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The design of oxygen evolution reaction (OER) electrocatalysts based on Earth-abundant
materials holds great promise for realizing practically viable water-splitting systems. In this
regard, two-dimensional (2D) nonlayered materials have received considerable attention in
recent years owing to their intrinsic dangling bonds which give rise to the exposure of
unsaturated active sites. In this work, we solved the synthesis challenge in the
development of a 2D nonlayered Cr2S3 catalyst for OER application via introducing a
controllable chemical vapor deposition scheme. The as-obtained catalyst exhibits a very
good OER activity requiring overpotentials of only 230 mV and 300mV to deliver current
densities of 10mA cm−2 and 30mA cm−2, respectively, with robust stability. This study
provides a general approach to optimize the controllable growth of 2D nonlayered material
and opens up a fertile ground for studying the various strategies to enhance the water
splitting reactions.
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INTRODUCTION

Designing efficient water splitting catalysts is central to substantial progress for the sustainable
development of modern society (Gray, 2009; Cook et al., 2010). In this respect, the production of
hydrogen through the electrolysis of water at the cathode highly depends on efficient and stable
oxygen evolution reaction (OER) at the anode. However, the OER process involves proton-coupled
four-electron-transfer reactions exhibiting sluggish kinetics and higher energy demands compared to
the reaction at the cathode counterpart (Gao et al., 2017; Tahir et al., 2017; Yao et al., 2018; Zhang
et al., 2020; Arif et al., 2021). The past few decades have witnessed rapid advances in two-dimensional
(2D) materials and other materials to improve their catalytic efficiency with manifold strategies
(Geim and Grigorieva, 2013; Bhimanapati et al., 2015; Shifa and Vomiero, 2019; Arif et al., 2020; Gao
and Yan, 2020; Wan et al., 2020; Mushtaq et al., 2021). For instance, electronic structure engineering
via incorporating dopants (Min Tan and Pumera, 2019; Dou et al., 2020), vacancies (Yang et al.,
2019), strains (Oakes et al., 2016), and heterostructures (Deng et al., 2016; Shifa et al., 2018) has been
communicated as a promising strategy to modify the binding energies of reaction intermediates. Yet,
the nonlayered class of 2D materials has been barely studied in the catalysis of OER. Unlike the
layered 2D materials (the in-plane atoms are connected via strong chemical bonding, and the
stacking layers are combined via weak van der Waals interaction), nonlayered 2D materials are
connected via chemical bonding in the 3D network. This in turn endows the family unsaturated
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dangling bonds on the surface, thereby exhibiting a high-activity
and high-energy surface (Wang et al., 2017). In addition to the
dangling bonds, metal sulfides having higher conductivity as
compared to oxides endow a conducive environment to
accelerate the oxidation of the –OOH intermediate and
enhance O2 gas generation (Peng et al., 2018; Joo et al., 2019).
Moreover, chromium-based catalysts have recently won the
attention of many research groups (Murray et al., 2010; Baek
et al., 2012; Xu et al., 2018; Lin et al., 2019; Du et al., 2020; Park
et al., 2020) due to the fact that Cr3 cations exhibit a special
electronic configuration (t32ge0g), which facilitates electron
transfer and electron capture. Despite this appealing feature,
the realization of these materials is largely impeded by the
fabrication challenges. Owing to the 3D strong bonding, it is
difficult to controllably synthesize nonlayered 2D nanosheets
through a mere exfoliation approach or conventional chemical
vapor transport method. A promising approach has recently been
reported on mica substrate using space confined CVD to
synthesize Cr2S3 (Zhou et al., 2019; Cui et al., 2020; Xie et al.,
2020). Yet, the OER performance of nonlayered metal sulfides
remains far from satisfactory. In this work, we first synthesized
Cr2O3 on a carbon fiber substrate (CF) and then controllably
sulfurized it in a two-zone chemical vapor deposition furnace to
get vertically oriented hexagonal Cr2S3 nanosheets. In the main
CVD chamber, we employed two small tubes inserted into one
another to saturate the vapors and direct their deposition at the
desired target. The resulting sulfide could create a kinetically/
energetically favorable environment for the adsorption/
desorption of oxide moieties, thereby producing oxygen gas.
Accordingly, in a typical three-electrode setup, it delivers
current densities of 10 mA cm−2 and 30 mA cm−2 at
overpotentials of 230 mV and 300 mV, respectively, with
excellent stability for over 10 h of duration.

MATERIAL AND METHODS

Synthesis of Cr2O3 Precursor: The Cr2O3 precursor was
synthesized on the CF substrate via the CVD method.
Typically, 0.5 g of Cr2O3 powder was kept in the center of the
CVD chamber and the CF substrate was kept ∼7 cm away from
the center. The chamber pressure was pumped down to about
0.1 Pa. Ar gas (50 standard cubic centimeters per minute (sccm))
was used to transport chromium oxide vapor species to the
substrates. With this Ar-saturated environment, the
temperature was raised to ∼700 °C with a heating rate of
30 °C min−1 which lasts for 40 min. Then, the system was
allowed to cool naturally, and the product (i.e., Cr2O3/CF) was
taken for the next step.

Sulfurization of Cr2O3/CF: Two-zone CVD setup was
employed to undergo the sulfurization reaction. In addition to
the main CVD tube, we used two small tubes whose ends coincide
with the heating centers in each zone to concentrate the vapor.
Then, 0.5 g of S powder was kept in the front zone, and the Cr2O3/
CF precursor was kept in the back zone. Before the reaction starts,
the CVD tube was deaired via repeated (at least thrice) pumping
and purging with Ar gas. Subsequently, the front and back zones

were simultaneously heated to ∼200°C and ∼600°C within 30 min
under Ar gas (50 sccm), respectively, and the reaction was run for
60 min. Finally, the systemwas cooled down to room temperature
and the sample was taken out to be used as an electrocatalyst
without any further treatment.

Characterization
The SEM was collected via field emission scanning electron
microscopy (FESEM), Magellan XHR 400 L, with 5 kV
electron beam. The crystal structure was investigated through
FEI Tecnai F20 high-resolution transmission electronmicroscope
(HR-TEM), equipped with a Schottky emitter operating at
200 kV. Elemental analysis was performed by energy dispersive
X-ray spectroscopy (EDS), equipped with scanning transmission
electron microscopy (STEM-HAADF) to map elemental
distribution. More crystallographic data were obtained from
PanAlytical Empyrean XRD to get the X-ray diffractogram
using Cu kα radiation.

Electrochemical Measurements
ModuLab XM ECS potentiostat (Solartron Instrument) was used
to measure the electrochemical properties of the as-synthesized
and characterized sample. The oxygen evolution reaction
catalytic performance was studied in an alkaline medium (1 M
KOH) using a three-electrode configuration with an H-type
electrochemical cell. Saturated calomel electrode (SCE), Pt
wire, and the synthesized samples were used as the reference,
counter, and working electrodes, respectively. Linear sweep
voltammetry was run with a sweep rate of 5 mV/s with
continuous purging of Ar gas to remove dissolved oxygen that
may limit the mass transfer. All the potentials are iR corrected
and presented with respect to a reversible hydrogen electrode
(RHE) which was obtained from the Nernst equation: ERHE �
ESCE + 0.059 pH + EoSCE. Chronopotentiometry was run at a
current density of 100 mAcm−2 to evaluate the stability test.
Electrochemical impedance spectra (EIS) measurements were
carried out from 0.1 to 100,000 Hz with an amplitude of 5 mV
and overpotential of 300 mV.

RESULTS AND DISCUSSIONS

The synthesis of Cr2S3 followed a two-step route. The Cr2O3

oxide precursor was first deposited on carbon fiber (CF) substrate
via the chemical vapor deposition method using Cr2O3 powder as
source. The produced material exhibits rough, platelet-like
structures formed by sintered nanocrystals (Supplementary
Figure S1A). The HRTEM micrographs and selected area
electron diffraction (SAED) confirm the growth of hexagonal
Cr2O3 on the CF substrate, as reported in Supplementary
Figures S1B–D. The Cr2O3 obtained in the first step was used
as a precursor for the second step which is a sulfurization process.
Figure 1 shows the employed CVD setup meant for sulfurization,
wherein S powder is kept in the front zone and the Cr2O3/CF was
kept in the back zone. The growth of Cr2S3 is rather challenging as
it requires a confined space to control the kinetics and/or the
thermodynamics of the vapor transport and thereby the
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deposition process (Zhou et al., 2019). To this end, we employed
two small tubes (socketed into one another as shown in Figure 1)
to concentrate the sulfur vapor and direct to the back zone where
Cr2S3 is formed. The temperatures in both zones are controllable
and the optimized temperature profile is depicted in the left side
(Figure 1). The morphologies of the as-obtained products were
examined through field emission scanning electron microscope
(FESEM) and transmission electron microscopy (TEM). As can
be seen from Figure 2A, the marked region which is enlarged in
Figure 2B, hexagonal-shaped nanosheets with thickness ∼52 nm
are grown entirely on the surface of the CF substrate. The TEM
image also supports this observation (Figure 2C). The elemental
composition analysis, obtained from energy dispersive
spectroscopy (EDS), illustrates the presence of Cr and S with
uniform distribution throughout the entire sheet and with atomic
ratio affirming the desired composition (2:3). The crystal
structure was analyzed via X-ray diffraction and high-
resolution TEM (HRTEM). The perspective and top views of
structural modeling are illustrated in Figure 3A. Typically, Cr2S3

exhibits a periodic stacking of CrS6 wherein the Cr3+ bonded to
six S2– atoms forming a mixture of edge sharing (with fully
occupied CrS layer) and corner/face sharing (1/3 occupied Cr1/3S
layer), thereby forming a stable structure (Maignan et al., 2012). A
compelling difference between nonlayered 2D Cr2S3 and layered
2D materials (MoS2 and WS2) is that the adjacent [Cr1/3S] and
[CrS] layers are connected via strong covalent bonds rather than
the weak van der Waals forces (Chhowalla et al., 2013). The XRD
pattern in Figure 3B shows that the peaks meant for the as-
synthesized Cr2S3 matches the standard rhombohedral Cr2S3
pattern (PDF #10–0,340) with distinct peaks at 2θ values of
15.7o, 17.9o, 29.9o, 34.15o, 44.59o, 53.36o,58.7o, 64.9o, and
72.08o meant for (0,0,3), (1,0,1), (1,1,0), (1,1,3),(1,1,6),(3,0,0),
(1,1,9), (2,2,3), and (2,2,6) crystal planes. The broad peak at
around 2θ � 25° originated from the CF substrate, and there are
no any other peaks associated with the oxide phase substantiating
the fact that the synthesized product is indeed pure phase Cr2S3
(the XRD pattern of the Cr2O3/CF precursor is provided in
Supplementary Figure S2). To further solidify this

FIGURE 1 | Controllable synthesis of Cr2S3. (A) Two-zone chemical vapor deposition setup with small tubes for concentrating the vapors. (B) Temperature profile
for sulfurization reaction.

FIGURE 2 |Morphology and elemental analysis: SEM (A,B) and TEM (C) images of Cr2S3. HAADF-STEM elemental mapping (D) and EDS elemental composition
(E) of Cr2S3.
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FIGURE 3 | Crystal structure analysis. (A) Structural models of rhombohedral Cr2S3 showing top view and perspective view. XRD pattern (B), SAED (C) and
HRTEM (D) image of Cr2S3.

FIGURE 4 | Catalytic performance for the oxygen evolution reaction. (A) Anodic scan of linear sweep voltammetry curves (inset shows the magnified plot for a
maximum current density of 80 mAcm−2). (B) Tafel plot extracted from the linear sweep voltammetry curves. (C)Nyquist plots at an overpotential of 300 mVwith an inset
showing the equivalent circuit model. (D) Chronopotentiometry at 100 mAcm−2 showing the durability test.
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observation, the crystal phase was analyzed viaHRTEM. Selected
area electron diffraction (SAED) of a single platelet (Figure 3C)
displays a sharp single crystal hexagonal pattern, indexed as
rhombohedral Cr2S3 phase on [0,0,1] zone axis. The HRTEM
displays the formation of a crystalline structure with a diffraction
spot resulting from a typical pattern for Cr2S3 (Figure 3D).
Moreover, there could also be some defects and/dislocations in
the structure marked by the broken red lines (Supplementary
Figure S3). It has been proved that defects favor electrocatalysis
in water splitting reactions (Xie et al., 2013; Fan et al., 2018). They
introduce unsaturated sites, thereby increasing the conductivity
and catalytic activity.

Having proved the successful sulfurization, we tested the
electrocatalytic performance toward oxygen evolution reaction
(OER) via a three-electrode electrochemical cell consisting of
saturated calomel electrode, Pt wire, and the synthesized sample
(without any treatment) as reference, counter, and working
electrodes, respectively. The unsulfurized (i.e., Cr2O3) and the
bare CF samples were also tested for the sake of comparison.
Figure 4A shows the anodic scan linear sweep voltammetry
(LSV) polarization curves elucidating the electrocatalytic
activity toward OER. It can be seen that the catalytic activity
due to the bare substrate is negligible, substantiating the fact that
the activities observed on other samples are solely from the grown
materials. Accordingly, the sulfurized product exhibits a
significantly improved activity toward OER as compared to
the oxide counterparts. It requires overpotentials of only
230 mV and 300 mV to deliver current densities of
10 mA cm−2 and 30 mA cm−2, respectively. To get a clear
picture of the intrinsic activity of the materials, we normalized
the polarization curves with respect to electrochemically activated
surface area (ECSA). Supplementary Figure S4 illustrates that
there is still a significant enhancement in the catalytic activity for
Cr2S3 as compared to its oxide counterpart. The OER
performance reported in this study is compared fairly with
most of the other recently reported materials (Supplementary
Table S1). In fact, the OER process depends on the interaction
strength of various intermediates with the surface of the catalyst
(Equations 1–4). In the case of metal oxide, the increased 3d–2P
repulsion between the metal d-band center and the coordinated
oxygen P-band center results in the weakening of M-OH
interaction. In the case of metal sulfides, with a more
electronegative S, they accelerate the formation of ‒OOH
intermediates from the adsorbed OH, thereby generating O2

gas (Joo et al., 2019). It is noteworthy that metal sulfides and
phosphides turn into a more active surface during OER catalysis
owing to the formation of the amorphous oxide phase
contributing greatly to the enhancement of the catalytic
reaction (Li et al., 2019; Shifa et al., 2021).

OH− +M→M − OH + e− (1)

M −OH + OH− →M − O +H2O + e− (2)

M −O +OH− →M − OOH + e− (3)

M −OOH + OH− →M +O2 +H2O + e− (4)

The enhanced catalytic activity after sulfurization is even more
evident from the Tafel plot analysis, derived from the polarization

curve. It suggests the overpotential increment necessary to raise
the current density by tenfold. Figure 4B shows the smaller Tafel
slope for Cr2S3 (120 mV dec−1) as compared to Cr2O3 (162 mV
dec−1). The smaller the Tafel slope, the better the kinetics of the
electrochemical reaction in electrocatalysis, and hence, the OER
rate will rapidly increase with the application of overpotential.

Another important figure of merits in OER catalysis is
conductivity (or resistivity). Due to the low intrinsic electrical
conductivity, metal oxides commonly have high charge transfer
resistance, resulting in large overpotentials (Matsumoto and Sato,
1986; Liu et al., 2017). We employed electrochemical impedance
spectroscopy (EIS) analysis to evaluate the charge transfer
resistance (Rct). As expected, the Rct value (35.2Ω) of the
sulfurized product is much lower than its oxide counterparts
substantiated from the small semicircle in the Nyquist plot of
Figure 4C (inset shows the equivalent circuit model, and the
fitting detail is provided in the supporting information,
Supplementary Figure S5).

Stability is a vital criterion to evaluate electrocatalysts for
broader applications. The sulfurized product not only exhibits
enhanced performance but also shows remarkable durability in
OER catalysis. Figure 4D shows the chronopotentiometry result
at 100 mA cm−2, showing the long-term stability of the catalysts
without noticeable degradation.

To uncover the underlying mechanism of the enhanced OER
activity, we estimated electrochemical active surface area (ECSA) via
experimentally determining the electrochemical double-layer
capacitance (Cdl). The ECSA of a material with similar
composition is proportional to its Cdl value, and the Cdl value can
be obtained from the slope of a linear curve constructed from half of
the change in current density vs. scan rates. For this, cyclic
voltammetries at various scan rates were run in the non-Faradaic
region. The faster scan rates lead to a decrease in the size of the
diffusion layer; as a consequence, higher currents are observed and
thereby the current increases at faster voltage scan rates (Figures
5A,B). The higher value of Cdl for the sulfurized product in Figure 5C
indicates that Cr2S3 exposes highest active sites that could be associated
with the presence of unsaturated surfaces, dangling bonds, defects,
and/or dislocation as has been observed in the HRTEM image
(Figure 3C). This kind of active site exposure is supposed to be
one of the possible reasons for enhanced OER performance.

CONCLUSION

In summary, we have controllably synthesized Cr2S3 via
sulfurization of Cr2O3 in a two-zone CVD method for
electrocatalysis of OER. The two small tubes inside the main
CVD chamber played a critical role to confine the system and
hence saturate the sulfur vapor, thereby meeting the target at the
deposition zone. Various characterization techniques reveal the
formation of crystalline pure phase rhombohedral Cr2S3 without
any impurities. Benefitting from the exposed active sites, Cr2S3
exhibits a remarkable electrocatalytic performance toward OER
in an alkaline environment. It requires only 230 mV vs. RHE to
deliver a current density of 10 mAcm−2 with robust stability for
over 10 h of duration. Our synthesis design strategy is generally
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applicable, opening up a fresh insight into the advancement of
nonlayered 2D materials. Future interest may lie in further
optimization of the catalyst to be employed for overall water
splitting in both acidic and alkaline media.
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