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ABSTRACT: The effective defect and interface coupling are pivotal for the promotion of the
catalytic activity for the oxygen evolution reaction. Herein, we report novel hybrid nanosheets
with sulfur vacancies composed of FeS2 and Cu39S28 grown on Cu foam (Vs-FeS2/Cu39S28).
The optimal Vs-FeS2/Cu39S28 exhibits a high current output of 500 mA cm−2 at a low
overpotential of 370 mV and robust stability for 60 h at 100 mA cm−2, surpassing the values of
most previously reported Cu-based catalysts. Furthermore, a two-electrode electrolyzer made
by pairing the prepared catalyst with commercial Pt/C requires a low cell voltage of 1.75 V at
100 mA cm−2 and is retained over 80 h. Key to its excellent performance is the synergism
between intertwined FeS2 and Cu39S28 domains, enriched by the deliberate introduction of
sulfur vacancies, thus optimizing the electronic structure and causing the proliferation of
catalytic active sites. This work presents a potent Cu-based electrocatalyst and emphasizes the
leveraging of non-precious metals for efficient water oxidation.

E lectrochemical water splitting as an emission-free
technology for producing high-purity hydrogen in a

green manner is booming on the avenue to large-scale
application.1,2 However, the anodic oxygen evolution reaction
(OER) is identified as the obstacle in water splitting, as it
involves sluggish kinetics of the rigid O�O bond and multiple
proton-coupled electron transfer steps with high energy
barriers.3,4 Currently, widespread application of state-of-the-
art OER catalysts (i.e., RuO2 and IrO2) has been severely
restricted by their relatively scarce nature and accompanying
exorbitant prices.5 Accordingly, understanding the underlying
limits and exploiting cost-effective nonprecious OER catalysts
for upgrading modern energy devices toward commercializa-
tion are exigent.
Transition metal-based compounds are viable alternatives to

conventional noble metal catalysts, owing to their abundance
and appropriate electronic structure.6,7 Among them, Cu-based
materials have repeatedly been reported to be promising
catalysts for the OER when considering their cost and notable
redox properties.8 For example, Ren et al. achieved an
overpotential of only 317 mV at 25 mA cm−2 using
Cu(tetracyanoquinodimethane) nanoarrays on Cu foam
(CF).9 As an imperative Cu-based material, copper sulfide
species have a strong capacity to obtain electrons because of
the abundant electron holes in the 3p orbital in S, which results
in strong plasticity in electrochemical water splitting.10

However, individual copper sulfide species struggle to achieve
the high current densities at low overpotentials due to the
larger charge transfer resistance (Rct), weak absorption capacity
for oxygen-containing intermediates, low adsorption energy for

water,11,12 etc., such as covellite CuS nanocrystals13 and
nanosheet-shaped CuS (NS-CuS).14

In recent years, a variety of synthetic methods and optimized
strategies have been designed to enhance the activity of copper
sulfide-based hybrid nanostructures. Coupling a highly
conductive and stable component through interfacial inter-
action can modulate the electronic structure, generate more
appropriate active sites, and accelerate the electron transfer
rate, thereby ameliorating OER performance.15−17 For
instance, comparable efforts have been devoted to investigating
copper sulfide-based composites, including Cu7S4@MoS2
nanoframes,18 CuS−Ni3S2 nanodisks,19 Cu1.96S/Co9S8 nano-
particles,20 etc. However, complex processes and costly
materials hinder their practical use, which sparked our interest
in uncovering the catalytic enhancement mechanisms. Iron, the
second most abundant metallic element in the Earth’s crust
(5.6%), is both nontoxic and inexpensive.21,22 The growing
research interest in iron-containing catalysts stems from their
adaptable physical and chemical properties. Guided by the
concept of interfacial coupling, we designed bimetallic catalysts
with high activity, capitalizing on the distinct attributes of Fe
and Cu metals. Notably, vacancy engineering is generally
considered to be feasible for increasing the density of active
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sites, modulating the gap states and electronic structure, and
optimizing the adsorption free energy of reaction intermedi-
ates.23−25 Evoking cooperative interfacial coupling and
defective engineering simultaneously at nanometer coherent
interfaces toward enhanced electrocatalysis is of great
significance for overall water splitting.26 Additionally, tradi-
tional high-energy synthesis processes and stringent reaction
conditions make catalyst scale-up rather uneconomical or
difficult. Therefore, developing cost-effective and straightfor-
ward methodologies is essential. Corrosion methods for
transforming inexpensive metal substrates (e.g., nickel foam,
iron foam, and copper foam) into highly active and ultrastable
electrodes toward oxygen evolution reaction have been proven
to be highly effective.27,28 The synthetic method was achieved
via a redox reaction between metal substrates and anions/
cations in an aqueous solution, which is particularly suitable for
use under low-energy consumption conditions and endows the
material with desirable properties (high catalytic activity and
stability).
In this work, we initially propose an innovative strategy

involving oxalic acid-assisted vacancy engineering to fabricate a
hybrid Vs-FeS2/Cu39S28 electrocatalyst. The well-designed
electrocatalyst, featuring sulfur vacancies, was successfully
grown on CF via facile in situ co-precipitation, followed by
sulfurization without the provision of excessive energy
consumption. The CF used here is directly reacted with the
solution and quickly etched without any surfactants, which
guarantees deeply anchored contact like a tree rooted in the
ground, bolstering its electron transfer capacity and stability.29

Detailed spectroscopic characterizations substantiate that the
synergistic effects between pronounced sulfur vacancies and
strategic interfacial coupling can fine-tune the electronic
structure for advancing catalytic activity. As anticipated, the
resultant Vs-FeS2/Cu39S28 showcases low overpotentials of 270
and 370 mV [reversible hydrogen electrode (RHE) (Figure
S1)] at 10 and 500 mA cm−2, respectively, and a small Tafel

slope of 56.4 mV decade−1, while maintaining exceptional
long-term durability in alkaline media. Notably, our crafted
two-electrode electrolyzer delivers a low cell voltage of 1.75 V
at 100 mA cm−2 along with substantial stability for 80 h,
indicating a remarkable potential for the practical application
of overall water splitting.
The synthesis of Vs-FeS2/Cu39S28 is illustrated schematically

in Figure 1a. During the preparation, commercial Cu foam,
with high porosity and conductivity, served as both a substrate
and a Cu source. Initially, FeCu oxalate nanosheets were
fabricated through a redox reaction. Theoretically, the standard
reduction potential of Fe3+/Fe2+ (0.77 V vs RHE) surpasses
that of Cu2+/Cu (0.340 V vs RHE).30,31 Therefore, both Cu2+
ions dissolved from Cu foam and Fe2+ ions converted from
Fe3+ react with C2O4

2− to form metal oxalates by simultaneous
dissolution and precipitation, called in situ precipitation-
induced growth in aqueous (eq 1 and 2).32 After vulcanization,
the precursor quickly changed from verdant green to profound
black (Figure S2a). FeS2/Cu39S28 without oxalic acid as a
control experiment was prepared by an identical procedure.
Due to the pronouncedly unilateral reaction of Fe3+ and Cu
without C2O4

2− synchronously involved in precipitation, the
Cu substrate in the FeS2/Cu39S28 catalyst was corroded and
became thinner, as shown in Figure S2b.

+ ++ + +Cu(s) Fe (aq) Cu (aq) Fe (aq)3 2 2 (1)

+ + +

·

+ + n

n

Cu (aq) Fe (aq) 2C O (aq) H O

FeCu(C O ) H O(s)

2 2
2 4

2
2

2 4 2 2 (2)

X-ray diffraction (XRD) elucidated the crystalline structure
of as-prepared catalysts. As shown in Figure S3, except for the
three strong diffraction peaks attributed to the Cu substrate,
other peaks of the precursor are accurately indexed to FeC2O4·
(H2O)2 (JCPDS Card 72-1305) and CuC2O4·H2O (JCPDS
Card 21-0297), evidencing that C2O4

2− as the anionic ligand

Figure 1. (a) Schematic illustration of the preparation of Vs-FeS2/Cu39S28. (b) XRD patterns and (c) Raman spectra of Vs-FeS2/Cu39S28 and FeS2/
Cu39S28. (d) EPR spectra of Vs-FeS2/Cu39S28, FeS2/Cu39S28, and FeCu(C2O4)2·nH2O.
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participates in the co-preparation reaction. A similar XRD
patterns was obtained for both Vs-FeS2/Cu39S28 and FeS2/
Cu39S28 (Figure 1b), demonstrating that oxalic acid treatment
has no influence on the phase composition. The distinctive
peaks confirm the obtained composite coexistence of FeS2
(JCPDS Card 71-0053) and Cu39S28 (JCPDS Card 36-0380).
Raman spectroscopic measurement was conducted to provide
further structural information. Compared with Vs-FeS2/
Cu39S28 nanosheets, FeS2/Cu39S28 shows no obvious deviation
in Raman spectra. The as-synthesized composites exhibit
similar peak widths and characteristic peaks centered at 262
and 470 cm−1, which represent Raman-active vibrations of the
Cu−S and S−S bonds, respectively (Figure 1c).13 No evident
fluctuation is discovered in the electron paramagnetic
resonance (EPR) spectrum of FeS2/Cu39S28, whereas Vs-
FeS2/Cu39S28 manifests an obvious paramagnetic absorption
signal at g = 2.006, related to the unpaired electrons of sulfur
vacancies (Figure 1d).33 The generation of sulfur vacancies in
Vs-FeS2/Cu39S28 is attributed to the introduction of reductive
oxalic acid during the synthesis.34 The intensity of the
symmetric peaks is directly proportional to the sulfur vacancy
content. Figure S4a shows that the intensity of sulfur vacancies
gradually increases along with the increase in the amount of
oxalic acid, indicating an increase in sulfur vacancy content.
Compared to Vs-FeS2 featuring sulfur vacancies, no vacancy
signals are evident in either FeS2 or Cu39S28, as Figure S4b can
confirm.
The morphological evolution of the Vs-FeS2/Cu39S28

composite was tracked by scanning electron microscopy
(SEM). As depicted in Figure S5a, commercial CF displays a
sleek and unembellished surface. FeCu(C2O4)2·nH2O, which
blossoms uniformly across the CF, presents a hierarchical
hydrangea-like structure composed of intricately stacked
nanosheets with a rough yet consistent texture (Figure 2a).
Upon vulcanization, Vs-FeS2/Cu39S28 exhibits cross-linked

nanosheets covering the surface of the CF substrate (Figure
2b). However, FeS2/Cu39S28 delineates a distinctly granulated
facade, densely populated by solid and protuberant nano-
particles firmly anchored on the CF (Figure S5b), and Cu39S28
exhibits a nanoblock morphology. Evidently, the role of oxalic
acid transcends mere structural nuances; it is pivotal in
executing a meticulous etching operation that invariably
produces nanosheets, thus exposing a wealth of active sites.
The result of atomic force microscopy (AFM) of the Vs-FeS2/
Cu39S28 flake prepared by ultrasonic exfoliation from Cu foam
in ethanol showcases that the active catalyst shows uniformity
at the micro level and filmy characteristics with an average
thickness of ∼5 nm (Figure 2c). We relied on transmission
electron microscopy (TEM) to confirm the crystal structure
and morphology of Vs-FeS2/Cu39S28. Figure 2d shows the
TEM image of the Vs-FeS2/Cu39S28 flakes. A high-resolution
transmission electron microscopy (HRTEM) image of Vs-
FeS2/Cu39S28 (Figure 2e) decrypts lattice fringe spacings of
0.244 and 0.295 nm, corresponding to the interplanar distances
of (210) and (605) of FeS2 and Cu39S28, respectively, which
are in agreement with the XRD results. The selected area
electron diffraction (SAED) pattern in the inset of Figure 2e
exhibits legible diffraction rings of the (210) and (321) planes
for FeS2 and the (660) plane for Cu39S28. The high-angle
annular dark-field (HAADF) TEM image and the correspond-
ing elemental mapping unambiguously indicate the existence
and harmonious distribution of Fe, Cu, and S elements across
the nanosheets, as shown in Figure 2f. The mass loadings of Fe
and S on CF were 3.46 and 1.02 mg cm−2, respectively
[determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Table S1)]. It is noteworthy that,
given that Cu serves as both a substrate and a Cu source, the
determination of Cu loading is inaccurate. Likewise, the ICP-
AES test (Table S1) revealed the detailed elemental loadings of
catalysts employing different amounts of oxalic acid.

Figure 2. SEM images of (a) FeCu(C2O4)2·nH2O and (b) Vs-FeS2/Cu39S28. (c) AFM image of the Vs-FeS2/Cu39S28 flakes (the inset shows the
corresponding line-trace height profile across flakes). (d) TEM and (e) HR-TEM images of Vs-FeS2/Cu39S28 (the inset shows the SAED pattern).
(f) HAADF-STEM image and corresponding elemental mappings of Vs-FeS2/Cu39S28.
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Surface chemical states and electronic interactions were
examined by X-ray photoelectron spectroscopy (XPS). The
high-resolution C 1s spectrum of the Vs-FeS2/Cu39S28 catalyst
in Figure S6a is employed as a calibration standard for other
elements. The survey spectra (Figure S6b) clearly corroborate
the coexistence of Fe, Cu, and S elements in both Vs-FeS2/
Cu39S28 and FeS2/Cu39S28. With respect to Fe 2p core level
spectra in Figure 3a, the characteristic peaks located at 710.5
and 713.4 eV and that at 716.8 eV can be ascribed to Fe2+
2p3/2, Fe3+ 2p3/2, and a satellite peak (identified as “Sat.”),
respectively.35 A significantly higher percentage of Fe2+ species
(Fe2+/Fe3+ ratio of 1.64, calculated the peak fitting area of Fe
2p3/2) is observed in the Vs-FeS2/Cu39S28 electrocatalyst than
in FeS2/Cu39S28 (Fe2+/Fe3+ ratio of 1.09) because there are
more Fe species with low coordination numbers triggered by
the oxalic acid treatment.36 The deconvoluted Cu 2p spectrum

in Figure 3b clearly shows the strong Cu+ or Cu0 2p3/2 and
Cu2+ 2p3/2 peaks at 932.6 and 933.6 eV, respectively.37 Given
the similar binding energies of the Cu+ and Cu0 states in the
Cu 2p peak, differentiation becomes a challenge.38 Therefore,
further surface state analysis was performed with the Cu LMM
Auger peak, as shown in the inset of Figure 3b. In the Cu
LMM Auger spectrum, there is a major component at 569.2 eV
related to Cu+ species and a shoulder at 566.5 eV for Cu0 in
compounds.39 Furthermore, Vs-FeS2/Cu39S28 displays a higher
proportion of Cu2+/Cu+ (ratio of 0.41) than of FeS2/Cu39S28
(ratio of 0.20), evidencing a decrease in the electron density of
Cu species. The electrons transfer from Cu39S28 to FeS2,
further generating an electron-deficient region on Cu39S28 and
an electron-rich region on FeS2.

40 These results substantiate
that reciprocal electronic interaction between FeS2 and Cu39S28
domains is a primary contributor to the variation percentages,

Figure 3. High-resolution XPS spectra of (a) Fe 2p, (b) Cu 2p (the inset shows the Cu LMM Auger spectra), and (c) S 2p regions in Vs-FeS2/
Cu39S28 and FeS2/Cu39S28.

Figure 4. Electrocatalytic OER properties of the catalysts recorded in 1 M KOH. (a) LSV polarization curves and (b) Tafel plots of various
catalysts. (c) Comparison of overpotentials at 10 mA cm−2 and Tafel slopes for previously reported OER catalysts. (d) EIS Nyquist plots. (e)
Double-layer capacitance (Cdl) plots. (f) Chronopotentiometry of Vs-FeS2/Cu39S28 at 100 mA cm−2 (the inset shows the polarization curves of Vs-
FeS2/Cu39S28 before and after 1000 cycles).
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implying the establishment of coupled interfaces.41 Such strong
interfacial coupling can regulate the electronic structure of a
material’s surface. Figure 3c compares the S 2p spectra to verify
the defective structure. The spectra of Vs-FeS2/Cu39S28 divulge
the contribution from S2− (2p3/2 at 161.8 eV), S22− (2p3/2 at
162.3 eV), and the S−O bond (169.5 eV), in good accordance
with the literature.42 The presence of the oxide is practically
unavoidable. Strikingly, for FeS2/Cu39S28, devoid of sulfur
vacancies, only hallmark peaks of S2− can be discovered. For
Vs-FeS2/Cu39S28, a decrease in the electron cloud density of
anions may be attributed to the effect of sulfur vacancies,
where the restrained electrons prefer to gravitate toward the
surrounding Fe atoms, engendering a higher electron density
nearby and leaving the S atoms to be electron-deficient, as
evidenced by the emergence of peaks corresponding to S22− in
Vs-FeS2/Cu39S28.

43−45

In brief, XPS analysis reflects alterations in the electronic
configuration and possible electron transfer between cations.
Furthermore, it demonstrates that strong interfacial coupling
between FeS2 and Cu39S28 constituents may play an important
role in modulating the electronic environments of the metal
centers, which is favorable for the enhanced catalytic
activity.41,46

OER performances of as-prepared catalysts were estimated
on the basis of the general electrochemical method using a
three-electrode configuration in a 1.0 M KOH electrolyte. In
addition, the electrochemical data are presented with an iR
correction. From the OER polarization curves exhibited in
Figure 4a, to deliver a current density of 10 mA cm−2, the
required overpotential for the Vs-FeS2/Cu39S28 electrode is 270
mV, surpassing the values of most previously reported Cu-
based catalysts (Table S2). Moreover, Vs-FeS2/Cu39S28
performs noticeably better than RuO2 when the current

density exceeds 68 mA cm−2. Alternatively, a high OER current
output of 500 mA cm−2 is secured at a low overpotential of 370
mV, which is more prominent with respect to those of its
counterparts. Intriguingly, oxalic acid-treated Vs-FeS2/Cu39S28
notably outpaces nontreated FeS2/Cu39S28, indicating the
positive impact of oxalic acid treatment on catalytic activity.
The varying amounts of oxalic acid have an impact on the
performance. Figure S7a shows that the best OER performance
is achieved with 3 mmol of oxalic acid. Compared to the
performance of FeS2, Vs-FeS2 exhibits enhanced OER
performance, but it is not as good as that of Vs-FeS2/Cu39S28
(Figure S7b). Additionally, we investigated the influence of
different amounts of FeCl3 on OER performance. As shown in
panels c and d of Figure S7, the LSV curves highlight that the
most favorable OER performance is realized on both Vs-FeS2/
Cu39S28 and FeS2/Cu39S28 with 3 mmol of FeCl3. These results
show that the vacancies generated by adding oxalic acid
emerge as a dominant factor in the catalytic activity. The
electrocatalytic OER mechanisms of Vs-FeS2/Cu39S28 were
examined by constructing Tafel plots, wherein one can see that
their slope (56.4 mV decade−1) is smaller than those of RuO2
(60.7 mV decade−1), FeCu(C2O4)2·nH2O (81.2 mV dec-
ade−1), FeS2/Cu39S28 (107.3 mV decade−1), FeS2 (70.0 mV
decade−1), and Cu39S28 (176.4 mV decade−1) (Figure 4b).
Normally, the smaller Tafel slope signifies more advantageous
reaction kinetics.47 Videlicet, Vs-FeS2/Cu39S28 possesses the
fastest OER reaction kinetics among the aforementioned
electrocatalysts. Noteworthily, Vs-FeS2/Cu39S28 is comparable
to other representative non-precious metal catalysts recently
reported in terms of both OER overpotential and Tafel slope,
as presented in Figure 4c and Table S2.
Electrochemical impedance spectroscopy (EIS) analysis is

depicted in Figure 4d, where the arcs represent a positive

Figure 5. Overall water splitting performance of the Vs-FeS2/Cu39S28 catalyst in 1 M KOH. (a) Schematic description of overall water splitting in a
two-electrode system. (b) Polarization curves of the electrolytic cell with Pt/C(−)||Vs-FeS2/Cu39S28(+) and the reference cell with Pt/C(−)||RuO2

(+)

for overall water splitting. (c) Comparison of the required voltages at current densities of 200, 500, and 800 mA cm−2 of Pt/C(−)||Vs-FeS2/
Cu39S28(+). (d) Comparison of the cell voltage at 100 mA cm−2 with those of previously reported catalysts. (e) Chronopotentiometry curves at 100
mA cm−2 of Pt/C(−)||Vs-FeS2/Cu39S28(+) (the inset shows the experimental phenomenon during a catalyst stability test). (f) Faradaic efficiency for
OER.
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correlation with the charge transfer resistance (Rct). This
reveals that the charge transfer resistance (Rct = 0.6 Ω) of the
Vs-FeS2/Cu39S28 catalyst is lower than that of the other
reference sample, leading to a faster reaction kinetics for OER.
To further assess intrinsic activity, the electrochemical double-
layer capacitance (Cdl) values were then evaluated to uncover
the actual quantities of active sites of electrocatalysts, which is
proportional to the electrochemical surface area (ECSA). The
ECSA (1498.3 cm2) estimated from the Cdl (89.9 mF cm−2) of
Vs-FeS2/Cu39S28 unequivocally confirms highly exposed active
sites following oxalic acid treatment (Figure 4e and Figures S7
and S8). Moreover, the synergistic effect of monophasic FeS2
and Cu39S28 also augments the intrinsic activity. The stability
of Vs-FeS2/Cu39S28 was evaluated by chronopotentiometry
(CP) tests at the current density of 100 mA cm−2. As
illustrated in Figure 4f, compared with the RuO2 catalyst, Vs-
FeS2/Cu39S28 exhibited imperceptible attenuation in the
electrolytic OER test for 60 h, further corroborating its
preeminent durability under alkaline conditions. Furthermore,
the inset of Figure 4f shows that the OER performance of Vs-
FeS2/Cu39S28 is well maintained after 1000 CV scans without
conspicuous variation in the LSV curves. The slight potential
shift may be attributed to the catalyst exhibiting mild
aggregation in morphology after experiencing oxidation−
reduction reactions (Figure S11a).
The summarized OER catalytic parameters of different

catalysts in a 1.0 M KOH solution (Table S3) crisply
substantiate the overwhelming activity of target catalyst Vs-
FeS2/Cu39S28. By comparison with monophasic counterparts
and flawless FeS2/Cu39S28, Vs-FeS2/Cu39S28 during alkaline

OER progress achieves dramatically enhanced OER activity. In
essence, the implanted distinct sulfur vacancies, heightened
electronic interaction, and nanosheet structure amplify not
only the active site exposure and electrical transport properties
but also the intrinsic catalyst activity of Vs-FeS2/Cu39S28.

48

Bearing such remarkable OER properties for the Vs-FeS2/
Cu39S28 catalyst, a two-electrode system was constructed to
explore the overall water splitting activity. In a 1.0 M KOH
solution, Vs-FeS2/Cu39S28 served as the anode and commercial
Pt/C as the cathode [denoted as Pt/C(−)||Vs-FeS2/Cu39S28(+)],
as shown in Figure 5a. For comparison, a reference electrolyzer
was also assembled by using the RuO2 and Pt/C catalysts
loaded on CF as the anode and cathode, respectively [denoted
as Pt/C(−)||RuO2

(+)]. According to the LSV curve in Figure 5b,
the cell with Pt/C(−)||Vs-FeS2/Cu39S28(+)-coupled electrodes
operated at cell voltages of 1.54 V to reach a current density of
10 mA cm−2, superior to that of the reference cell with Pt/
C(−)||RuO2

(+). The electrolysis voltages at various current
densities are summarized in Figure 5c, and Pt/C(−)||Vs-FeS2/
Cu39S28(+) afforded a lower cell voltage to reach current
densities of 200, 500, and 800 mA cm−2. As profiled in Figure
5d and Table S4, our cell performance at a high current density
(1.75 V at 100 mA cm−2) is substantially competitive among
the noble metal-free electrocatalysts reported in the literature.
Moreover, the cell with Pt/C(−)||Vs-FeS2/Cu39S28(+)-coupled
electrodes remains stable during 80 h of continuous operation
at a current density of 100 mA cm−2, elucidating its remarkable
stability, as shown in Figure 5e. In short, Vs-FeS2/Cu39S28
emerges as a compelling anode material for electrocatalytic
water oxidation. Meanwhile, continuous effervescence is

Figure 6. (a) XRD pattern and (b) Fe 2p, (c) Cu 2p (the inset shows Cu LMM Auger spectra), and (d) S 2p XPS spectra of Vs-FeS2/Cu39S28 after
the OER durability test. (e) In situ Raman spectra of Vs-FeS2/Cu39S28. (f) EPR spectra of Vs-FeS2/Cu39S28 after the OER durability test. (g)
Schematic illustration of the OER of Vs-FeS2/Cu39S28.
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observed at the anode, corroborating the evolution of O2.
Furthermore, the Faradaic efficiency (FE) of the OER process,
representing the ratio of actual gas evolved to the theoretically
expected amount, was calculated. Initially, the theoretical
volume of the expected total gas was evaluated using Faraday’s
law of electrolysis with the ideal gas law. The evolved gas
volume of O2 was measured through the drainage method. Vs-
FeS2/Cu39S28 exhibits nearly 100% Faradaic efficiency of O2
production at a current density of 100 mA cm−2 (Figure 5f and
Figure S9), indicating a high energy conversion rate in the
electrocatalytic reaction.
We further investigate the reconfiguration of the hetero-

structure during the OER process, as the sulfides are known as
precatalysts that would be inevitably oxidized and converted to
their homologous oxides/(oxy)hydroxides on the surfaces
under oxidizing potentials. These entities are the major
contributor to the OER activity.42,49 This point is further
confirmed by combined post-XRD (Figure 6a) and post-XPS
(Figure 6b−d) over the Vs-FeS2/Cu39S28 electrocatalyst after
the CP measurement. These reveal that Vs-FeS2/Cu39S28 was
transformed into the corresponding (oxy)hydroxide and oxide,
consistent with prior studies.50−52 As depicted in Figure 6b,
the intensity of Fe3+ species in the Fe 2p spectra increases after
the OER, implying the possibility of formation of FeOOH,
which can serve as the active phase to further boost the OER
performance. Similar characteristics can be observed in the Cu
2p spectra (Figure 6c). Additionally, the peak intensities of S
2p1/2 and S 2p3/2 spectra notably decrease, accompanied by the
enlargement of the S−O bonds (Figure 6d), revealing the
conversion of metal sulfides to metal oxides or hydroxides
during the catalytic process. Simultaneously, in situ Raman
spectroscopy further dynamically monitors the progressive
weakening of Cu−S bonds as the potential increases, indicating
a phase transformation of Cu−S (Figure 6e). It is noteworthy
that in situ Raman reveals a clear distinction of the electrode
after immersion in an alkaline electrolyte compared to its dry
state, which may be attributed to the weakening of the Raman
scattering peak at 470 cm−1 in a humid environment.
Furthermore, post-SEM (Figure S11b) indicates slight
agglomeration on the surface morphology. As proven in Figure
6f, EPR spectra also reveal that sulfur vacancies still exist in Vs-
FeS2/Cu39S28 after the OER. These results collectively
demonstrate that the catalyst’s surfaces undergo structural
transformation to form metal oxyhydroxides during the OER.
Generally, the mechanism of the OER in an alkaline solution

involves a four-electron transfer process and three intermedi-
ates (OH*, O*, and OOH*) on the active site. For the Vs-
FeS2/Cu39S28 electrocatalyst, a proposed reaction scheme for
surface reconstruction is delineated in Figure 6g; parts of the
FeS2 and Cu39S28 components will be initially oxidized to their
homologous oxides/(oxy)hydroxides during the OER, which
create the contact between the FeS2 and Cu39S28 compo-
nents.53 The underlying sulfide substrate enables not only
interface coupling with the actual active site species on the
surface but also efficient electron transport in the inner layer,
further exhibiting a high intrinsic OER activity. The in situ-
generated FeOOH shell provides abundant active sites for the
OER, while the participation of Cu species effectively
enhanced the OER catalytic activity at Fe sites of Vs-FeS2/
Cu39S28. Density functional theory (DFT) calculations by
Zhang et al. have confirmed that the Gibbs free energy (ΔG)
of the * + H2O → OH* reaction is significantly reduced with
the assistance of Cu species, demonstrating the more obviously

thermodynamically favored catalytic reaction step.19 Overall,
the synergy from the complementary functions of multiple
active sites contributes to the overall activity. Except for
multicomponent synergies, the introduction of a vacancy
emerges as a potent tool for refining the electrocatalytic
competencies. On the contrary, after the formation of a sulfur
vacancy in Vs-FeS2/Cu39S28, the defect site suffers from strong
electron depletion, favoring the absorption of negatively
charged OH− in an alkaline electrolyte at the defect site and
facilitating the subsequent OER.54 Sun et al. observed that
construction of sulfur vacancies in Fe−Ni3S2, led to the
optimized binding energy of the intermediate and reduced
reaction barrier of the rate-determining step.55 On the
contrary, vacancies enforced the electronic interactions
between FeS2 and Cu39S28 constituents, favorable for the
enhanced catalytic activity. In addition, theoretical consid-
erations suggest that vacancies strengthen the density of states
near the Fermi level, exhibiting higher electronic conductiv-
ity.45 It is consistent with the EIS results showing that the
charge transfer resistance (Rct) of Vs-FeS2/Cu39S28 with a
vacancy is smaller than that of FeS2/Cu39S28. The incorpo-
ration of sulfur vacancies plays an important role in boosting
catalytic performance in general.
The outstanding OER electrocatalytic activity and stability

as well as the excellent overall water splitting performance of
the Vs-FeS2/Cu39S28 catalyst are also associated with the
following factors. (1) The sulfur vacancy refines the catalyst’s
electronic properties and amplifies the intrinsic activity of
active sites. (2) The nanosheet structure is conducive to a high
density of active sites and acceleration of mass transport. (3)
The high conductivity of the self-supporting electrode can be
favorable for electron transfer. These factors demonstrate the
active origin of Vs-FeS2/Cu39S28; its advantages mentioned
above are considered to be the key to improving electro-
catalytic performance.
In summary, we have developed the Vs-FeS2/Cu39S28

nanocomposite with sulfur vacancies through in situ co-
precipitation growth and subsequent vulcanization. The
achieved Vs-FeS2/Cu39S28 displays remarkable OER activity
with a low overpotential of 370 mV at 500 mA cm−2 and
robust stability for 60 h at 100 mA cm−2, outperforming the
majority of Cu-based electrocatalysts. The catalyst was further
used in an alkaline electrolyzer, achieving 100 mA cm−2 at a
cell voltage of 1.75 V and exceptional durability for 80 h. The
strong coupling effects between FeS2 and Cu39S28 and distinct
vacancy defects can supply sufficient exposure of active sites
and enhance electrical transport properties, being responsible
for its eminent performance. This work not only introduces a
low-cost and potent Cu-based electrocatalyst but also broadens
the horizons for employing non-precious metals in the pivotal
process of water oxidation.
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