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The sluggish kinetics associated with the oxygen evolution reaction (OER) limits the sustainability of fuel pro-
duction and chemical synthesis. Developing catalysts based on Earth abundant elements with a reasonable
strategy could solve the challenge. Here, we present a heterostructure built from CrOx and CuS whose interface
gives rise to the advent of new functionalities in catalytic activity. Using X-ray photoelectron and absorption
spectroscopies, we identified the multiple oxidation states and low coordination number of Cr metal in CrOx-CuS

heterostructure. Benefitting from these features, CrOx-CuS generates oxygen gas through water splitting with a
low over potential of 190 mV vs RHE at a current density of 10 mA cm™2. The catalyst shows no evident
deactivation after a 36-hours operation in alkaline medium. The high catalytic activity, inspired by first prin-
ciples calculations, and long-time durability make it one of the most effective OER electrocatalysts.

1. Introduction

The oxygen evolution reaction (OER) is a pivotal route and often
regarded as a bottleneck step in various processes of clean energy con-
version and fuel transformations such as water splitting, [1] recharge-
able metal-air batteries [2,3] and electrochemical synthesizers [4,5].
Lowering the overpotentials for OER contributes to lowering the cost of
producing synthetic fuels. Currently, rutile-structured ruthenium (Ru)
and iridium (Ir) oxides are the two best catalysts for OER. Yet, the large-
scale application of these materials is limited by their low abundance
and high price [6]. So far, various catalysts have been investigated based
on Earth abundant elements of oxides, hydroxides, phosphides, nitrides
and chalcogenides to respond to this existing challenge. The correlation
between the electronic structure of transition metal oxides and their
activities is crucial for understanding the design of efficient materials
[7-13]. This has revealed important OER descriptors such as the number
of d-electrons [14], eg orbital filling [15], bond covalency in
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metal-oxygen framework [16], and etcetera; with which the catalytic
properties of transition metal oxides can be probed. Especially, transi-
tion metal eg filling is an interesting phenomenon in chromium-based
catalysts that has recently won copious attention [17-21] due to the
fact that Cr°* cations exhibit a special electronic configuration (tggeg)
[22,23]. This type of electron configuration is favorable for conductiv-
ity, charge transfer and electron capture. A recent study shows that Cr
plays a critical role in tuning the electronic structure of RuOy phase
thereby delivering active and stable Crp gRug 402 catalyst [24].

On the other hand, CuS has been proved to assist accelerated charge
transfer when loaded on the surface of known catalysts such as TiO;
[25-27] and MoS;, [28]. It possesses a layered crystal structure with
weak van der Waals interactions between individual planar CusS;
double layers [29,30]. Owing to this particular feature, it can offer a
permeable channel for ion adsorption and transport. Moreover, CuS has
a strong tendency to capture electrons and trigger electron transfer
phenomena during catalysis. The design of nanocomposites with
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atomically coupled dense heterointerfaces is a promising strategy to
enhance performance [31-34]. Most recently, strong attention has
focused on the development of metal oxide-sulfide interfaces for
improved activity [35]. Metal sulfides, brought to metal oxides, are
acknowledged for their intrinsically enhanced electrical conductivity
and novel surface configuration. Especially, in OER catalysis, the for-
mation of -OOH intermediates from the coordinated OH can be stimu-
lated by the delocalized electrons among the attached oxygen, metal
center, and the electronegative S atom [36]. It is, therefore, reasonable
to design heterostructure between CroO3 and CuS which combines the
advantageous features of both individual components and boost the
catalysis in OER. In its general term, the combination between Cr-based
and Cu-based catalysts exhibited promising activities in various appli-
cations [37-40]. Particularly, they demonstrated near those of precious
metal-based catalysts in auto-emission control. This combination even
surpasses various other catalysts in the order of CuCra04 > Co304 >
Fe;03 > MnO > NiO > Cry03 > V05 toward CO oxidation [41]. Herein,
we present the rational design of a heterostructure between CrOx and
CusS, hypothesizing that the interface could bring about atom-deficient/
more active environment to trigger the adsorption and desorption of
oxide moieties to eventually produce O, gas via water splitting. The
design was first evaluated through theoretical calculations via VASP
package. The results show a spontaneous decomposition of some of the
molecules during OER process at the interaction of slabs, indicating less
demanding overpotential for the process to flow. We also demonstrate
the change in the atomic environment near the metal atoms before and
after the formation of the heterointerface; and hence correlate their ef-
fect in enhancing the charge transfer phenomena during OER catalysis.
The resulting electro-catalyst exhibits an overpotential of 190 mV vs
RHE at 10 mA/cmZ, a small Tafel slope (57mVdec ') and stable chrono-
potentiometric performance under 10 mA em 2, 30 mA cm 2 and 100
mA cm 2 in 1 M KOH solution for 36 hr.

2. Experimental section
2.1. Theoretical Simulations:

First, we computationally studied if it is reasonable to interface
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Cry03 with CuS in terms of enhancing the OER activity. To this end,
density functional theory (DFT) calculations were implemented via the
Vienna ab initio simulation (VASP) package, being used to predict the
ground state properties of a CuS surface and a CryO3/CusS interface, i.e. a
Cry03 slab with an added CuS layer [42]. The projector-augmented
wave (PAW) method [43] was used together with a kinetic energy cut-
off of 520 eV, and the Perdew-Burke-Ernzerhow (PBE) functional was
used to describe exchange-correlation effects. A three-layered CuS
(100) supercell slab with 54 Cu and 54 S atoms was modelled to
approximate the CuS surface. The bottom CuS layers were fixed at their
bulk positions and the top layer was allowed to move during structural
optimization. A similar procedure was done with the joint system, where
the Cry03 (012) with 160 Cr and 240 O atoms were considered as the
bottom part of the two-slab system, and CuS with 12 Cu and 12 S atoms
was placed on top. The bottom layers of CroO3 were fixed at the bulk
positions. The smaller thickness of the CusS layer in the joint system was
chosen to reduce the computational cost. A schematic representation of
the calculated slabs is represented in Fig. 1a and b. The k-point mesh was
sampled using Gamma-centered grids of 2 x 3 x 1, and 1 x 3 x 1 for
CuS, and Cry03/CusS supercells, respectively. To account for the Van der
Waals interaction a Van der Waals correction optB86b-vdW term was
used [44]. Furthermore, the vacuum separation was kept to 15 A. All
structures were relaxed to a relative total energy less than 1 x 1076 eV
and overall cell pressure of less than 0.2 kBar.

For the OER calculations, the reactants/intermidiates (H,O, OOH,
OH, O3, O) were placed separately on the slabs. For the CuS slab, the
reactants were relaxed on top of the structure, whereas for the Cr,03/
CuS slab, the molecules were placed at the step edge by the interface (see
schematic configuration in Fig. 1b) and further relaxed. The Gibbs free
energies of the reactions on the surfaces were calculated based on the
following equations [39]:

AG; = AGyy — AGuyo(l) — eU + K, Tlnay: 1
AG, = AGy — AGyy —eU+ Ky Tlnag: 2
AG; = AGyog — AGyr —eU + Ky Tlnay- (3)
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Fig. 1. Initial atomic configuration and the position of the adsorbing species on a) a CuS surface and b) the step edge close to the Cr03/CuS interface. ¢) Change of
the Gibbs free energy during the OER process on the surface of CuS and at the interface of Cr,O3/CuS, compared to the ideal scenario.
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The charge difference calculations were performed for the Cr,03/
CuS interface system via the subtraction of separately calculated charges
for the Cry03 and CusS layers. The analysis of the conducted calculations
was done through Transition State Tools for VASP by Henkelman group
[45].

2.2. Synthesis of CrOx on carbon fiber (CF)

Chemical vapor deposition (CVD) method was employed to synthe-
size the CrOx platform. Prior to the growth, the CF substrate was
immersed into a (1:1:1) mixture of acetone, ethanol, and deionized
water for ultrasonic cleaning. Then, 0.5 g of CroO3 powder was placed at
the center of CVD tube and the cleaned CF was kept downstream by cm
8-12 cm away from the center. The chamber pressure was pumped
down to about 0.1 Pa. Before increasing the temperature, the tube was
flushed with Ar gas three times to ensure the Ar-saturated growth
chamber. With this condition, the temperature was raised to 450 °C
within 30 min from room temperature, and dwell at that temperature for
1hr with a constant flow of Ar (50 sccm). After the synthesis process, the
CVD machine was allowed to cool to room temperature. The product,
CrOx grown on CF, was taken for the next step to grow the
heterostructure.

2.3. Synthesis of CrOx-CuS on CF

For the hydrothermal step, 0.2 mmol of Cu(NO3),-6H20 and 2 mmol
of thiourea were dissolved in 80 mL of distilled water. This content was
then transferred into Teflon-lined stainless steel autoclave reactor con-
taining the CrOx/CF product obtained in the fist step above. The auto-
clave reactor was locked properly and placed in a pre-heated oven at
120 °C for 12 h. Eventually, the autoclave was cooled down to room
temperature, and the product, CrOx-CuS/CF, was taken out for charac-
terizations and electrochemical measurements.

2.4. Characterization

Field-emission scanning electron microscopy (FESEM), Magellan
XHR 400L with a 10 KV electron beam was used to investigate the
morphology of the as-synthesized samples. Further detail on the
morphology, crystal structure and composition were obtained from FEI
Tecnai F20 highresolution transmission electron microscope (HRTEM),
equipped with a Schottky emitter operating at 200 kV. Elemental
analysis was performed by energy-dispersive X-ray spectroscopy (EDS),
coupled to scanning transmission electron microscopy (STEM-HAADF)
to map elemental distribution. X-ray diffractogram was obtained from
PanAnalytical Empyrean XRD using Cu ka radiation. High-resolution X-
ray photoemission spectroscopy (XPS) spectra were acquired at the
VUV-Photoemission beamline of the synchrotron Elettra (Trieste, Italy)
with a Scienta R-4000 electron spectrometer and photon energy 750 eV.
All samples were measured at room temperature.

X-ray absorption spectroscopy (XAS) measurement in fluorescence
mode, was carried out at the XRF-IAEA experimental end station of of
the synchrotron Elettra on CrOx/CF, CrOx-CuS and control samples (Cr
foil, Cr3+, Cr6+) on Cr edge. The samples were mounted on a Teflon
sample holder using Kapton tape in an ultra-high vacuum chamber
(operated at 2 x 10~7 mbar). A Si (111) double crystal monochromator
of 1.4 x 10~ resolving power and a higher-order suppressor (HOS) were
used to monochromatize the incoming radiation from the bending
magnet source of the Elettra ring and to ensure the spectral purity,
respectively. A diamond beam monitor was used to monitor the incident
beam intensity from the monochromator. Before XAS measurements,
incident X-ray energies emitted from the beamline were calibrated by
performing absorption edge measurements of a pure Cr metal foil. The
sample was placed at 45° with respect to the incident beam. A silicon
drift detector (SDD, Bruker Nano GmbH, XFlash 5030, 131 eV energy
resolution at Mn-Ka) with a 30 mm? active area, equipped with an ultra-
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thin polymer window (Moxtek AP3.3, 50 mm? nominal active area and
0.38 mm thickness) was used to collect the emitted fluorescence radia-
tion. The sample to detector distance was optimized to 15 mm in respect
to the detector dead time, acquisition time at each energy and XAS
spectra with satisfactory good statistics for a collimated incident beam
size of 500 x 500 pm?Z. The raw data were processed using the standard
procedures for XAFS data treatment including pre-edge background
subtraction, post-edge bare ion model definition, and edge jump
normalization.

2.5. Electrochemical measurements

H-type three-electrode cell configuration connected to an electro-
chemical workstation ModuLab XM ECS potentiostat (Solartron Instru-
ment) was used to perform electrochemical testes in 1MKOH electrolyte.
The cell was continuously purged with high-purity Ar gas for 30 min
prior to each measurement. A graphite rod, saturated calomel electrode
(SCE), and the synthesized samples were used as the counter, reference,
and working electrodes respectively. The OER performance was evalu-
ated by measuring the anodic linear sweep voltammetry with a sweep
rate of 5 mV s~ 1. All of the potentials are automatically iR-corrected and
presented with respect to the reversible hydrogen electrode (RHE). The
durability test was carried out through chronopotentiometry run at a
current densities of 10 mA/cm?, 30 mA/cm?, 100 mA/cm?. Electro-
chemical impedance spectra (EIS) measurements were carried out from
0.1 to 100 000 Hz with an amplitude of 5 mV and an overpotential of 0.3
V. The electrochemical double-layer capacitance, which is expected to
be linearly proportional to the ECSA, was determined by measuring the
capacitive current at non-Faradic region from scan rate dependent CV
runs.

3. Results and discussions
3.1. Theorethical insights

When two dissimilar materials are brought into contact, the crystal
structure/electronic structure near interface region are different from
the either sides. Before conducting the experiment, computational
models were first designed to understand these intriguing features of the
interface between CuS and Cr,Os. To this end, density functional theory
(DFT) calculations were performed to investigate the OER performance
of the CuS slab and the influence of a Cry03 sublayer on the Cr,O3/CuS
joint system on the OER process. The corresponding free energy changes
resulting from the OER on a CuS surface and close to a step edge of a
Cry03/CuS interface are shown in Fig. 1. The procedure of the AG;_4
calculation is thoroughly described in previous work [46]. In short, the
calculations were done using the computational standard hydrogen
electrode, using the initial atomic configurations for the two systems as
shown in Fig. 1a and b. The results are compared with the ideal scenario
in which the change in the Gibbs free energy for each reaction step re-
quires 1.23 eV. As seen in Fig. 1c, the CroO3/CuS could attain lower
energy levels than bare CuS. For the CuS, the energy limiting step is for
the HO* coordinate, meaning that the OER process cannot start at the
overpotential of 1.23 eV and simply requires the application of a higher
external potential, eU. However, once the required overpotential is
provided, the OER will be conducted below the zero-limit line.

For the interface configuration, Fig. 1b, it is obvious that the first two
steps require less overpotential to start the OER, however, the energy
limiting value is determined by the third step, being higher than for CuS.
Nevertheless, a closer look at the adsorption of OOH* on the Cro03/CuS
interface shows that the molecule spontaneously decomposes, which
results in lower values of the total energy of the system, contributing to
the values of AG3 and AG4. Such behavior indicates that the decompo-
sition of the molecules at these steps should require less energy than
shown on the graphs, indicating less energy-requiring OER flow.

The distribution of the charge density difference at the interface
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(Fig. S1b) further supports this conclusion. It appears that the charges
are mainly distributed between the CuS layer and the CryOs layer
directly below. It is more favorable for the unstable HOO* to break and
create bonding states with Cr and S (Fig. S1c), hence lowering the total
energy of the system. The oxygen atoms are attached to the positively
charged part of the surface, whereas the hydrogen atom stays close to
the negatively charged part. According to the acquired results, which
display lower overpotential and spontaneous decomposition of the
HOO* molecule, it was estimated that the OER at the interface of the
Cry03/CusS slab should be more efficient compared to the CuS surface.
The finding from computational perspectives points out that the inter-
face between CuS and Cry03 provides a convenient platform for opti-
mum adsorption/desorption of intermediates in OER process. Inspired
by the outcomes of the computational studies, we designed experimental
routes to realize the formation of heterojunction between the two
components.

3.2. Characterizations for morphology, crystal structure and composition

The method employed to synthesize the desired heterostructure is
schematically depicted in Fig. 2.The CrOx platform was first grown on
CF substrate via a CVD method from the bulk CrpO3 powder. This
product was then introduced to the hydrothermal reactor where the
growth of CuS nanosheets took place on the already grown CrOx/CF
nanosheets, thus yielding CrOx-CuS/CF heterostructure. The
morphology of the as-synthesized product was examined though field
emission scanning electron microscopy (FE-SEM). Fig. 3a shows the
hexagonal nanosheet with distinguished edges for CrOx-CuS material.
The High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF — STEM) image in Fig. 3b (also Fig. S3a) is even more
clear to depict the presence of composites in the final product, thanks to
the differences in contrast that emerge from the different chemical
composition. It is apparent that, the flakes of different components
superimposed on top of one another, representing CuS flakes on the top
of CrOx ones. The morphology of the bare CrOx (i.e the CVD product) is
depicted in Fig. S2 showing a fairly resembling to the heterostructure,
except for the absence of a rougher surface. The HAADF-STEM was also
employed to analyze the element distribution (red square in Fig. 3b).
The resulting EDS mapping images reveal that the material contains Cr,
Cuy, S, and O elements with uniform distribution wherein the pattern of
Cr aligns with O, and that of Cu with S. The crystal structure of the as-
synthesized material was examined through high-resolution TEM
(HRTEM) and X-ray diffraction (XRD) patterns. Fig. 3d and e show the
HRTEM images revealing the existence of CrpOs and CuS (enlarged
images are depicted in Fig. S4 for clarity). The spatial frequencies of the
crysEallite displayed in the FFT are compatible with covellite (d spacing =
3.3 A) corresponding to the (1 00) crystal planes. This suggests that the
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CuS is present. Moreover, it’s possible to notice that the sample shows a
pronounced local contrast variation, that can be attributed to a poly-
crystalline system. Selected Area Electron Diffraction (SAED) pattern
obtained by centering the aperture on the area highlighted in the
HRTEM image further affirms a poly-crystalline pattern with the typical
d-spacings of Covellite phase (CuS). By placing the focus of the analysis
on the lower contrast phase it was possible to elucidate another crys-
talline character. Accordingly, the FFT displaying d spacings of 1.8 A,
2.1 f\, and 3.6 A are suggestive of the crystal planes (024), (113), (012)
respectively in eskolaite CroO3. Further solidification of the findings was
sought from XRD. Fig. 3f displays the XRD patterns of the CrOx-CuS
composites in which all the diffraction peaks can be indexed to CryO3
(PDF#38-1479), CuS (06-0464) and the CF substrate indicating the
successful growth of heterostructure mainly composed of Cr,O3 and CuS
on CF. The XRD pattern of the bare CrOx sample is provided in Fig. S2¢
to elucidate the advent of new peaks in the heterostructure and dimin-
ishing of those meant for CryO3 (as compared to the single component
one) following the growth of CuS. These results suggest that the suc-
cessful growth of CuS on CrOx platform that would deliver a conducive
interface for enhanced OER activity. Another compelling phenomenon is
the nature of electron transfer between these two components as it is
crucial to probe the mechanism behind the catalytic activities.

We employed XPS to get insight into the near-surface electronic
structure of the catalysts. Given that the XPS analysis is surface sensitive,
it only sees the depth of few nanometers. For this reason, we expect
different results from the bulk sensitive XRD. Accordingly the metal
components (Cr and Cu) appear in different forms on the surface of the
material. The surveys in Fig. S5 can be used to follow the changes of the
catalysts at various stages of the experiment. Fig. 4a shows the XPS
spectrum of Cr 2p in pristine CrOx where broad Cr2p3/2 and Cr2pl/2
features are observed at about 577 and 587 eV. The deconvolution of the
spectrum gives four Cr2p3/2 peaks at 575.67 eV, 576.77 eV, 577.97 eV,
581.07 eV that can be associated to Cr in CrO,, CroO3, CrO(OH)/ Cr
(OH)3, and CrOg3 [47,48]. The presence of multiple oxidation states can
further assist strong electron interactions within the transition metal
compounds, thereby enhancing the catalysis toward OER [49]. This
result is in agreement with other reports [25,50]. The peak pertaining to
metallic chromium (~574.3 eV) is not observed. The O1s XPS spectrum
of pristine CrOx (Fig. 4b) shows peaks at binding energies of 529.94 eV
and 531.24 eV, assigned to lattice oxygen (Cr(OH)s and Cr,0Os, respec-
tively [51]), and a peak at 532.44 eV, which is assigned to surface de-
fects and/or adsorbed surface hydroxyls. The core level analysis of the
CrOx-CuS heterostructure is presented in Fig. 4c—f. Owing to the elec-
tron transfer between CrOx and CusS, there is a shift (~0.4 = 0.6 €V) in
the binding energies of the Cr2p peaks (Fig. 4c). The signal is strongly
attenuated with respect to the pristine system due to the presence of the
CuS coating. It is also noteworthy that the Cr®" peak diminishes in the

CrOx-CuS NS/CF

Hydrothermal

Fig. 2. Schematics depicting the molecular models of detected crystals and synthesis of CrOx-CuS heterojunction.
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Fig. 3. Morphology, crystal structure and elemental distribution of CrOx-CuS nanosheets on CF. (a) SEM image. (b) STEM image. (c) EDS mapping. (d, €) HRTEM
images with inset illustrating the spatial frequencies of the crystallite displayed in the FFT. (f) XRD pattern.
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Fig. 4. High-resolution XPS spectra of CrOx (a,b) and CrOx-CuS before the catalytic test (c-f).

case of CrOx-CuS, corroborating the electronic perturbance at the
interface as a result of charge transfer across the interface. In the Ols
spectrum of Fig. 4d, the Cr(OH)3; and CryO3 components give rise to a
single peak at 530.66 eV. The peak at 532.32 eV can be attributed to the
overlap of OH/defects and CuSO4 emission. The peak at 533.72 eV is
ascribed to adsorbed water. The S2p spectrum in Fig. 4e displays three
components with S2ps3/» peaks at 161.63, 162.98 and 168.43, corre-
sponding to CuS (SZ_), CuS, (S%‘) and -SOy4 2 [52,53]. The spectrum in
Fig. 4f reveals Cu3ps,2 peaks at binding energies of 74.93 eV and 78.53
eV corresponding to covellite and to Cu nearby by -5072 [52].

To further elucidate the oxidation state and geometry of an element,
we characterized the pure CrOx and the heterostructure CrOx-CuS with
X-ray absorption spectroscopy (XAS). We have also measured

commercial samples for ease of commenting, via comparison, on the
plausible nature of the metal in our samples. Fig. 5a shows the X-ray
absorption near edge structure (XANES) of Cr K edges in various sam-
ples. It is reported [53-57] that the pre-edge feature offers a crucial
information and has been shown to be an electronic transition within
samples containing elements with highly changeable oxidation states.
As confirmed from our XPS analysis, Cr appears in multiple oxidation
states which change when the heterostructure is formed as compared to
the single component CrOx sample. The XANES profiles are depicted in
Fig. 5a. The pre-edge feature for Cr%* appears at around 5998 eV which
represents the transition of electron from 1s to 3d orbital. This transition
is allowed in tetrahedral compounds, lacking an inversion center, and
hence the intense pre-edge peak is apparent for materials containing
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Fig. 5. Structure analysis of CrOx-CuS by X-ray absorption fine structure (XAFS). (a) X-ray absorption near edge spectra (XANES) of CrOx-CuS for Cr K-edge. (b)
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crét components [57]. On the other hand, the (1s — 3d) electron
transition in octahedral Cr>* components is a forbidden transition. This
geometry represents where Cr is located at the crystal site with the
center of inversion. Therefore, relatively low intensity of the pre-edge
peak is expected for materials with octahedral configuration [57].
Based on these premises, the inset of Fig. 5b illustrates a considerable
pre-edge feature of Cr in CrOx sample. Apparently, this feature signifi-
cantly weakens for the case of CrOx-CuS sample. This highlights the
diminishing tetrahedral state in the heterostructure as a result of elec-
tron transfer between CrOx and CuS, which agrees well with our XPS
finding. The main edge peak represents the transition the 1s — 4p
electron transition (Fig. 5d). Accordingly, the absorption energy of Cr-K
edge in both CrOx and CrOx-CuS is higher than that of commercial Cr
metal and Cr®" standards but lower than that of commercial Cr%*
sample. From this observation, it can be deduced that the plausible
oxidation state of Cr in the heterostructure is above 3+ and below 6+. In
order to have depth insight into the structural change after CuS growth,
we performed Fourier transform (FT) EXAFS analysis at Cr K-edge
(Fig. 5¢) for CrOx, CrOx-CuS and the control samples (with cr® and
cr*h). It is worth noting that the peak position of Cr-Cr bond in CrOx-
CuS (d¢rcr = 2.86) is slightly larger than that in CrOx (dcr.cr = 2.89).
This can be attributed to the formation of larger Cr-Cu kind bond in
addition to the Cr-Cr bond. Such localized structure perturbation after
CuS growth is considered as the origin of unsaturated sites/defects and
thereby further triggering the electrocatalytic activity. Interestingly, the
fitted Cr K-edge EXAFS results show the reduced coordination number of
Cr-Cr in the case of CrOx-CuS (2.48 + 0.24) as compared to the CrOx
sample (2.88 + 0.39). This can be related to the induced vacancies
around the Cr metal, that are acknowledged to boost catalysis in various
applications [58,59]. Similarly, the cordination number of Cr-O for
CrOx-CusS (2.75 + 0.56) which is much lower than that Cr-O for CrOx of
(2.86 + 0.42). This means the creation of a large number of O-defect
sites. The obtained defective structure with a low coordination envi-
ronment in CrOx-CuS would improve the electronic conductivity and
facilitate the adsorption process of OH- onto metal cations, thereby
increasing the intrinsic catalytic activity. Detailed fitting results for Cr

centers, further corroborating the above conclusion, are presented in
Fig. S6 and Tables S1.

3.3. Electro-catalytic performances

To understand how the interface and the defects/low-coordinated
central metal atom affect the OER catalytic performance, the prepared
materials were directly evaluated in 1 M KOH solution. The alkaline
electrochemical performance toward OER was evaluated in a three
electrode system where the synthesized samples (CrOx/CF, CrOx-CuS/
CF), saturated calomel, and graphite rode were employed as working,
reference and counter electrodes respectively. The catalytic activities
were then assessed by linear sweep voltammetry. As shown in Fig. 6a,
there is no remarkable activity observed in the case of the bare CF
substrate, substantiating the fact that the catalytic activity is due to the
grown materials. The heterostructure, benefitting from the active
interface, exhibits lower overpotential (190 mV vs RHE,) at 10 mA em %
with an improvement of 200 mV as compared to CrOx. Further
corroboration can be seen from the Tafel plot in Fig. 6b extracted from
the polarization curve in Fig. 6a. The smaller Tafel slope (57 mv dec ™)
recorded for CrOx-CusS reveals the fast kinetics taking place during OER
process. The formation of heterostructure is associated with the abun-
dant exposure of active sites as a result of the new interface formation
between dissimilar materials. Therefore, it is crucial to understand the
electrochemical active area of catalysts for OER which can be estimated
by the double-layer capacitance (Cq) around the electrode surface. To
unveil this, we calculated the Cq; by monitoring the current density in
the non-Faradic region with different scan rates [60]. The Cvs run for
obtaining these data are presented in Fig. S7. Fig. 6¢ depicts a higher
value of Cq; for the case of CrOx-CuS. The large electrochemical double-
layer capacitance indicates the exposure of the highest active sites,
which is believed to be one of the possible reasons for the enhanced OER
activity. The high catalytic activity of CrOx-CuS was further evidenced
by analyzing the electronic impedance spectroscopy (EIS). The Nyquist
plots at n = 300 mV in Fig. 6d display typical semicircles for the cata-
lysts. Following a relevant equivalent circuit (inset), the fitted results
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Fig. 6. Electrocatalytic activity performance for catalyzing water oxidation. (a) Linear sweep voltammetry (LSV) curves, scan rate: 5 mV s~ L. (b) Tafel plots extracted
from LSV curves. (c) Double-layer capacitance (Cdl) measurements of CrOx-CuS and CrOx catalysts. (d) Comparison of Nyquist plots for the CrOx-CuS vs CrOx
samples. (e) Chronopotentiometric tests of the CrOx-CuS catalyst at a constant current densities of 10 mA/cm2, 30 mA/cmz, and 100 mA/cm?.

indicate the smaller Rct (64 Q) of CrOx-CuS as compared to the CrOx
sample (455 Q). Details of the fitting parameters are given in the sup-
porting information (Fig. S8). This highlights that the formation of
heterointerface between CrOx and CuS triggered efficient electron
transfer and fast ion diffusion, thereby yielding accelerated O, gas
evolution. To evaluate electrochemical stability, long-term test was
conducted using chrono-potentiometry measurement at 10 mA cm 2,
30 mA cm 2, and 100 mA cm 2 (Fig. 6e). It is noteworthy that the
overpotential shows only negligible change for over 36hr of test, sug-
gesting superior stability of the catalysts. The recorded perofmance in

this work fairly compares to the recently reported materials in the
litrature (TableS2).

3.4. Post-catalytic studies

It is evident that the surface of phosphides, chalcogenides, etc un-
dergo some sort of surface reconstruction before the commencement of
OER catalysis. The transformed surface is more conductive and it is the
one that acts as the true catalyst [61]. We have experimentally
demonstrated this for the case of phosphides in our previous study [62].
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Fig. 7. Post-catalytic test characterization of CrOx-CuS by XPS (a—d). Comparison of the valence band XPS spectra of CrOx-CuS before and after the test (e).
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The potential reasons for such enhancement could be: i) The derived
metal oxides/hydroxides increases the electrochemically active surface
area, inducing the improvement of the OER activity. ii) The metal
chalcogenides are more conductive than the corresponding metal ox-
ides/hydroxides and thus could serve as the conductive scaffolds for the
derived metal oxide/hydroxide species. iii) There are synergistic elec-
tronic interactions between the different components that make the
composite electro catalysts better than the intrinsic oxides [63]. Here,
XPS characterization of the CrOx-CuS catalyst after OER reaction was
also carried out to ascertain whether there was a possibility of compo-
nent and structural evolution during the OER process of the prepared
catalyst. It is evident from Fig. S5 that all the elemental components are
still present after the test, except for the partly leaching of Cu and S on
the surface. We have also witnessed a significant amount of K (from the
electrolyte, 1 M KOH) after the OER test. Fig. 7 reports details of the core
level analysis. In both Cr 2p and Cu 3p spectra (Fig. 7a and b), the peaks
meant for metal sulfate/hydroxide at BE of 578.71 eV (Cr—S—O0) and
78.41 eV (Cu-OH) are more pronounced after catalysis of OER. The same
observation can be made from the O;5 XPS spectra (Fig. 7c). The XPS
spectra of S2p after the OER test shows that there is a significant
decrement in the content of sulfur on the surface of the catalyst. Yet, we
can infer that there are still peaks at binding energies of 162.3 eV and
164.2 meant for the presence of a small amount of metal sulfur bonds at
the surface (Fig. 7d). Notably, transition metal sulfides are very prom-
ising catalysts for water splitting. Especially in OER, the surface recon-
structed metal-sulfates greatly contribute to electrical conductivity and
activity [64]. Our post-OER XPS analysis uncovers higher binding en-
ergy S species corroborating the formation of oxysulfides. These results
suggest that the surface may turn into metal oxyhydroxide/sulfate,
which is supposed to host the true catalysis. Such induced species are
believed to be more conductive (since they are in the vicinity of a more
conductive chalcogenide) [65]. To get more insight into the surface
reconstruction during OER, we compared the valence band spectra
before and after OER activity (Fig. 7e). Before the OER test, a peak
centered at about 2.5 eV represents the signature of the 3d level of Cu
with contribution from O and C levels at higher energies [66]. After
OER, the appearance of a Cr 3d peak is evident at about 1.5 eV, while the
Cu-related is strongly suppressed. These results are in agreement with
the core level analysis, suggesting the leaching (and hence the advent of
unsaturated/active sites) around the Cr sites along with the reduced
amount of Cu upon the electrochemical process. Further solidification
on the elemental leaching can be sought from the bond disorder across
the heterojunction. A larger Debye-Waller factor was observed for CrOx-
CuS (Table S1), indicating the presence of structural distortion around
the Cr centers as a result of the metal vacancy formation.

4. Conclusion

Heterojunction containing CrOx and CuS have been fabricated
through subsequent CVD and hydrothermal method. The characteriza-
tion results confirmed the co-existence of both phases with multiple
oxidation states of the metals demonstrating reduced coordination
number. We found that the formation of heterointerface gave rise to the
advent of defects, unsaturated sites that are responsible for dramatically
enhanced electrocatalytic OER activity. This finding was inspired by
first-principles calculations. The post-OER characterization revealed the
surface reconstruction into the corresponding oxyhydroxide/sulfate
with improved conductivity as compared to the one before catalysis.
Meanwhile, the good conductivity of the electrochemically induced
phase contributes to the high-efficiency electron transport between
electrode and reactive sites. This type of interface comprising of com-
pounds with promising track record in their single component form
could revolutionize the catalytic paradigm, showing great promise for
the rational design of advanced catalysts for various electrochemical
reactions.
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