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Dynamic surface reconstruction offers a promising route to enhance oxygen evolution reaction (OER)
activity by optimizing the adsorption of key intermediates. Here, we construct a pearl-thread-like CoS,—
Cu,S heterostructure on copper foam (CoS,-Cu,S/CF) to induce in situ formation of an active CoOOH-
CuO-Cu,S interface at low potentials. In situ Raman spectroscopy confirms the dynamic transformation,
while operando electrochemical impedance spectroscopy reveals accelerated charge transfer. Density
functional theory calculations show that the interface engineering shifts the d-band center, enhances
electron density near the Fermi level, and lowers the free energy barrier for *O to *OOH conversion from
1.78 eV (CoOOH) to 1.48 eV (CoOOH-CuO-Cu,S). Benefiting from the reconstructed interface, CoS,—
Cu,S/CF achieves an overpotential of 239 mV at 10 mA cm™~2 and maintains stability for over 200 h in alka-
line electrolyte. This work highlights a dynamic interface strategy to promote intrinsic OER kinetics and
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1. Introduction

The transition toward a sustainable energy future necessitates
the development of efficient clean energy conversion techno-
logies. Electrochemical water splitting has emerged as a prom-
ising route for carbon-neutral hydrogen production; however,
its practical implementation is severely impeded by the slug-
gish kinetics of the oxygen evolution reaction (OER) at the
anode.”” The OER involves complex four-electron transfer
steps and substantial energy barriers, particularly during the
formation of O=O0 bonds, resulting in high overpotentials and
poor energy efficiency.” Noble metal-based catalysts, such as
RuO, and IrO,, have been widely employed to mitigate these
kinetic challenges by optimizing the adsorption energy of oxy-
genated intermediates.® Nevertheless, noble metals’ limited
availability and high cost severely restrict their widespread
application in large-scale water splitting systems.”

To address these limitations, substantial efforts have
focused on developing non-noble transition metal-based cata-
lysts that are Earth-abundant and cost-effective and possess
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tunable electronic structures.®® Among these, copper-based
materials have garnered significant attention in OER systems
due to their unique electronic configuration and high natural
abundance. For instance, Zhu’s group demonstrated that
CuNCo; nanosheets achieved an overpotential of 260 mV at
10 mA cm 2" Chen’s group electrodeposited CoS on Cu(OH),
nanorods to form three-dimensional hierarchical core-shell
electrocatalysts, achieving an overpotential of 296 mV at the
same current density." However, Cu-based catalysts face
inherent limitations, including high charge transfer resistance
and sluggish reaction kinetics, which hinder their practical
applications.’® However, intrinsic drawbacks, including slug-
gish charge transfer kinetics and suboptimal binding energies
for key OER intermediates, limit Cu-based materials’ catalytic
efficiency."***

Interface engineering has recently emerged as a powerful
strategy to overcome these challenges by modulating the local
electronic environment at heterostructured interfaces, thus
enhancing electron transfer, tuning the d-band center, and
facilitating  optimal adsorption/desorption of oxygen
species.”>'® Dynamic surface reconstruction of catalysts
during the OER process involves breaking intrinsic chemical
bonds and in situ generation of high-valence metal hydroxide
active phases, the “true catalytic species” for alkaline OER. In
previous studies, Li et al researched the transformation
process of NiOOH in Ni(Fe) MOF."” Hao’s group demonstrated
that Ni(Fe)OOH species are the genuine active species for
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FeOOH-modified NiMoO, electrodes."® While significant pro-
gress has been made in designing heterostructures for the
OER, achieving dynamic surface reconstruction at low overpo-
tentials to form catalytically active phases with strong inter-
facial electronic coupling remains an outstanding challenge.'*>*
Herein, we report a self-supported, pearl-thread-like CoS,-
Cu,S heterostructure grown on copper foam (CoS,-Cu,S/CF)
that enables dynamic surface reconstruction under OER con-
ditions. In situ Raman spectroscopy reveals the low-potential
formation of a CoOOH-CuO-Cu,S active interface through
partial oxidation of CoS, and Cu,S. Operando electrochemical
impedance spectroscopy confirms enhanced charge transfer
kinetics, and density functional theory (DFT) calculations
show that the in situ generated interface optimizes the elec-
tronic structure, facilitating stronger *OOH adsorption and
lowering the free energy barrier of the rate-determining step.
Benefiting from the synergistic effects of dynamic reconstruc-
tion and interfacial coupling, the CoS,-Cu,S/CF catalyst exhi-
bits outstanding OER performance with a low overpotential of
239 mV at 10 mA cm? and excellent operational stability for
over 200 h in alkaline media. This study highlights the impor-
tance of interface design in promoting dynamic surface recon-
struction and provides new insights into the rational design of
high-performance, non-noble-metal OER catalysts.

2. Results and discussion

The synthesis pathway of CoS,-Cu,S/CF is illustrated in
Fig. 1a. CoS,—-Cu,S/CF was successfully synthesized through a
straightforward one-step hydrothermal vulcanization method.
During the preparation, copper foam (CF) with high electrical
conductivity was selected as the substrate and copper source,
while cobalt nitrate was the source of cobalt.”* At elevated
temperature and pressure, thiourea decomposes to generate
hydrogen sulfide, which exhibits moderate reducing
properties.>®>* The resulting sulfide chemically reacts with
metal ions, eventually growing CoS, and Cu,S on the CF
surface. The crystallographic structure of the obtained catalysts
was characterized by X-ray diffraction (XRD). As shown in
Fig. 1b, the diffraction peaks of Cu,S/CF correspond to the
standard cards for Cu (JCPDS: No. 85-1326), CuS (JCPDS: No.
78-0879), and Cu,S (JCPDS: No. 84-0207). In addition to the Cu
and Cu,S phases, CoS,-Cu,S/CF exhibits peaks at 32.3, 36.2,
and 39.8°, corresponding to CoS, (JCPDS: No. 89-1492).
Compared with Cu,S/CF, CoS,—Cu,S/CF displays peaks with
higher intensity, indicating increased crystallinity upon CoS,
incorporation. Raman spectroscopy was further employed to
probe the vibrational modes of bonding sites on the catalyst
surface (Fig. S1).*>*® The peak at 267 cm™" is assigned to the
stretching vibration of the Cu-S bond, while the peak at
390 cm ™" corresponds to the Co-S bond. These results are con-
sistent with XRD analysis, confirming the successful synthesis
of C0S,-Cu,S/CF.>” To further investigate the copper sub-
strate’s influence, we replaced CF with carbon cloth and syn-
thesized samples under Cu-free conditions. The diffraction
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peaks of the resulting CoS,-Co3S,/CC correspond to Co,S
(JCPDS No. 89-1492) and Co;S, (JCPDS No. 75-1561). In con-
trast to CoS,-Cu,S/CF, the cobalt species in C0,S-C03S,/CC
show a more complex phase composition, which can be attrib-
uted to the absence of copper during the reaction process
(Fig. S2).

The morphology of CoS,-Cu,S/CF was characterized by
scanning electron microscopy (SEM). As shown in Fig. S3a, the
untreated copper foam (CF) exhibits a smooth surface. After
hydrothermal treatment, CoS,-Cu,S/CF displays a uniformly
distributed pearl-thread-like structure across the CF surface
(Fig. 1c). Compared to the SEM image of Cu,S/CF (Fig. S3b),
introducing CoS, significantly improves the morphology, trans-
forming it from a fragmented granular structure into an
ordered pearly thread-like structure. This architecture provides
a larger specific surface area and enhances the contact
between the catalyst surface and the electrolyte, thereby pro-
moting OER activity.”® To further investigate the morphologi-
cal evolution during synthesis, we monitored the catalyst struc-
ture as a function of hydrothermal reaction time (Fig. S4).
Initially, only a few thread-like features were observed within
2 h. With a prolonged reaction time, these structures gradually
developed into more ordered pearl-thread-like formations.
However, after 4 h, excessive growth led to the appearance of
aggregated granular structures that covered the underlying
framework. These observations suggest that insufficient and
excessive hydrothermal durations are detrimental to the for-
mation of the optimal morphology, limiting active site
exposure and hindering the adsorption of reactive oxygen
species.”®

Transmission electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) were further employed to visualize the struc-
ture in greater detail. As shown in Fig. 1d, TEM confirms the
distinctive pearl-thread morphology observed in SEM. High-
resolution TEM (HR-TEM) images (Fig. 1e) reveal dual lattice
fringes with spacings of 0.247, 0.291, and 0.265 nm, corres-
ponding to the (210) plane of CoS,, the (112) plane of Cu,S,
and the (107) plane of Cus, respectively (Fig. 1f). Selected area
electron diffraction (SAED) patterns (Fig. 1g) further corrobo-
rate these assignments, indicating a polycrystalline structure.
Elemental analysis through energy-dispersive X-ray spec-
troscopy (EDX) (Fig. S5) and energy-dispersive spectroscopy
(EDS) elemental mapping (Fig. 1h) reveals a homogeneous dis-
tribution of Co, Cu, and S throughout the structure. Together,
these comprehensive characterization studies confirm the suc-
cessful construction of the CoS,-Cu,S/CF catalyst.

The surface elemental composition and valence states are
explored by X-ray photoelectron spectroscopy (XPS). The high-
resolution C 1s spectrum of CoS,-Cu,S/CF is employed as a
calibration standard for other elements (Fig. S6). The peaks at
around 284, 284.8, 286, and 288.4 €V are assigned to C=C, C-
C, C-0, and C=0, respectively.*® The high-resolution Cu 2p
spectrum demonstrated two peaks centered at 932.6 eV and
933.6 €V, assigned to Cu” and Cu®*" in Co0S,-Cu,S/CF
(Fig. 2a).*! Compared with Cu,S/CF, the Cu” peak in CoS,-
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Fig. 1 (a) Schematic illustration of the preparation of CoS,—Cu,S/CF. (b) XRD patterns. (c) SEM image. (d) TEM image. (e) HR-TEM image. (f)
Corresponding lattice spacing profiles. (g) SAED pattern. (h) HAADF-STEM image and corresponding elemental maps of CoS,—Cu,S/CF.

Cu,S/CF shifts 0.5 eV towards lower binding energy,
accompanied by an increased Cu‘/Cu®" ratio. This indicates
that CoS, alters the local electronic environment of Cu,S, facil-
itating the conversion of Cu® into Cu®" and accelerating the
generation of active intermediates. Given the close binding
energies of Cu® and Cu*, Cu LMM Auger spectra were also col-
lected (inset of Fig. 2a).’> A peak at 569.2 eV corresponds to
Cu', while a peak at 566.5 €V is attributed to Cu®, confirming
the oxidation states.>’

Within the S 2p spectral range for CoS,-Cu,S/CF (Fig. 2b),
the characteristic peaks at 161.6 and 162.3 eV are assigned to S
2pss» and S 2pq),, with essentially no changes in the electronic
environment.>* For the spectra of Co 2p, the peak at 778.4 eV
corresponds to Co-S, while 781.5 and 784.2 eV are ascribed to
Co®" and satellite peaks, demonstrating that the cobalt is
mainly present in the form of Co®>" for CoS,-Cu,S/CF
(Fig. 2¢).*>*® Based on the comprehensive analysis of XPS
results, the valence shift of Cu and the retention of S valence
indicate electron transfer between CoS, and Cu,S, which
improves the metal coordination environment, thus enhancing
catalytic efficiency. Besides, we performed contact angle tests

This journal is © the Partner Organisations 2026

to investigate the impact of interfacial interactions on water
adhesion. As shown in Fig. 2d, CoS,-Cu,S/CF exhibits a
contact angle of 29.2°, much smaller than the 56.4° of Cu,S/
CF, meaning more intimate contact between the catalytic
surface and electrolyte for the CoS,-Cu,S heterostructure,
which modifies the catalyst surface wettability, promoting the
transportation of the catalyst to the electrolyte.®”

The OER performance of CoS,-Cu,S/CF was evaluated in
1.0 M KOH using a standard three-electrode system. As shown
in Fig. 3a, CoS,-Cu,S/CF exhibits outstanding activity, requir-
ing an overpotential of only 239 mV at 10 mA cm > and
315 mV at 100 mA cm 2. Compared with C0S,~Co3S,/CC and
Cu,S/CF, CoS,-Cu,S/CF demonstrates superior catalytic per-
formance, surpassing even RuO,/CF (y = 259 mV at 10 mA
em~?) under alkaline conditions. Notably, a high current
density of 500 mA cm™ is achieved with a relatively low over-
potential of 390 mV, demonstrating the potential of CoS,-
Cu,S/CF for high-current-density applications. Tafel plots
(Fig. 3b) highlight the favorable reaction kinetics of CoS,-
Cu,S/CF, with a Tafel slope of 60.3 mV dec™', significantly
lower than those of C0S,~C05S,/CC (71.7 mV dec™") and Cu,S/
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Fig. 2 High-resolution XPS spectra of (a) Cu 2p (the inset shows Cu LMM Auger spectra) and (b) S 2p regions in CoS,—Cu,S/CF and Cu,S/CF. (c) Co
2p of CoS,-Cu,S/CF. (d) Contact angle images of CoS,—Cu,S/CF and Cu,S/CF.

CF (96.7 mV dec™"), indicating accelerated charge transfer and
reduced energy loss during the OER.>*?° The catalytic per-
formance of CoS,-Cu,S/CF is influenced by synthetic para-
meters such as the amount of Co(NOj),, hydrothermal time,
and temperature. Optimization studies (Fig. S7) reveal that
using 1.5 mmol Co(NOj3), achieves the best performance, with
faster reaction kinetics and improved charge transfer (Fig. S7).
Further investigations (Fig. S8 and S9) show that a hydro-
thermal time of 4 h and a temperature of 150 °C yield the
optimal morphology and catalytic activity. The enhanced per-
formance is attributed to the synergistic effects between CoS,
and Cu,S, which improve interfacial electron transfer and
facilitate dynamic surface reconstruction by reducing charge
transfer resistance (R.). Additional cyclic voltammetry (CV)
analyses supporting these observations are shown in Fig S10-
S12. As summarized in Fig. 3c and Table S2, CoS,-Cu,S/CF
ranks among the best-performing sulfide and copper-based
OER catalysts reported. The double-layer capacitance (Cq)
obtained from CV measurements (Fig. 3d) indicates the
electrochemical surface area.** The Cg4 for CoS,~Cu,S/CF is
93.2 mF cm™?, surpassing the comparison samples by several
times, such as Cu,S/CF (28.6 mF cm™>), C0S,-C03S,/CC
(20.4 mF cm™>), and CF (19.7 mF cm™>). The electrochemical
surface area (ECSA) is determined using Cq; (Fig. 3e). A specific
capacitance of 40 mF cm™
stances.*"

% is selected under normal circum-
The electrochemical surface area (ECSA) is calcu-
lated to be 1560 cm® for CoS,~Cu,S/CF, nearly five times larger
than that of Cu,S/CF (340 cm?) (Fig. 3e). The pearl-thread-like
morphology is responsible for the expanded surface area,
increasing active site exposure and enhancing catalyst-electro-

Iyte interactions.”” The larger specific surface increases the

98 | /norg. Chem. Front., 2026, 13, 95-105

exposure of the interface in solution, which achieves higher
density interfaces and facilitates the bonding of the active site.
In order to demonstrate the intrinsic activity of CoS,-Cu,S/CF
more efficiently, ECSA-normalized LSV curves are displayed in
Fig. 3e as well, which prove that CoS,-Cu,S/CF has the highest
electrocatalytic performance and intrinsic activity for the OER
in an alkaline environment. The turnover frequency (TOF) is
derived from the results of inductively coupled plasma mass
spectrometry (ICP-MS), invariably correlating with the intrinsic
activity of electrocatalysts (Table S1).** As depicted in Fig. 3f,
the TOF of CoS,-Cu,S/CF exhibits the most rapid increasing
trend with rising applied voltage. When the applied voltage
reaches 259 mV, the TOF value of CoS,-Cu,S/CF is 0.03 s7,
further demonstrating that the formation of the CoS,-Cu,S
interface improves the intrinsic activity. The faradaic efficiency
(FE) of the OER process is further calculated, representing the
ratio of actual gas evolved to the theoretical amount
(Fig. 3g2).*
tical oxygen production exhibit an extremely high degree of fit.
More than 10 mL of O, is generated by 1 cm” of CoS,-Cu,S/CF
within 30 min, which is close to the theoretical oxygen pro-
duction. In particular, the high activity of CoS,-Cu,S/CF can
be maintained for over 200 h at a current density of 100 mA

? (Fig. 3h), implying the extraordinary cycling stability of
C0S,-Cu,S/CF.

The surface evolution of CoS,-Cu,S/CF during the OER
process was investigated using transmission electron
microscopy (TEM) after long-term stability testing. As shown
in Fig. S13 and 14, the reaction process induced significant

As a result, actual oxygen production and theore-

alterations in the microscopic morphology of the catalyst
surface. Additionally, high-angle annular dark-field scanning

This journal is © the Partner Organisations 2026
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Fig. 3 (a) LSV curves. (b) Tafel plots. (c) Comparison of overpotentials at 10 mA cm~2 and Tafel slopes for previously reported catalysts. (d) Cq, plots.
(e) ECSA-normalized LSV curves (the inset shows the comparison of ECSAs for different catalysts). (f) TOF curves. (g) Faradaic efficiency measure-
ment for the OER. (h) Stability test at 100 mA cm™ (the inset shows the stability test at 10 mA cm™).

TEM (HAADF-STEM) combined with energy-dispersive X-ray
(EDX) mapping revealed the uniform distribution of Cu, Co, O,
and S throughout the structure (Fig. S15 and S16), further vali-
dating the catalyst’s composition and architecture after the
reaction. Notably, the oxygen content increased significantly
after the OER process, accompanied by a corresponding
decrease in sulfur content, implying the partial transformation
of sulfides into oxides. TEM analysis revealed a lattice fringe
spacing of 0.186 nm, corresponding to the (202) plane of CuO,
confirming the formation of CuO (Fig. 4a and b).
Additionally, a spacing of 0.230 nm is assigned to the (006)
plane of CoOOH, indicating the generation of CoOOOH during
the OER. These findings are consistent with post-reaction XPS
analysis (Fig. 4c), where an increase in the Cu®" signal corro-
borates the formation of CuO. In addition, residual sulfur
signals were still detected by XPS (Fig. 4d), which may have
come from residual SO4*>". To verify this, a residual SO,*~
detection experiment was conducted (Fig. S17). The reacted
catalyst was placed in deionized water and subjected to 12 h of
ultrasonic treatment. Then, the solution was acidified with

This journal is © the Partner Organisations 2026

dilute hydrochloric acid, and BaCl, solution was added. The
result showed that a small amount of white precipitate
appeared, indicating the presence of residual SO,>” on the
surface of the catalyst after the reaction.*

In situ Raman spectroscopy was further employed to
monitor structural evolution during the OER. Compared to the
dry state, Raman scattering peaks at 390 cm™" weakened after
immersion in alkaline electrolyte due to environmental
changes. In addition, copper foam (CF) oxidizes readily upon
exposure to water, leading to observable Cu-O vibrations at
open-circuit potential (OCP). As shown in Fig. 4e, character-

istic Raman peaks at 270 cm™', 348 cm ', and 550 cm™*

correspond to Cu-O, Cu-S, and CoOOH, respectively.”>>**¢
With increasing applied potential, the intensity of the Cu-S
peak gradually decreases, while the Cu-O peak intensifies,
indicating progressive oxidation of Cu,S. Importantly, COOOH
formation becomes significant only after substantial CuO
generation, suggesting that the disruption of the Cu-S bond
and the formation of Cu-O bonds redistribute the local charge

density, thereby facilitating the activation of Co sites into
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Fig. 4 (a and b) TEM image of CoS,—Cu,S/CF after the reaction. High-resolution XPS spectra of (c) Cu 2p (the inset shows Cu LMM Auger spectra)
and (d) S 2p regions in CoS,—Cu,S/CF and Cu,S/CF after the reaction. (e) Potential-dependent in situ Raman spectra of CoS,—Cu,S/CF at different
potentials (vs. RHE). Nyquist plots for (f) CoS,—Cu,S/CF and (g) Cu,S/CF at different applied potentials (vs. RHE). (h) Variation trend of R, under

different potentials for CoS,—Cu,S/CF and Cu,S/CF.

highly active COOOH species. As shown in Fig. S18, the Raman
peaks at 470 and 527 cm™ " belong to Co-S.*” As the applied
voltage increases, the signal corresponding to Co-S dis-
appears. When the voltage rises to 1.5 V, a characteristic peak
attributed to CoOOH begins to emerge. The overpotential
required for the surface reconstruction of the single CoS, inter-
face is much higher than that of the CoS,-Cu,S interface,
which indicates that the CoS,-Cu,S heterostructure promotes
the adsorption of OH™ onto active intermediates, effectively
improving the reaction kinetics. Combined analysis of these
results confirms that a CoOOH-CuO-Cu,S heterointerface
forms during the OER process. CoS, and Cu,S are partially
transformed into CoOOH and CuO, respectively. This hybrid
structure benefits from the high conductivity of residual sul-
fides, lowering charge transfer resistance and enhancing reac-
tion kinetics. Notably, in situ Raman spectroscopy showed that
the Cu-S bond did not disappear even when the applied

100 | /norg. Chem. Front., 2026, 13, 95-105

voltage reached 1.7 V, indicating the presence of residual CusS,.
In summary, the in situ generated CoOOOH-CuO-Cu,S interface
replaces the original sulfide phase, significantly boosting cata-
lytic activity.*®

Electrochemical impedance spectroscopy (EIS) was per-
formed to further investigate the dynamic evolution of active
species on the catalyst surface.*® In situ EIS measurements are
conducted at various potentials to further elucidate the role of
Co sites in promoting the adsorption and desorption of
oxygen-containing reactants.>® Fig. 4f and g and present the
Nyquist plots of CoS,-Cu,S/CF and Cu,S/CF at different poten-
tials. As the potential increased, the charge transfer resistance
(Rct) decreased significantly, indicating a notable acceleration
in reaction kinetics.”® Moreover, the charge transfer rate of
CoS,-Cu,S/CF is consistently higher than that of Cu,S/CF,
which can be attributed to the dynamic evolution of Co sites at
the interfaces of the Cu,S and CoS, species. The relevant bond
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plots are presented in Fig. S19. As the applied voltage
increases, the position of the phase angle changes continu-
ously, which reveals that the phase angles of CoS,-CuS, are
smaller than those of CuS, at each identical applied potential.
This indicates that more electrons participate in OER catalysis,
thereby enhancing the kinetics of the OER. Fig. 4h illustrates
the decreasing trend of R.. between CoS,-Cu,S/CF and Cu,S/
CF. Under low-potential conditions, the Co active sites exhibit
enhanced adsorption of oxygen-containing intermediates.
These intermediates are rapidly accumulated upon the intro-
duction of the Co sites, activating the OER performance of cat-
alysts at low potentials.”

To elucidate electronic interactions of key reaction inter-
mediates at the interface, we modeled the system using
density functional theory (DFT).”® To align with system charac-
terization, COOOH-CuO-Cu,S is selected as the computational
model, with CoOOH serving as the contrast sample. Fig. 5a
shows the optimized model configuration. The differential

View Article Online
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charge density is analyzed in Fig. 5b, with the yellow region
indicating electron accumulation and the green region repre-
senting electron depletion. This suggests that there is localized
charge accumulation near CoOOH and CuO regions.
Significantly, charge aggregation at Cu sites is markedly
weaker than that at Co sites, implying that CuO regulates inter-
facial electron transfer.** This electronic coupling is further
clarified in the two-dimensional charge density projection
(Fig. 5c), where the blue region represents electron accumu-
lation, and the red region indicates electron depletion. Density
of states (DOS) calculations (Fig. 5d) reveal enhanced electron
density near the Fermi level for COOOH-CuO-Cu,S compared
to CoOOH, demonstrating that CoOOH-CuO interactions
promote interfacial electron mobility and improve material
conductivity.>®> The d-band center shifts from -1.27 eV
(CoOOH) to —1.17 eV (CoOOH-CuO-Cu,S), indicating higher
antibonding orbital occupancy above the Fermi level and
reduced bonding orbital occupancy below the Fermi level

d 'CoOOH-CuO—Cu,S e
i Antibonding
3 a 3
= . 2 E, Ads.
pre © Femi level § ““““““““““““““““““““““““
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Fig. 5 (a) Optimized model configuration. (b) Charge density difference of CoOOOH-CuO-Cu,S. (c) Cross-sectional diagram. (d) DOS for CoOOH-
CuO-Cu,S and CoOOH. (e) Schematic representation of the d-band center and the electronic interaction governing bond formation between the
catalyst surface and the adsorbate. (f) OER mechanism illustration of CoOOH-CuO-Cu,S. (g) Gibbs free energy diagrams of CoOOH-CuO-Cu,S

and CoOOH.
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(Fig. 5e), which is consistent with weakened Co-O bonds that
favor oxygen species desorption.>® Fig. 5f illustrates the four-
electron OER pathway on CoOOH-CuO-Cu,S, where Co sites
remain the primary adsorption centers. Hydroxide adsorption
forms *OH intermediates on Co sites, followed by sequential
deprotonation to *O and *OOH species, culminating in O,
release.”” Gibbs free energy (AG) analysis (Fig. 5g) identifies
the transition from *O to *OOH (AG3;) as the rate-determining
step. CoOOOH-CuO-Cu,S exhibits a significantly lower AG;
(1.48 eV) compared to CoOOOH (1.79 eV), which reduces energy
barriers of *O to *OOH, further facilitating the formation of
CoOOH. In summary, compared to single CoOOH, the in situ
generated active CoOOH-CuO-Cu,S interfaces optimize the
electronic structure and facilitate the desorption of oxygen-
containing intermediates *O during the OER process, resulting
in excellent OER performance.

The excellent OER performance motivates us to apply the
catalyst in overall water splitting. Fig. S20a shows the model of
the overall water splitting device. Electrochemical analyses
revealed that the CoS,~Cu,S/CF™||Pt/C'”) system demonstrated
superior overall water splitting performance relative to the
control in 1.0 M KOH. As shown in the polarization curve
(Fig. S20b), the CoS,~Cu,S/CF™M||Pt/C?) electrolyzer required
only 1.62 V to achieve a current density of 100 mA cm™2, sub-
stantially lower than the 1.82 V required for the Ru0,™||Pt/
¢ system. Furthermore, the CoS,~Cu,S/CF")||Pt/C) system
exhibited competitive performance at 100 mA cm™> compared
with numerous reported electrocatalysts (Fig. S20c and
Table S3). As demonstrated in Fig. $20d, the CoS,~Cu,S/CF||
Pt/C1) system exhibits outstanding stability at a current
density of 100 mA cm™ for over 60 h, indicating its certain
potential for industrial applications.

3. Conclusion

We developed a self-supported CoS,-Cu,S/CF electrocatalyst
that undergoes dynamic surface reconstruction to form an
active CoOOH-CuO-Cu,S interface under OER conditions.
In situ and operando characterization studies, supported by
DFT calculations, reveal that the engineered interface
enhances electronic coupling, optimizes *OOH adsorption,
and reduces the rate-determining step barrier by 0.30 eV com-
pared to pristine COOOH. As a result, CoS,-Cu,S/CF delivers a
low overpotential of 239 mV at 10 mA cm >, a high current
density of 500 mA cm™> at 390 mV, and long-term stability
exceeding 200 h. These findings underscore the significance of
dynamic interface design in advancing non-noble-metal OER
catalysts for sustainable water splitting applications.
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