy was performed on a
LabRAM HR 800 Raman spectrometer using a 532 nm laser at a
power of about 0.3 mW. The measurements were carried out in a
commercial Raman cell, which consisted of a polycrystalline Au
working electrode with a diameter of 5 mm, an Ag/AgCl reference
electrode (E (vs. RHE) = E (vs. Ag/AgCl) + E° (Ag/AgCl) +
0.059pH), and a Pt wire counter electrode. In-situ attenuated total
reflectance surface enhanced infrared absorption spectroscopy
(ATR-SEIRAS) measurements were conducted using a Bruker
Vertex 70 V spectrometer equipped with a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector and an IR optical
accessory (SPEC-1, Shanghai Yuanfang Technology Co., Ltd.) with
an optimized beam incidence angle of approximately 60° on the
reflection plane of the working electrode. The IR spectra were
acquired at a resolution of 8 cm™, with the time for each single-
beam spectrum acquisition of 20 s. All spectra are presented in
absorbance, defined as —log(R/R;), where R and R, correspond to
the sample and reference single-beam spectrum, respectively.
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2.7 Density functional theory (DFT) calculations

Spin-polarized DFT calculations were performed using the Vienna
ab initio simulation package (VASP, version 6.1.0). The electron
exchange-correlation interactions were described using the
generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional. Projector augmented
wave (PAW) pseudopotentials were employed to model the ion-
electron interactions. A plane-wave cutoff energy of 500 eV was
adopted for the DFT calculations. Structural relaxations were
carried out with stringent convergence criteria, requiring the
residual forces on each atom to be less than 0.05 eV-A" and the
total energy differences between successive steps to be below 1 x
10 eV. A Monkhorst-Pack k-point grid of 2 x 2 x 1 was used to
sample the Brillouin zone of the face-centered cubic lattice. In
addition, a vacuum layer of 15 A was applied along the z-direction
to avoid spurious interactions between periodic images of the
simulation cell.

3 Results and discussion

3.1 Physical characterization

ZIF-67-derived CoFeW-LDHs with a nanosheet-assembled hollow
nanocube structure were synthesized via a solvothermal method, as
illustrated in Scheme S1 in the Electronic Supplementary Material
(ESM). Initially, ZIF-67 with a regular nanocube structure was
successfully prepared as a sacrificial template (Fig. 1(a) and Fig. S1
in the ESM). The XRD pattern of ZIF-67 (Fig. S2 in the ESM)
matches well with those reported in Refs. [34, 35]. Subsequently,
ZIF-67-derived CoFe-LDH, CoW-LDH, and CoFeW-LDHs were
synthesized, and their XRD patterns (Fig. S3 in the ESM) confirmed
the successful formation of these LDHs. For Co,Fe,;W,,,.-LDH, the
negative shifts and broadened full width at half maximum
(FWHM) of the characteristic (003), (006), and (012) diffraction
peaks compared to the undoped CoFe,-LDH indicate the
successful introduction of W. Morphological characterization (Figs.
S$4-S6 in the ESM) reveals that most of the multimetallic LDHs
failed to maintain the nanocube morphology of the ZIF-67
template. This is attributed to the lattice mismatch induced by the
incorporation of foreign metal atoms into the host Co-LDH lattice,
leading to the aggregation of nanosheets and nanoparticles after
structural collapse.

However, a portion of the Co,Fe,sW,,,-LDH samples before and
after OER retained the nanosheets-assembled hollow nanocubic
structure, as clearly evidenced by the HR-TEM (Fig. 1(b)) and high-
angle annular dark-field (HAADF)-STEM (Fig. 1(e) and Figs. S6
and S7 in the ESM) images. The thickness of these nanosheets was
measured by AFM to be approximately 5.5 nm (Fig. 1(c)). On the
nanosheet surface, W and Fe single atoms are uniformly dispersed,
as indicated by the well-distributed bright spots marked with red
solid circles in Fig. 1(d). Intensity profiles taken along positions 1 to
4 in Fig. 1(d) unambiguously confirm that both Fe and W atoms
are co-confined within the Co-LDH lattice. Additionally, numerous
defects are visible in the basal plane (highlighted by green solid
circles in Fig. 1(d)), which arise from the lattice misfit caused by
differences in atomic radii (1o, = 125 pm; 1, = 126 pm; and r, =
137 pm) and intermetallic bond energies. It is generally recognized
that the difference in atomic radii and bonding energy serves as the
key driving force for the formation of lattice defects. Their
synergistic effect directly leads to lattice mismatch and localized
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Figure1 Morphology and structure characterizations. HR-TEM images of (a) ZIF-67 template and (b) Co,Fe,;W,,,;-LDH. (c) AFM image of the Co,Fe,sW,,,»-LDH
nanosheet. (d) AC-STEM image of Co,Fe)sW,,-LDH, where the red solid circles highlight individually dispersed W atoms and the green solid circles mark the defect
sites. (¢) The HAADF-STEM image and the corresponding EDS elemental mappings of Co,Fe,sW,,--LDH.

stress fields, thereby inducing defects [36, 37]. These structural
imperfections generate abundant unsaturated metal sites, which are
expected to enhance catalytic performance. The AC-STEM images
of Co,Fe;sW,,,;-LDH (Fig. 1(d) and Fig. S8 in the ESM) clearly
reveal the well-defined lattice fringes with interplanar distances of
0.264 and 0.151 nm, corresponding to the (012) and (113) planes,
respectively. The (012) interplanar distance of Co,Fe,;W,,,;-LDH
(0.264 nm) is slightly larger than that of Co,Fe);-LDH (0.262 nm,
Fig. S9 in the ESM), suggesting lattice expansion due to the
incorporation of W atoms. EDS elemental mappings further
confirm the homogeneous distribution of Co, Fe, W, and O
throughout the Co,Fe,sW,,,--LDH nanosheet (Fig. 1(e) and Fig. S10
in the ESM).

XPS and XAS measurements were employed to determine the
chemical compositions and electronic structures of the synthesized
materials. The XPS spectra (Figs. 2(a)-2(c) and Figs. S11-S15 in the
ESM) confirmed the presence of the expected elements in the target
materials. In the Co 2p XPS spectra (Fig. 2(a) and Figs. S11 and
S13-S15 in the ESM), the characteristic peaks at binding energies of
781.07 eV (Co™ 2ps,), 782.64 eV (Co™ 2p,), 796.58 eV (Co™ 2p,,),
and 798.22 eV (Co™ 2p,,,) indicate the coexistence of Co** and Co™
in these LDHs, which is consistent with previous reports [35, 38]. In
contrast, ZIF-67 contains predominantly divalent cobalt (Co™), as
shown in Fig. S12 in the ESM. As summarized in Table S1 in the
ESM, the Co*/Co™ peak area ratio for Co,Fe,;W,,,;-LDH (1.06) is
slightly lower than that for Co,Fe,;-LDH (1.09), suggesting that the
incorporation of W promotes the partial reduction of Co™ to Co™.
This finding is further supported by the slight negative shift in the
Co K-edge X-ray absorption near-edge structure (XANES)
spectrum of Co,Fe, ;W ,;-LDH relative to Co,Fe,;-LDH (Fig. 2(d)).
A similar phenomenon, where Ir incorporation induced reduction
of Co species in CoMo-LDH, has been reported previously [34]. In
the Fe 2p XPS spectra (Fig. 2(b)), the peaks at 712.13 and 724.17 eV
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are assigned to Fe*, while those at 715.62 and 726.95 eV correspond
to Fe* [39, 40]. As listed in Table S2 in the ESM, the incorporation
of W also leads to the partial reduction of Fe* to Fe*, which is
consistent with the negative shift observed in the Fe K-edge XANES
spectrum of Co,Fe sW,,,;-LDH compared to the W-free Co,Fe,.-
LDH (Fig. 2(e)). For the W 4f XPS spectra (Fig. 2(c)), the peaks at
3471 eV (W™ 4f,), 3549 eV (W* 4f,), 37.09 eV (W* 4f.),
37.68 eV (W 4f;,), and 40.87 eV (W* 5p,,) are identified
according to Refs. [41, 42]. Compared to Co,W,;-LDH, both
Co,Fe;sWy,,-LDH and Co,Fe,;W,;-LDH exhibit larger W*/W*>
ratios (Table S3 in the ESM). The position of the W L;-edge
XANES spectrum for Co,Fe,;W,,,;-LDH (Fig. 2(f)) between those
of WO, and WO, further confirms the presence of W* species,
which is probably associated with the formation of vacancies or
defects [42]. The partial reduction of Co* and Fe** induced by W
incorporation can be rationalized by the relative ionic
electronegativity sequence of the metal centers, i.e., W* (1.67 eV) <
Fe™ (2.20 eV) < Co™ (2.56 €V), and this suggests possible electron
transfer from W to Fe and subsequently to Co [43]. In the S 2p XPS
spectra (Figs. S11 and S14 in the ESM), the peaks at 168.36 and
169.57 eV for Co,Fe,;-LDH and Co,Fe,sW,,,,-LDH are related to
S-O and SO, species, respectively [35]. The presence of S is
probably due to the residual SO, from the sulfate precursor used
during synthesis. For O 1s XPS spectra (Figs. S11 and S14 in the
ESM), the peaks at 531.27 and 532.87 eV for Co,Fe,;-LDH and
Co,Fe,sW,,,--LDH are associated with M-OH (M = Co, Fe, and
W) and S-O, respectively. However, the absence of the S-O signal
in Co,W,;-LDH, confirms that S originates from the ferrous sulfate
used during synthesis process.

To elucidate the evolution of metal valence states during the
OER process, we performed ex-situ XPS measurement on the
Co,FeysW,,-LDH/A catalyst before and after a 30 h OER stability
testat 1.6 V (vs. RHE) in 1 M KOH (Fig. S23 in the ESM). The XPS
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Figure2 Electronic and coordination structure characterizations. High resolution XPS spectra of (a) Co 2p, (b) Fe 2p, and (c) W 4f. XANES spectra of (d) Co K-edge, (e)
Fe K-edge, and (f) W L;-edge. FT-EXAFS spectra of Co,Fe)sW,,--LDH: (g) Co K-edge, (h) Fe K-edge, and (i) W L,-edge.

spectra (Fig. S16 in the ESM) and quantitative analysis (Tables S1
and S2 in the ESM) reveal a significant increase in the relative
proportions of Co™ and Fe* species after the test. These results
suggest the formation of higher oxidation-state metal sites, which
are likely the catalytically active species for the OER.

The Fourier transform extended X-ray absorption fine structure
(FT-EXAFS) spectra were analyzed to determine the local
coordination environments, as shown in Figs. 2(g)-2(i). In the Co
K-edge FT-EXAFS spectra (Fig. 2(g)), Co,Fe,;W,,,;-LDH, Co,Fe,s-
LDH, and CoW,-LDH show two prominent peaks at
approximately 1.6 and 2.7 A, corresponding to typical Co-O and
Co-M (M = Co, Fe, or W) bonds, respectively. Notably, the
incorporation of W causes a noticeable expansion in the second
coordination shell (Co-M) and increases the number of defects,
which can be explained by the larger covalent radius of W
compared to Fe and Co. Moreover, the lower peak intensities of
Co-M bond in Co,W,;-LDH and Co,Fe,;W,,,--LDH compared to
Co,Fe,;-LDH (Fig. 2(g)) indicate that W incorporation induces
local structural distortion around Co centers, consistent with the
reduced crystallinity observed in the XRD patterns. As shown in
Fig. 2(h), the Fe K-edge FT-EXAFS spectra display peaks at ~ 1.6
and 2.6 A, assigned to the Fe-O and Fe-M (M = Co, Fe, or W),
respectively. After incorporation of W, the Fe-O peak broadens
slightly, and the shoulder that appeared at ~ 1.2 A becomes less
pronounced, suggesting a weakening of the Fe-O stretching
vibration and the presence of defects. The W L,-edge FT-EXAFS
spectrum of Co,Fe ;W,,,;-LDH (Fig. 2(i)) shows a dominant peak
at ~ 1.3 A, corresponding to the W-0, suggesting that W atoms are
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stabilized by the coordinative oxygen atoms due to the oxophilic
property of W*. The g space transition of EXAFS spectra for W
element in Co,Fe)sW,,,-LDH (Fig. S17 in the ESM) reveals a local
coordination environment similar to that of W in WO,. Compared
with the W foil reference, the absence of a W-W metallic bond in
Co,FeysW,-LDH  confirms that W species are atomically
dispersed within the LDH host, which is in agreement with the AC-
STEM results. All these results verify the successful incorporation of
W and Fe into the Co-LDH lattice via oxygen coordination,
forming a typical (oxy)hydroxide octahedral structure. Additionally,
the presence of abundant defects and the effective confinement of
atomic W within the CoFe-LDH framework are also evident.

3.2 The electrocatalytic OER performance

The electrocatalytic OER performance was evaluated at room
temperature using a standard three-electrode system in 1 M KOH
solution. A glassy carbon RDE was used as the working electrode,
where the catalyst was uniformly drop-coated at a constant mass
loading of 0.50 mg-cm™. In our previous study, Co,Fe,;-LDH was
identified as a highly active catalyst following systematic
optimization of Co and Fe ratios [35]. On this basis, we carefully
investigated the effect of W incorporation on the OER activity of
Co,Fe,;-LDH in this work. As demonstrated in Figs. S18 and S19 in
the ESM, the OER activity initially improves with increasing W
content up to an optimal atomic ratio of 0.125, beyond which
further W incorporation results in a decrease in catalytic
performance. Therefore, the Co,Fe,sW,,--LDH exhibits the highest
OER catalytic activity, achieving remarkably low overpotentials of
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263 and 323 mV at current densities of 10 and 100 mA-cm?
respectively. These values are significantly lower than those of the
optimized bimetallic counterparts (Co,Fe,;-LDH and Co,Ws-
LDH) and the pristine Co-LDH (ZIF-67) (Figs. 3(a) and 3(b) and
Fig. S20 in the ESM). This enhanced catalytic activity can be
attributed to the favorable local coordination environment and
electronic structure of the active metal sites created by
incorporating W and Fe into the Co-LDH lattice, which optimizes
the reaction energetics for OER [44], thereby strengthening the
synergistic effect among the metal centers and ultimately boosting
OER performance. The Tafel slope of the Co,Fe,sW,,--LDH was
determined to be 35.8 mV-dec™, which is significantly smaller than
those of other trimetallic CoFeW-LDHs, bimetallic Co,Fe);-
/Co,Wys-LDH, and the pristine Co-LDH (Fig. 3(c)), indicating
more favorable OER kinetics. Notably, the performance of the as-
prepared Co,Fe,sW,,,--LDH surpasses that of most state-of-the-art
cobalt-based non-precious metal electrocatalysts reported in recent
Refs. [45-52] (Fig. 3(d) and Table S4 in the ESM).

EIS measurements were conducted to further evaluate the
interfacial charge transfer kinetics. The Nyquist plots and the
equivalent circuit diagram are shown in Fig. 3(e), where R;, R, and
CPE denote the solution resistance, charge-transfer resistance, and

constant phase element, respectively. The values of R, and R, are
summarized in Table S5 in the ESM. These results reveal that
Co,Fe;sWy,-LDH  exhibits the lower R, compared to others
(Fig. 3(e) and Fig. S18(d) in the ESM), suggesting significantly
accelerated charge transfer at the electrode-electrolyte interface
during the OER. This reduced R, can be attributed to the optimized
surface electronic structure resulting from the co-incorporation of
Fe and W [53, 54]. Electrochemical surface area (ECSA) is a critical
property to evaluate the electrocatalytic performance of catalysts.
According to the equation of ECSA = C,/C, where C, is the specific
capacitance (25 pF-cm™), the value of ECSA is proportional to the
Cg which was evaluated by measuring the capacitive current in a
non-Faradaic potential window [31, 32, 35]. Cyclic voltammograms
recorded at different scan rates are presented in Figs. S19 and S21 in
the ESM. The C; values were determined from the slope of the
current density difference (A] = (J, — J.)/2, where ], and J. represent
the anodic and cathodic current densities, respectively) versus scan
rates. As shown in Fig. 3(f), Co,Fe,sW,;,--LDH exhibits the highest
Cy value (559 mF-cm™), reflecting the largest ECSA among the
catalysts. In addition, the ECSA-normalized LSV curves for the
OER are presented in Fig. S22 in the ESM, suggesting that
Co,Fe,sW,,-LDH also possesses excellent intrinsic activity. Based
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Figure3 Electrocatalytic OER performance. (a) iR-corrected OER polarization curves of Co,Fe,sW,,;-LDH, Co,Fe,;-LDH, and Co,W,:-LDH in 1 M KOH at a scan rate
of 5mV:s™. (b) The corresponding overpotentials at 10 and 100 mA-cm™. (c) Tafel slopes derived from the LSV (a). (d) Comparison of the overpotentials at 10 mA-cm™
for the optimal catalyst (Co,Fe,;W,,--LDH) with those of other cobalt-based non-noble metal electrocatalysts reported in the literatures (Table S4 in the ESM). (e) Nyquist
plots from EIS measurements performed at a potential of 1.52 V (vs. RHE). (f) C, values for each catalyst. (g) Cell voltage measured during operation at the high current

density of 1 A-cm™ in an AWE. (h) Non-iR-corrected LSV's before and after 100 h stability test at high current density.
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on the ICP-OES results (Table S6 in the ESM), the turnover
frequency (TOF) value at the overpotential of 300 mV for the
optimal Co,Fe,sW,,--LDH catalyst was calculated to be 6.35 s7,
which surpasses those of comparable catalysts listed in Table S7 in
the ESM. The OER stability of Co,Fe,;W,,,--LDH was assessed by
chronoamperometry at 1.60 V (vs. RHE). As shown in Fig. 523 in
the ESM, the current-time (I-f) curve over 30 h displays an initial
activation-induced increase followed by only marginal decay, with
overall variation remaining within 5%. Excellent stability was
further confirmed by comparing cyclic voltammetry scans before
and after the test (Fig. S24 in the ESM), which show nearly
overlapping polarization curves with negligible change.

For practical application in industrial electrolysis, a lab-scale
alkaline water electrolyzer (AWE) [35] consisting of a Co,Fe,sW -
LDH/nickel foam (NF) anode and a commercial 20% Pt/C/NF
cathode, separated by a Fumasep FAA-3-PK-130 anion-exchange
membrane, was assembled. The performance was evaluated via
chronopotentiometry at near-industrial current densities in a pump-
circulated 1 M KOH solution at room temperature. The electrolyzer
required an average cell voltage of only ~ 2.34 V to deliver a high
current density of 1 A-cm™ for over 100 h (Fig. 3(g)). Moreover, the
near-complete overlap of LSV curves before and after the stability
test (Fig. 3(h)) attests to excellent catalytic stability, which stems
from optimized surface electronic structure and W-doping-
enhanced structural stability, as verified by the structural integrity
before and after OER via TEM images (Fig. 1(b) and Fig. S7 in the
ESM). High-valence W modulates the electron density of adjacent
metal sites and introduces robust W-O and M-O bonds, thus
stabilizing LDH structure and boosting its chemical stability in
harsh environments. These results demonstrate the promising
potential of Co,Fe;;sW,,,-LDH@NF as a highly efficient OER
electrocatalyst for practical industrial water electrolysis.

The Faradaic efficiency of OER was determined using a Hoffman
electrolysis apparatus. The chronoamperometric response was
monitored at ~ 1.50 V (with iR-correction, R, = 120 Q). The
volumes of H, and O, produced at cathode and anode were
collected in the corresponding gas sampling tubes, respectively, and
recorded with an interval of every 2 h and repeated ten times (20 h
in total), as shown in the upper part of Fig. S25 in the ESM. The #;
was calculated using the equation of #; (%) = (Qo,/Quw) X 100%,
where Q,, represents the electric charge required for the amount of
O, actually produced, and Q,, is the total electric charge passed
during the electrochemical oxidation process. The corresponding
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volumes of H, and O,, along with the calculated Faradaic efficiency
at each stage, are presented in the middle and bottom parts of Fig.
S25 in the ESM, respectively. The calculated #; values at each stage
consistently approach nearly 100%. These results demonstrate that
Co,Fe;sWy,-LDH  exhibits considerable potential as a high-
performance and cost-effective cobalt-based non-precious metal
electrocatalyst for OER applications.

3.3 In-situ detection of the intermediates and the surface
structure evolution

The potential-dependent formation of surface-active phase was
monitored by in-situ Raman spectroscopy. As shown in Fig. 4(a),
an obvious phase transition process was indicated by the spectra
recorded in the potential range of 1.35-1.70 V (vs. RHE) with an
increment of 50 mV. More specifically, at the open circuit potential,
several overlapping peaks appear between 400 and 750 cm™, and
the visible peaks appeared at approximately 520, 570, and 680 cm™
can be assigned to the F,, and A,, phonon modes of spinel Co,0,
[55-57], and/or Co-O vibrations in Co(OH), [58—60]. The peak at
~ 570 cm™ has also been attributed to Co-O in defective or
disordered metal-doped-Co,O, [61], while the peak at ~ 680 cm™
may be assigned to the symmetric stretching vibration mode (A,,
symmetry) of Co-O in Co;0,-oxygen vacancy (V,) [62]. As the
potential increases to 1.50 V, significant electrochemical-driven
surface reconstruction and phase transition are observed. At 1.45V,
a distinct peak emerges at 430 cm™, while the peaks at 520 and
570 cm™ gradually merge or are overshadowed by a new peak at
530 cm™, indicating the initiation of structural reconstruction.
Consequently, two dominant peaks arise at ~ 430 and 530 cm™ at
1.50 V, corresponding to Co-O bond in CoOOH and the
*O-Co(IV) moiety, respectively [63—65], which are recognized as
active phases for OER [65—67]. Furthermore, the intensities of these
peaks increase significantly with further increases in potential.
These results indicate that the catalyst surface undergoes
electrochemical reconstruction into OER-active phases during, or
even prior to OER.

In-situ attenuated total reflection surface-enhanced infrared
absorption spectroscopy (In-situ ATR-SEIRAS) was employed to
capture the adsorbed intermediates formed on the catalyst surface
during OER. The in-situ ATR-SEIRAS spectra were acquired
between 1.2 and 2.0 V with a 100 mV interval, as presented in
Fig. 4(b). The peak located at 1230 cm™ is ascribed to the signal of
Si-O-Si from the Si prism [35, 68]. A weak peak observed at
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Figure4 Reaction mechanism. (a) In-situ Raman spectra and (b) ATR-SEIRAS spectra of the Co,Fe,;W,,,,-LDH in 1 M KOH under different potential controls.
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~ 1350 cm™ can be attributed to the O-O stretching vibration of
adsorbed hydroperoxide species (OOH,;), while the peak at
~ 1480 cm™ is assigned to the O-O stretching vibration of weakly
adsorbed molecular oxygen (O,,), which is generated after
deprotonation of OOH,. The peaks appearing at 1635 and
3200 cm™ reflect the O-H bending and stretching modes of
adsorbed hydroxyl species (OH,), respectively. As the applied
potential increased to approximately 1.5 V, the emergence and
accumulation of OOH,, and O,,, on the catalyst surface indicated
the initiation of OER. It is consistent with the onset potential
determined from the OER polarization curve. These findings
provide valuable insights into the underlying mechanism of OER
and activity enhancement mechanism.

3.4 DFT calculation

DFT calculations were performed on a series of structural models
containing the in-plane-Co sites with unsaturated Co-O
coordination, and structural-defect Co, Fe, and W sites (Fig. 5(a)
and Fig. 526 in the ESM), to uncover the synergistic effect of the
lattice-confined W single-atoms and their adjacent Fe and Co

atoms on the OER activity. Initially, the activities of different metal
sites in bimetallic CoFe- and CoW-LDH were compared to identify
the component with relatively high activity and the corresponding
active sites. It was found that CoFe-LDH exhibits higher catalytic
activity, and the Co sites at defects were identified as the OER-active
sites (Figs. S27 and S28 in the ESM). The rate-determining step
(RDS) was determined to be the formation of *XOOH intermediate,
accompanied by the third electron transfer. For the trimetallic
CoFeW-LDH, the Co sites at defects also serve as the more active
centers (Fig. 5(d)). Notably, these Co sites in CoFeW-LDH show a
lower limiting potential (0.37 V) than those in the optimized
bimetallic CoFe-LDH (0.54 eV) (Fig. 5(e)), suggesting that the
incorporation of W effectively enhances the OER activity of
adjacent Co sites. Moreover, the rate-determining step shifts to the
release of the *OOH intermediates to subsequently form O, at the
Co sites in the trimetallic CoFeW-LDH. Furthermore, the limiting
potential for in-plane Co sites was calculated to be 1.53 eV, which is
significantly higher than that of Co sites at defects (0.37 eV)
(Fig. 5(e)). This significant difference is primarily attributed to the
two distinct defect types, which exhibit fundamental differences in
terms of unsaturated Co-O coordination environments and
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inherent structural defect characteristics, respectively. These results
indicate that the W-adjacent, coordination-unsaturated Co sites
located at defects and edges exhibit the highest OER activity. The
corresponding adsorption structures of the reactants and
intermediates are shown in Figs. 5(b) and 5(c). Overall, the DFT
calculations suggest a catalytic activity trend of CoFeW-LDH >
CoFe-LDH > CoW-LDH, which aligns well with the experimental
results as shown in Fig. 3. The incorporation of W not only
promotes the formation of numerous defects due to the differences
in bonding energies between W-W and W-M bonds, as well as the
differences in the atomic radii of Co, Fe, and W, but also modulates
the electronic structure of adjacent metal atoms, thereby endowing
CoFeW-LDH with superior OER catalytic performance.

4 Conclusions

In summary, a hollow cubic structured CoFeW-LDH assembled
from ultrathin nanosheets with evenly distributed defects and the
lattice-confined W single atoms was successfully synthesized via a
facile solvothermal method. Benefiting from surface electronic
reconfiguration and optimization, as well as the unique hollow
nanocubic architecture, the CoFeW-LDH exhibits superior OER
activity with a low Tafel slope of 358 mV-dec' and a low
overpotential of merely 263 mV at 10 mA-cm? significantly
outperforming most reported analogs. Moreover, it demonstrates
outstanding durability over 100 h at 1 A-cm™ in alkaline solution.
DFT calculations reveal that the W-induced electronic
reconfiguration of Co sites near defects enhances the catalytic
activity by facilitating OER kinetics and charge transfer. This work
provides a reliable strategy for designing lattice-confined high-
valence metal single-atom catalysts with high atomic utilization and
superior ~performance, presenting promising potential for
applications in electrochemical energy storage and conversion.

Electronic Supplementary Material: Supplementary material is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908561.
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