
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 5
:3

9:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Surface dynamic
aCollege of Chemistry and Pharmaceutical S

Qingdao 266109, China. E-mail: wangjie@q
bSchool of Materials Science and Engineeri

Beijing, Beijing 100083, China
cDepartment of Applied Physics, Research In

Polytechnic University, Hung Hom, Kowloon
dSchool of Chemistry, Centre for Resea

Nanodevices (CRANN) and Advanced Ma

(AMBER), Trinity College Dublin, Dublin D0

Cite this: Chem. Sci., 2026, 17, 1029

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 13th August 2025
Accepted 30th October 2025

DOI: 10.1039/d5sc06179b

rsc.li/chemical-science

© 2026 The Author(s). Published by
engineering of discontinuous
cobalt dopants on copper sulfide for enhanced
electrosynthesis of hydrogen peroxide

Changhui Sun,a Chaoqun Ma,b Xuyun Guo,cd Yingjun Ma,a Qiying Yang,a

Liangyu Gong, *a Ye Zhu,c Valeria Nicolosi d and Jie Wang *a

Electrochemical synthesis of hydrogen peroxide (H2O2) represents a sustainable, economical, and energy-

efficient approach but faces challenges due to sluggish and complicated dynamics at the solid/liquid/gas

interface. This study leverages theoretical insights from CuS surface microenvironments, demonstrating

that cobalt doping and edge defects on CuS can thermodynamically favor the 2-electron oxygen

reduction reaction (2e−-ORR) pathway for H2O2 production. To validate theoretical predictions, we

synthesized a catalyst featuring interleaved hexagonal lamellar copper sulfide with discontinuous cobalt

dopants at the edges and complementary defects (Co-CuSED). This design optimizes the microelectronic

structure at the electrocatalytic interface, enhancing the 2e−-ORR pathway over the 4-electron pathway.

The optimized Co-CuSED achieves a high H2O2 production rate of 1.10 mol gcat
−1 h−1. Using this catalyst

in a dual cathode system for in situ H2O2 generation results in rapid degradation of organic dyes,

reaching 92% efficiency within 20 minutes. This work presents an environmentally friendly, cost-

effective, and efficient strategy for H2O2 electrosynthesis, with strong potential for wastewater remediation.
Introduction

The acceleration of industrialization has signicantly boosted
productivity, but it has also led to serious environmental chal-
lenges due to the discharge of industrial and agricultural
wastewater.1 Once released into the environment, they will
inevitably cause severe damage to ecosystems.2 Therefore, it is
crucial to remove the pollutants in time. Hydrogen peroxide
(H2O2) is a versatile oxidant and an emerging sustainable energy
carrier, efficient in elds of wastewater treatment.3,4 To date, the
predominant large-scale production method, the anthraqui-
none process, remains restricted by high operational costs,
substantial energy consumption, and signicant environmental
and safety concerns.5,6 Alternatively, in situ generation of H2O2

via electrocatalytic processes has shown promise in wastewater
treatment,7–9 enabling the immediate degradation of pollutants
upon production. It not only enhances treatment efficiency but
also eliminates the need for centralized H2O2 production,
transportation, and repeated chemical dosing, thereby
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simplifying the overall process.10,11 However, the electro-
chemical two-electron oxygen reduction reaction (2e−-ORR),12,13

which utilizes O2 and H2O as precursors, suffers from sluggish
kinetics and the competing four-electron (4e−) ORR pathway
that act as obstacles for high efficiency H2O2 generation.14–16

To address these challenges, designing electrocatalysts with
superior activity and selectivity for the 2e−-ORR is
imperative.17–19 A diverse array of catalysts, including noble
metals, transition metal compounds, and metal-free alterna-
tives, have been explored.20–22 Although noble metals have
proved to exhibit excellent catalytic performance, their high
cost, scarcity, and toxicity severely limit scalability.23,24 Conse-
quently, non-precious metal catalysts, particularly transition
metal suldes (TMS), have attracted signicant attention due to
their cost-effectiveness and superior electrical conductivity
compared to most transition metal oxides and hydroxides.
These advantages stem from the differences in electronegativity
and atomic radius between oxygen and sulfur atoms, which
inuence charge distribution and bonding characteristics in
the lattice.25 Nonetheless, pristine TMS oen suffer from
limited active site density and poor electrochemical stability,
constraining their catalytic performance. To address these
limitations, both intrinsic and extrinsic activities can be
enhanced through electronic structure modulation via interface
engineering and defect engineering.26,27 For example, Viswana-
than and co-workers revealed, from a surface reconstruction
perspective, that the ORR catalytic activity of nickel suldes is
primarily governed by the Ni–S coordination number at surface-
Chem. Sci., 2026, 17, 1029–1038 | 1029
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exposed sites within the reconstructed amorphous phases.28

Mai and co-workers demonstrated that interfacial coupling and
sulfur vacancies synergistically modulate the electronic struc-
ture of a copper–nickel sulde heterojunction catalyst, effec-
tively enhancing the adsorption behavior of oxygen
intermediate species and signicantly lowering the energy
barrier for the ORR.29 As a member of TMS, copper sulde
(CuS), a p-type semiconductor, possesses a distinctive bandgap
structure that facilitates structural modications.30,31 Despite
this, the inherent limitations in optimizing the electronic
structure of CuS alone hinder signicant improvements in the
adsorption free energy of *OOH, which is recognized as the rate-
determining step in the 2e−-ORR process. As a result, effectively
enhancing the electronic structure of CuS to optimize *OOH
adsorption remains a signicant challenge. Heteroatom doping
has emerged as a revolutionary approach to ne-tuning the
electronic properties of catalysts, thereby signicantly boosting
their catalytic activity.32–34 By precisely regulating the electronic
structure and exposing a wealth of active sites, this method
offers unprecedented control over catalytic performance.
Notably, cobalt (Co) stands out due to its distinctive d-orbital
conguration, which enables it to dramatically inuence the
electron density of host materials, thereby modulating the
charge state and chemical reactivity of surface atoms.35

However, conventional methods that rely on the random
dispersion of cobalt dopants within the host catalyst fail to fully
unlock its catalytic potential, resulting in inefficient utilization
of active sites. The stochastic distribution of dopants leads to
spatial and electronic heterogeneity, which is particularly
detrimental in surface-sensitive processes such as the 2e−-ORR,
critical for the electrosynthesis of H2O2. On the other hand,
a dense distribution of heteroatom dopants on the catalyst
surface can limit the interaction between the host CuS and O2,
reducing its effectiveness for the 2e−-ORR. To address these
challenges, it is signicant to explore new strategies to synthe-
size CuS with highly electrochemically active interfaces with
a uniform yet discontinuous distribution of Co dopants at the
edges of the materials, leveraging edge effects to maximize
exposure and enhance intrinsic catalytic activities of the 2e−-
ORR.

In this study, we leverage theoretical insights from CuS
surface microenvironments, demonstrating that cobalt doping
and edge defects on CuS can thermodynamically favor the 2e−-
ORR pathway for H2O2 production. To validate theoretical
predictions, we constructed a novel surface Co-doped CuS (Co-
CuS) catalyst with hexagonal lamellar microsphere architecture
and engineered edge defects (Co-CuSED) for the target to
enhance 2e−-ORR performance. The discontinuous surface
distribution of Co dopants at the edges, coupled with
a complementary arrangement of defects, can be precisely
controlled by tuning the H2O2 concentrations during material
synthesis. These edge defects effectively optimize the electronic
interaction from the surface to the inner bulk CuS framework.
The Co-CuSED catalyst induces favorable charge redistribution,
yielding optimal *OOH adsorption and signicantly reducing
the energy barrier for the 2e−-ORR compared to pristine CuS
and uniformly doped Co-CuS. Synchrotron radiation X-ray
1030 | Chem. Sci., 2026, 17, 1029–1038
absorption near-edge structure (XANES) spectroscopy corrobo-
rates these ndings, demonstrating altered Cu–S bond energy
and Cu oxidation states induced by Co doping and defect
engineering. The optimized Co-CuSED catalyst exhibits excep-
tional selectivity for H2O2 production. Importantly, its robust
performance extends to natural air diffusion conditions. Prac-
tical application is demonstrated through the in situ degrada-
tion of organic dyes like Rhodamine B (RhB) using dual cathode
technology, achieving high degradation rates and recyclability.
This work provides crucial insights into the strategic design of
heteroatom-doped, defect-modied electrocatalysts, paving the
way for scalable, sustainable H2O2 production.

Results and discussion

Given the critical role of the ORR at the catalyst interface,
a dense distribution of heterogeneous Co dopants on the
surface might hinder effective interaction with the host CuS. In
consideration, introducing edge defects to achieve a discontin-
uous distribution of Co dopants is proposed as a strategy to
optimize the electronic structure of CuS, thereby enhancing the
thermodynamic favorability for the 2e−-ORR pathway. To
investigate this hypothesis, Density Functional Theory (DFT)
calculations were performed. These calculations focused on
elucidating the fundamental mechanisms by which Co doping,
in conjunction with edge defect engineering facilitated by the
addition of H2O2 during synthesis, inuences ORR perfor-
mance. Three theoretical models representing different stabi-
lized adsorption congurations of ORR intermediates (*OOH,
*O, *OH) related to CuS, Co-CuS, and Co-CuSED were estab-
lished and optimized (Fig. 1a and S1). Aer calculation, volcano
plots were constructed to illustrate the catalytic tendency of
different catalysts (Fig. 1b). The plots show that the free energy
change (DG) of DG*OH primarily determines the 4e−-ORR, while
DG*OOH controls H2O2 production via the 2e−-ORR. Previous
studies have identied an approximate linear relationship
between DG*OH and DG*OOH.36 Strong adsorption of *OOH or
*OH corresponds to the le side of the volcano plot, indicating
a preference for breaking the O–O bond and proceeding via the
4e−-ORR pathway. In contrast, weak adsorption corresponds to
the right slope. Notably, the DG*OOH of Co-CuSED is 4.15 eV,
close to the optimal *OOH adsorption energy of 4.22 eV (cor-
responding to a limiting potential of 0.70 V). This value is
comparable to those of high-performance catalysts, such as Pd,
Pt, Au/Pt, and Hg/Pt.37

To further study the evolution of physical properties result-
ing from Co doping and edge defects, partial density of states
(PDOS) for CuS, Co-CuS, and Co-CuSED were calculated, as
shown in Fig. 1c. The d-band centers for host Cu in CuS, Co-
CuS, and Co-CuSED were determined to be −2.11 eV, −2.09 eV,
and −2.04 eV, respectively, of which the d-band center of Co-
CuSED is much closer to the Fermi energy level, benecial to
facilitate the adsorption of intermediates, thereby enhancing
the catalytic performance. Fig. 1d presents the charge density
difference maps for *OOH adsorption on CuS, Co-CuS, and Co-
CuSED, revealing that the number of electrons transferred to
*OOH is 1.331e, 1.298e, and 1.271e, respectively. Co-CuSED
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagrams of the theoretical model of Co-CuSED and the corresponding ORR pathway. (b) Volcano plot depicting the free
energy change of reaction intermediates (DG*OH and DG*OOH) of different Co–Cu–S coordination structures. The data for Pt, Pd, Hg/Pt, and Au/
Pt were obtained from ref. 37. (c) PDOS of CuS, Co-CuS and Co-CuSED. (d) The charge density difference maps of CuS, Co-CuS and Co-CuSED
with adsorption of *OOH (isosurface value = 0.002 e Å−3). (e) Free energy diagram of the ORR for CuS, Co-CuS and Co-CuSED.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 5
:3

9:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exhibits minimal electron transfer, leading to the weakest
*OOH adsorption and the lowest adsorption energy. This
suggests that fewer transferred electrons and lower adsorption
energy promote *OOH desorption and H2O2 formation, reduce
the reaction energy barrier, and signicantly improve catalytic
performance. Fig. 1e illustrates the typical 2e−-ORR process,
where O2 binds to the catalyst surface, followed by the forma-
tion of *OOH, and ultimately H2O2. Specically, thermody-
namic calculations (eqn (S1)) reveal that the overpotential (h) for
the 2e−-ORR on Co-CuSED is 0.07 V, signicantly lower than
those for Co-CuS (h = 0.27 V) and CuS (h = 0.46 V). In contrast,
for the 4e−-ORR pathway leading to H2O formation, the ther-
modynamic overpotentials increase in the order: CuS (h = 0.43
V) < Co-CuS (h = 0.78 V) < Co-CuSED (h = 1.02 V). These results
indicate that Co-CuSED favors the 2e−-ORR pathway, whereas
CuS prefers the 4e−-ORR pathway.

According to the theoretical calculations, Co-CuS with
interleaved lamellar structures was synthesized via a simple
solvothermal process followed by post-annealing in a mixed Ar/
H2 atmosphere (Fig. 2a). The lamellar features regular hexag-
onal shapes with uniform surface cobalt enrichment. By varying
the concentration of H2O2 during the solvothermal process, the
Co dopants and edge defects on the surface can be precisely
tuned to optimize the electronic structure. Fig. 2b shows the
XRD patterns of the different catalysts. The Cu-containing
catalysts display diffraction peaks consistent with the charac-
teristic hexagonal structure of CuS (PDF#06-0464). In contrast,
© 2026 The Author(s). Published by the Royal Society of Chemistry
the copper-free catalyst synthesized via the same method
demonstrates a CoSOx phase (PDF#54-1124). Notably, no peaks
associated with Co-containing phases are observed, likely due to
the low concentration or poor crystallization of cobalt in the
products.

Raman spectra were performed to probe the surface struc-
ture (Fig. 2c). For pure CuS, a weak peak at ∼467.0 cm−1 is
observed, corresponding to the characteristic stretching vibra-
tion mode (A1g symmetry) of the S–S bond in CuS. Aer Co
doping, the S–S bond at ∼467 cm−1 in Co-CuS is further
attenuated, and a new peak at ∼656.0 cm−1 appears, likely
corresponding to the Eg mode of Co. Remarkably, in the Co-
CuSED sample, the S–S bond at ∼467 cm−1 becomes sharper,
and a weak peak at ∼262 cm−1 associated with the stretching
vibration of covalent S–S bonds emerges. This is mainly attrib-
uted to the partial destruction of the uniform distribution of
cobalt species on the surface due to the introduction of H2O2

during synthesis, leading to increased exposure of inner CuS.38

It is hypothesized that H2O2 acts as a structure-regulating agent,
modulating the interaction between Co dopants and CuS. Core-
level XPS analysis was carried out to further investigate the
chemical state of the surface species. The survey XPS spectrum
(Fig. S2) conrms the presence of Co, Cu, and S, with specic
atomic concentrations detailed in Table S1. The high-resolution
Co 2p spectrum (Fig. 2d), tted using a Gaussian function,
shows two spin–orbit peaks and two satellite peaks. For Co-
CuSED, the prominent peaks at 781.0 eV and 796.0 eV
Chem. Sci., 2026, 17, 1029–1038 | 1031
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Fig. 2 (a) Schematic illustration of the construction of Co-CuS-based catalysts; (b) XRD patterns of mono-metal sulfides and Co-CuS based
catalysts; (c) Raman spectra of CuS, Co-CuS and Co-CuSED; high-resolution XPS spectra of (d) Co2p, (e) Cu 2p, and (f) S 2p of Co-CuS and Co-
CuSED.
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correspond to Co 2p3/2 and Co 2p1/2, respectively. The peaks at
779.1 and 794.5 eV are associated with Co3+, while those at 781.6
eV and 798.6 eV correspond to Co2+. The Cu 2p spectrum
(Fig. 2e) reveals peaks at 932.1 eV and 952.1 eV, attributed to
Cu+, while the peaks at 933.1, 934.6, 953.4, and 955.0 eV indi-
cates the presence of Cu2+. Compared to Co-CuS, Co-CuSED
shows a clear shi to lower binding energy (0.61 eV), suggesting
a conversion from Cu2+ to Cu+ at the surface aer introducing
Co dopants and edge defects. The tted S 2p XPS spectrum
(Fig. 2f) shows peaks at 161.4 eV and 162.4 eV, corresponding to
the S2− valence state, while peaks at 163.3 eV and 164.3 eV
represent bridging S2

2− species in covellite.39 For Co-CuSED, the
S2− peak appears at 161.4 eV, which is absent in Co-CuS. This
shi is likely due to Co reduction, leading to the splitting of S2−

ions and the formation of Cu–S and Co–S bonds. Additionally,
the disappearance of the S–O bond peak suggests a trend
toward the increased formation of Cu–S bonds.40 The slight
shi of the S 2p spectrum to higher binding energies in Co-
CuSED, coupled with the negative shi in Cu 2p, further
supports the electronic interactions between Co and CuS aer
introducing edge defects.

The microstructure of the catalysts was studied using
transmission electron microscopy (TEM) techniques. Back-
scattered electron scanning TEM (BSE-STEM) images (Fig. 3a
1032 | Chem. Sci., 2026, 17, 1029–1038
and b) of Co-CuS and Co-CuSED revealed thin lamellar struc-
tures (∼50 nm in thickness) interleaved together. At higher
magnication, the high-angle annular dark-eld STEM
(HAADF-STEM) image of Co-CuSED showed regular hexagonal
lamellar structures with a side length of approximately 2 mm
(Fig. 3c). This morphology provides a higher specic surface
area, which is benecial to increase the electrochemical active
area, beneting the enhancement of oxygen reduction reaction
(ORR) activities. High-resolution TEM (HRTEM) images of the
hexagonal lamellar for Co-CuS revealed a single-crystal struc-
ture (Fig. 3d), with staggered lattice fringes and an intersection
angle of 60°. The interplanar spacings of 1.90, 1.90 and 1.90 Å,
correspond to the (110), (�210) and (1�20) planes of CuS. The
selected area electron diffraction (SAED) pattern of a single
lamella (inset in Fig. 3d) aligns with these HRTEM observations.
In comparison, the HRTEM image of Co-CuSED (Fig. 3e) shows
a similar crystal structure, but with distinct edge defects
(marked with red arrows), indicating successful creation of edge
defects at the lamellar surface through the introduction of H2O2

during synthesis. STEM image (Fig. 3f) and corresponding
electron energy loss spectroscopy (EELS) maps of Co-CuS
showed a Co distribution concentrated at the edges, with
uniform distribution of Cu and S. The Co L-edge and Cu L-edge
EELS spectra (red arrows) further conrm this distribution from
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 BSE-STEM images of Co-CuS (a) and Co-CuSED (b); (c) HAADF-STEM image of a Co-CuSED lamellar; (d) HRTEM image of Co-CuS and
SAED pattern (inset); (e) HRTEM image of Co-CuSED and SAED pattern (inset); (f) HAADF-STEM image of Co-CuS with EELS elemental maps and
corresponding spectra of Co L-edge along the red rectangle direction; (g) HAADF-STEM image of Co-CuSED with EELS elemental maps and
corresponding spectra of Co L-edge along the red rectangle direction; Cu K-edge XANES spectra (h), corresponding FT-EXAFS spectra (i), and
corresponding Cu K-edge EXAFS spectra (j) of Co-CuS, Co-CuSED and standard sample (Cu foil); (k) 3D FT Cu K-edge EXAFS spectra of the
standard sample (Cu foil), Co-CuS and Co-CuSED.
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the surface to the bulk. In contrast, Co-CuSED exhibited
a discontinuous Co distribution concentrated at the lamellar
edges (Fig. 3g), while Cu and S remained uniformly distributed,
consistent with theoretical models established in Fig. 1. A
comparison of the Cu L-edge EELS spectra reveals a higher
proportion of Cu+ in Co-CuSED compared to Co-CuS.41 The Co
and Cu species showed negligible changes before and aer the
introduction of edge defects. These nanoscale observations
align with the results from Raman and XPS characterization
studies (Fig. 2c–e). To further elucidate the evolution of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
electronic structure, synchrotron radiation spectroscopy was
employed. As shown in Fig. 3h, the Cu K-edge spectra of Co-
CuSED exhibit a slight shi to lower energies compared to Co-
CuS, indicating a decrease in the valence of Cu2+ due to the
introduction of edge defects. Extended X-ray absorption ne
structure (EXAFS) spectra (Fig. 3i and j), derived from the Cu K-
edge, show similar oscillation patterns in the low-wavenumber
range for both Co-CuS and Co-CuSED, suggesting similar coor-
dination environments. Both samples display a major FT-EXAFS
peak at 1.81 Å (Fig. 3j), corresponding to the Cu–S bond.42
Chem. Sci., 2026, 17, 1029–1038 | 1033
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However, the Co-CuSED sample exhibits a noticeable le shi
and decreased intensity, suggesting shorter bond lengths,
enhanced bond strength, and a smaller coordination number.
To uncover high-resolution features simultaneously in K-space
and R-space, wavelet transform (WT) analysis was applied to the
EXAFS spectral signal, generating a three-dimensional repre-
sentation (Fig. 3k). Due to the scattering effect of the Cu–S
bond, the WT contour plot of Co-CuSED shows a maximum peak
at 8.93 Å−1, higher than the 6.86 Å−1 peak for Co-CuS.43 This
further veries that both Co-CuS and Co-CuSED share the same
coordination environment, with Co-CuSED exhibiting enhanced
bonding characteristics.44

The evolution of Co-CuS with varying amounts of H2O2

during the synthesis process was investigated. As shown in the
XRD patterns (Fig. S3), increasing the amount of H2O2 not only
maintained the CuS phase but also signicantly enhanced its
crystallinity, demonstrating the structural reinforcing effect of
H2O2. Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) analysis of catalysts revealed a gradual decrease
in cobalt content with increasing H2O2 (Table S2). The atomic
percentage of Co in Co-CuS catalysts was signicantly lower
than that of Cu, conrming successful Co-doping. These
compositional trends were further veried by XPS surface
surveys (Fig. S4 and Table S1). Notably, the higher bulk Cu
content detected by ICP-OES versus surface-sensitive XPS
suggests that Cu is predominantly distributed in the catalyst
core, while Co is enriched at the surface. High-resolution XPS
spectra of Co 2p, Cu 2p, and S 2p (Fig. S5) showed minimal
changes in the valence states of Co and Cu with increasing H2O2

concentration. However, upon the addition of 2.0 mL of H2O2,
no detectable high-resolution Co 2p spectra were observed,
suggesting that the Cu species on the catalyst surface had
become fully occupied. Additionally, a noticeable shi toward
lower binding energy was observed in the high-resolution S 2p
XPS spectra, indicating enhanced interaction between Cu and S,
further supporting the improved CuS bonding. The morphology
evolution associated with increasing volume of H2O2 during
synthesis was characterized via scanning electron microscopy
(SEM). Specically, Co-CuS synthesized with 0.5 mL of H2O2

exhibits two distinct morphologies (Fig. S6): microspheres and
microspheres interwoven by the nanosheet-like thin lamellar
structures. When the H2O2 volume is increased to 1.0 mL, the
morphology becomes more uniform, predominantly consisting
of thin lamellar structures interwoven with microspheres.
Further increasing the H2O2 volume to 1.5 mL and 2.0 mL
results in an even larger sheet size and loose interweaving of
nanosheets. To precisely investigate the control of defect
concentration through H2O2 dosage, electron paramagnetic
resonance (EPR) spectroscopy was performed. As shown in
Fig. S7, Co-CuS synthesized without H2O2 exhibits a negligible
signal at g = 2.004, indicative of a low defect density. In
contrast, a distinct EPR signal emerges when H2O2 is intro-
duced during synthesis, and its intensity increases progressively
with higher H2O2 concentrations. This trend demonstrates the
precise tunability of defect concentration by modulating the
amount of H2O2 used in the synthesis. Combined with the TEM
results, these ndings suggest that the introduction of varying
1034 | Chem. Sci., 2026, 17, 1029–1038
amounts of H2O2 allows for precise control over cobalt content
and the creation of edge defects on the surface.

The ORR performance of the catalysts was evaluated using
a three-electrode conguration. As shown in Fig. 4a, the oxygen
reduction polarization curves obtained with a rotating ring-disc
electrode (RRDE) revealed a signicantly higher ring current
density for Co-CuSED compared to Co-CuS, CuS, and CoSOx.
Specically, Co-CuSED exhibited a high Faradaic efficiency (FE)
of 60% (Fig. 4b) and H2O2 production selectivity of 78%, out-
performing the other catalysts (Fig. 4c). Additionally, as the
amount of H2O2 increased, the ring current decreased (Fig. S8).
The corresponding H2O2 selectivity and FE initially increased
when adding 0.5 to 1.0 mL of H2O2, but decreased with higher
volumes (1.5 to 2.0 mL, Fig. S9). This trend indicates that the
2e−-ORR activity of Co-CuSED is primarily regulated by the
amount of H2O2 introduced during the synthesis, which
controls the electrocatalytic performance by modulating the
concentration of cobalt dopants and edge defects. As shown in
Fig. 4d, the electron transfer number (n) for Co-CuSED,
measured over a wide potential range of 0.10 to 0.60 V, is
calculated to be 2.4 (eqn (S2)–(S4)), which is close to the ideal
2e−-ORR process. In contrast, Co-CuS, CuS, and CoSOx di-
splayed higher n values. Notably, Co-CuSED synthesized with 1.0
mL of H2O2 exhibited the smallest n value compared to those
prepared with 0.5, 1.5, and 2.0 mL of H2O2, conrming the
excellent two-electron selectivity of Co-CuSED when synthesized
with the optimal H2O2 concentration (Fig. S9). To further vali-
date the electron transfer number, polarization curves at
different rotational speeds were analyzed, and corresponding
K–L plots (Fig. S10) were tted. Using the Levich equation (eqn
(S5) and (S6)), the electron transfer numbers for Co-CuSED were
calculated to range from 2.47 to 2.58 at the potential range
between 0.20 and 0.40 V, consistent with the RRDE results. Tafel
plots derived from the disc polarization curves in Fig. 4a and
S11 are presented in Fig. 4e and S12, in which Co-CuSED exhibits
the lowest slope value (73.18 mV dec−1), indicating a mixed
Heyrovsky–Volmer mechanism and enhanced reaction kinetics
for the 2e−-ORR. A radar chart (Fig. 4g) comprehensively
compares the electrochemical properties of CuS, Co-CuS, and
Co-CuSED, in which Co-CuSED showed optimal performance
across all ve parameters, reecting superior reaction activity
and kinetics.

To assess electrochemical durability, chronoamperometry
tests were conducted at a constant potential of −0.20 V for 3600
s. As shown in Fig. 4f, Co-CuSED exhibited excellent stability
under both saturated oxygen and air conditions. To achieve the
specic H2O2 production, an H-cell was used to collect electro-
synthesized H2O2 during the chronoamperometry tests. As
shown in Fig. 4h, Co-CuSED achieved a maximum H2O2 yield of
1.10 mol gcat

−1 h−1 at −0.20 V (vs. RHE) under a saturated O2

atmosphere, and 1.02 mol gcat
−1 h−1 under air conditions. FE

calculated using eqn (S7) was calculated to be 65%, in close
agreement with the result using RRDE measurement (Fig. 4b).
Compared to recently reported metal suldes and other cata-
lysts, Co-CuSED exhibits an exceptional H2O2 yield, out-
performing most metal sulde-based catalysts and other kinds
of catalysts documented in the current literature (Table S3). To
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) ORR polarization curves of CuS, Co-CuS, Co-CuSED, and CoSOx; corresponding FE (b), H2O2 selectivity (c) and n values (d) at a wide
potential window derived from (a). (e) Tafel plots derived from the polarization curves of the disc in (a); (f) chronoamperometric test of Co-CuSED
in both O2-saturated and air-saturated solution; (g) the Radar chart illustrates the comparative 2e− ORR performance across five parameters of
CuS, Co-CuS, and Co-CuSED; (h) H2O2 yield rate versus potential under both O2- and air-saturated conditions; (i) H2O2 yield rate versus cycle
number under both O2- and air-saturated conditions.
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further evaluate the recyclability of H2O2 production, cycling
tests were conducted under both O2- and air-saturated condi-
tions. Aer the 4th cycle, Co-CuSED maintained a production
rate of 1.01 mol gcat

−1 h−1 under O2 and 0.96 mol gcat
−1 h−1

under air conditions (Fig. 4i), demonstrating excellent reus-
ability of the Co-CuSED catalyst. Structural characterization was
conducted to assess the stability of Co-CuSED aer a four-cycle
H2O2 electrosynthesis test. As shown in Fig. S13, the XRD
pattern retains the original crystal structure of CuS. Further-
more, high-resolution XPS spectra of S 2p, Cu 2p and Co 2p
demonstrate the presence of Co dopants aer electrochemical
cycling. The valence states of all three elements remained
unchanged, although peak intensities were slightly reduced
compared to the pristine catalyst (Fig. 2d–f)—likely due to
partial coverage by the binder used to immobilize the catalyst.
Collectively, these results conrm that Co-CuSED maintains
both crystalline framework integrity and surface chemical state
stability under repeated electrochemical cycling, highlighting
its structural robustness for practical applications. The
electrochemical active surface area (ECSA) was determined
based on the double-layer capacitance (Cdl) in a non-pseudo-
capacitive potential window since the ECSA is proportional to
the Cdl. As shown in Fig. S14–S16, Co-CuSED exhibited
© 2026 The Author(s). Published by the Royal Society of Chemistry
a signicantly larger Cdl compared to CuS and Co-CuS,
providing more active sites and substantially enhancing its
catalytic performance.

With regards to the excellent electrosynthesis performance
of the Co-CuSED, a dual cathode conguration was adopted to
investigate the degradation efficiency of RhB (Fig. 5a), in which
working electrode 1 (WE1) was applied to in situ generate H2O2,
while working electrode 2 (WE2) facilitates the decomposition
of H2O2 into *OH, which are capable of effectively degrading
organic dyes. Corresponding photographs of the RhB solution
revealed a rapid color change from deep purple to near colorless
when using Co-CuSED as the catalyst. Specically, the Co-CuSED
conguration achieved near-complete RhB removal, as quanti-
ed by the standard calibration curve (Fig. S17), and retained
85% degradation efficiency aer three consecutive cycles
(Fig. 5b)—signicantly outperforming Co-CuS, which exhibited
only 53% efficiency under the same conditions (Fig. S18). The
optimal potential at WE2 was determined to be −0.20 V; higher
potential resulted in reduced RhB degradation efficiency
(Fig. S19). To verify whether the RhB degradation is primarily
attributed to the in situ generated *OH, control experiments
were conducted. As shown in Fig. 5c, while RhB was efficiently
degraded under standard conditions, the addition of tert-
Chem. Sci., 2026, 17, 1029–1038 | 1035
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Fig. 5 (a) Schematic illustration of a dual cathode configuration for the degradation of RhB. (b) RhB degradation comparison rate versus cycle
number using Co-CuSED as the catalyst. (c) RhB degradation efficiency with/without tert-butanol (TBA). (d) EPR spin trapping with dimethyl
pyridine N-oxide (DMPO) at 0, 5, 10, 15, and 20th minute operation using Co-CuSED as the catalyst.
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butylalcohol (TBA) to the electrolyte signicantly reduced
degradation efficiency due to its suppression of *OH radical
formation,45 conrming that *OH is the primary oxidant in the
system. The ex situ electron paramagnetic resonance (EPR)
spectrum by using DMPO as the capture agent was obtained to
determine the existence of *OH during the electrochemical
process. As shown in Fig. 5d, with the increase of reaction times,
*OH would be accumulated which would bind with DMPO to
form DMPO–*OH adducts, which can be detected by EPR. With
the increase of operation time, the signal gradually strength-
ened, indicating continuous generation of H2O2 from the Co-
CuSED cathode and simultaneous conversion of H2O2 into *OH
via WE2. Therefore, Co-CuSED is favorable for practical RhB
degradation due to the excellent in situ electrochemical
synthesis of H2O2 and high working stability.

Conclusions

In summary, Co-CuSED with optimized interspaced Co dopants
and edge defects was successfully designed and constructed for
electrocatalytic H2O2 synthesis. The hexagonal lamellar
arrangement of microspheres provides ample electrochemical
interfaces, while the introduction of edge defects and Co
dopants enhances the electronic structure of active sites,
signicantly promoting the 2e−-ORR over the 4e−-ORR. The
volume of H2O2 used during synthesis plays a critical role in
regulating the concentration of surface Co dopants and edge
defects. Consequently, the Co-CuSED with an optimized 1.0 mL
of H2O2 demonstrated superior 2e−-ORR performance, with
yield rate of 1.04 mol gcat

−1 h−1, along with enhanced faradaic
efficiency and H2O2 selectivity of 60% and 78%, respectively. In
practical applications, a dual cathode conguration using the
optimized Co-CuSED for in situ H2O2 generation achieved
a rapid degradation rate of organic dyes, reaching 92%
1036 | Chem. Sci., 2026, 17, 1029–1038
degradation efficiency within 20 minutes. This research offers
a green, low-cost, and efficient strategy for H2O2 production and
advances the understanding of catalyst design for electro-
synthesis, with promising applications in wastewater treatment.
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