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Herein, a one-step hydrothermal reaction is developed to synthe-
size a Ni-doped ReS, nanostructure with sulphur defects. The
material exhibited excellent OER activity with a current density of
10 mA cm™2 at an overpotential of 270 mV, a low Tafel slope of
31 mV dec™%, and good long-term durability of 10 h in 1 M KOH. It
shows high faradaic efficiency of 96%, benefiting from the rapid
charge transfer caused by the concerted effect of Ni-in and S-out
on the ReS, nanostructure.

Hydrogen has received significant attention to boost green and
sustainable energy growth as an alternative to fossil fuels and
the associated severe environmental pollution problems.'™
Water electrolysis is considered promising, eco-friendly, and
one of the best ways to produce hydrogen. It has two comple-
mentary half-reactions, ie., the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolution reaction (OER)
at the anode. However, the efficiency of the overall water
splitting process gets circumscribed by the sluggish kinetics
of the OER, it being a complicated multistep four-electron
transfer process.’™ Therefore, catalysts are needed to increase
the reaction rate and lower the overpotentials towards the OER.
Ru and Ir-based materials are currently the benchmark cata-
lysts for the OER, but their shortage and high-cost limit their
commercialization and industrial production.®” So, it is neces-
sary to develop an electrocatalyst of abundant elements
with high activity and durability with low cost. Recently, earth
abundant transition metal di-chalcogenide (TMD) com-
pounds have attracted tremendous attention due to their
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cost-effectiveness and outstanding ability toward catalytic
HER and OER activity.®

TMDs such as ReX, (X = S, Se) have emerged and received
great attention due to their surprising structural, electrical,
optical, and chemical properties. Generally, TMDs are stabi-
lized in a highly symmetric 2H structure, but ReX, is a distorted
trigonal 1T phase system with shrunk in-plane crystal
symmetry.® Several 2D TMDs have been constructed by doping,
alloying, heteroatom incorporation, and vacancy creation as a
blueprint for better electrolytic performance. Similar to other
2D TMDs, the catalytic activity of ReS, also comes from the
edge sites, whereas the basal planes have very poor activity. So
stimulating the basal planes would be a promising approach
for increasing the catalytic activity of the ReS,-based materials.
Recent theoretical studies have suggested that doping of transi-
tion metals on 1T’ ReS, can increase the active sites on the
basal planes.’®!" Recently, a few reports have revealed
the intrinsic HER activity of ReS,-based materials. However,
the OER properties of the ReS, structure have not been explored
thoroughly. This report portrays the synthesis of Ni-doped and
S-vacancy ReS, nanostructures by hydrothermal and wet
chemical methods. A study of the concerted effect of Ni-in
and S-out on the ReS, nanostructures towards the OER is
performed (Fig. 1). Here, Ni doping at different percentages
with S vacancies at different durations on ReS, nanostructures
has been optimized and used for OER applications. The mate-
rial with 5% Ni doping and S vacancies is referred to as
Nig(5)Sy@ReS, NS. Fig. S1 (ESIT) shows the X-ray diffraction
(XRD) pattern of the Niy(5)S,@ReS, NS material. It shows five
peaks located at 26 values of 14.04°, 21.42°, 32.88°, 46.7°, and
57.79°, corresponding to the (100), (101), (002), (113) and (122)
diffractions of the distorted triclinic ReS, (JCPDF No. 82-
1379)."> Fig. S2 (ESIf) shows the SEM image of the
Nig(5)Sy@ReS, NS material. It consists of a hierarchical struc-
ture assembled from many nanosheet ReS, layered structures.
From the elemental color mapping, it is inferred that Re, S, and
Ni are evenly distributed over the whole samples (Fig. S2, ESIf).
The high-resolution transmission electron microscope (HR-TEM)
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Fig. 1 Scheme showing the concerted effect of Ni-in and S-out on ReS;
nanostructures towards the OER.

images are shown in Fig. S3 (ESIt); they represent the homo-
geneous spherical structures consisting of a large number of
ultrathin nanosheets. It is observed that ultrathin nanosheets
are assembled as seen from the HR-TEM image (Fig. S3, ESIT).
The lattice fringes are visible from the HR-TEM images, and the
lattice spacing of 0.274 nm can be assigned to the (002) plane of
the ReS, (Fig. 2(a)). The SAED pattern signifies the crystalline
nature of the material (inset of Fig. S3, ESIt). X-ray photoelectron
spectroscopy (XPS) was employed to investigate the chemical
compositions and electronic environment on the surface of the
samples. The survey scan spectrum shows the presence of differ-
ent elements (Fig. S4, ESIT). The Ni doping is also established
from the presence of Ni 2p in the spectra. The Re 4f spectra can be
deconvoluted into four peaks with peak maxima at binding
energies of 42.00, 44.50, 45.90, and 48.0 eV; those at 42.00 and
44.50 eV can be assigned to the Re 4f;, and Re 4f;,, respectively,
of Re** in the ReS, (Fig. 2(b))."* The other peaks located at 45.90
and 48.0 eV can be ascribed to the Re 4f,, and Re 4f;, of Re”",
respectively.'* The existence of Re’" can be ascribed to the
adsorption of the precursor, ReO, ions on the surface of the
materials.”> The S 2p spectra were also resolved into two
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Fig. 2 (a) HRTEM image of Nig(5)Sy@ReS, NS. Deconvoluted fine XPS
spectra of Nig(5)S,@ReS, NS: (b) Re 4f, (c) S 2p and (d) Ni 2p. (e) EPR spectra
of Nig(5)Sy@ReS, NS and Nig(5)@ReS, NS.
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corresponding peaks (Fig. 2(c)). The peaks located at 162.4 and
163.5 eV ensure the presence of 2p;, and 2p;., levels of s>,
respectively.'®'” The core level of the Ni 2p spectrum is shown in
Fig. 2(d), and can be deconvoluted into two doublets and two
shakeup satellites. The peaks located at binding energies of 856.6
and 874.1 eV are ascribed to 2pz/, and 2p,, core levels of Ni**,
respectively. Whereas the peaks at 857.2 and 875.3 eV are due to
the presence of 2p;, and 2p;,, for Ni*".*® The other two broad
peaks at 862.0 and 881.3 eV are the satellite peaks associated with
the corresponding main peaks. The existence of Ni*" is mainly
due to the slight oxidation of Ni on the surface. The room
temperature electron paramagnetic resonance (EPR) spectra of
the samples with and without sulphur vacancies were measured
to investigate the dangling bonds and the nature of the sulphur
vacancies present in the samples (Fig. 2(e)). The g factors for both
the samples are calculated and are found to be 2.21 and 2.018 for
Nig(5)@ReS, and Nig(5)S,@ReS, NS, respectively. It is found that
the Nig(5)@ReS, NS sample without S vacancies showed very weak
EPR intensity, and the signal may be due to the background
cavity. In contrast, the Niy(5)S,@ReS, NS exhibited a highly
intense EPR signal, supporting the presence of the unpaired
electrons and proving the defect creation via S vacancies.'® The
other low-intensity peaks may be due to the Re-related local
defects arising from dangling bonds or dislocation due to the
presence of Ni.

The concerted effect of Ni-in and S-out in Nig(5)S,@ReS, NS
towards the OER properties has been demonstrated. The elec-
trocatalytic OER activity of Nig(5)S,@ReS, NS modified on a
glassy carbon (GC) electrode was demonstrated using linear
sweep voltammetry (LSV) at a 5 mV s~ ' scan rate in a three-
electrode system, using 1 M KOH. Similar measurements were
performed on blank GC and the benchmark catalysts IrO,/C
and commercial RuO, for comparison. The corresponding
polarization curves are presented in Fig. 3(a). It is observed
that, after Ni doping into the ReS, system, the OER activity and
the oxygen-evolving current density increased remarkably com-
pared to its undoped ReS, counterpart. The OER activity is further
enhanced by introducing S vacancies on it. Nig(5)S,@ReS, NS
shows only 270 mV overpotential (1) to reach a current density
of 10 mA cm™2, whereas Nig@ReS, NS exhibited 327 mvV.
It is observed that the Niy(5)S;@ReS, NS delivers quite
enhanced activity compared to the benchmark catalysts IrO,/C
(110@297 mV) and RuO, (17;0@380 mV). The overpotentials of the
materials at a current density of 10 and 20 mA cm ™ are presented
in a radar plot (Fig. 3(b)). This signifies that the concerted effect of
Ni-in and S-out in Niy(5)S,@ReS, NS increases the OER activity.
The Tafel plots were obtained from the corresponding polarisa-
tion curves and their slopes were evaluated to understand the
reaction kinetics of the as-synthesized catalysts (Fig. S5, ESIT).
The Nig(5)S;@ReS, NS shows the lowest Tafel slope value of
31 mV dec ! among the studied samples and this Tafel slope
value is significantly lower than that of IrO,/C, suggesting that the
Nig(5)Sy@ReS, NS has faster reaction kinetics for the OER. It is
worth comparing the OER activity of Nig(5)S,@ReS, NS with the
other reported metal sulphides and the results are summarized in
Table S1 (ESIt). However, very few reports demonstrate the OER
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Fig. 3 (a) The OER LSV polarisation plots of the materials, (b) radar plot
showing the comparison of the overpotentials, (c) LSV polarisation plots
with and without EDTA and (d) chronopotentiometric long term stability
test (inset shows the image of O, generation).

activity of ReS,-based materials. For example, Pang et al. developed
sulphur defectrich ReS, by annealing at a high temperature
(700 °C) with an H,/N, environment and studied the OER
activity.'"* They revealed the OER overpotential of 290 mV at
a current density of 10 mA cm > and Tafel slope value of
81 mV dec . Majidi et al. developed ReS, by chemical vapour
transport methods and studied the OER activity in an aprotic
solvent.>® They exhibited the highest current density of
6.89 mA cm 2, which signifies that the OER activity is remarkably
lower compared to the activity in 1 M KOH. Tian et al. reported a
high OER activity of 280 mV overpotential at 10 mA cm > current
density for Fe-doped NiS,/MoS, composites.s Huang et al. devel-
oped mesoporous CoS/MoS, heterointerfaces and reported a good
OER activity of 281 mV (1730).>" The above comparison justifies that
the material in the present report, Nig(5)S,@ReS, NS, provides a
simple wet-chemical development process and shows promising
OER activity. It is well established that the OER proceeds through
four consecutive reaction steps, and the metal centres mostly act
as the active sites. A catalytic poisoning test was carried out to
detect the catalytically active metal centres in the catalyst. Ethyle-
nediaminetetraacetate (EDTA) has a very high binding efficiency
with metal centres, suppressing their activity, 1 mM EDTA
solution in 1 M KOH electrolyte was used to study the involvement
of the catalytically active metal centres of Nig(5)S,@ReS, NS for
the OER. The results show that the OER activity significantly
reduced by shifting to higher overpotential and with a decrease in
current density (Fig. 3(c)). This observation suggests that EDTA
binds with the active metal centres and blocks the metal-active
sites for the OER mechanism. So, the superior OER activity for the
Nig(5)Sv@ReS, NS arises due to the presence of a metal-active
centre in the catalyst. The long-term stability of the catalyst was
also recorded by the chronopotentiometric method at a fixed
current density of 10 mA ecm > for 10 h in 1 M KOH (Fig. 3(d)). The
Nig(5)Sy@ReS, NS exhibits very steady potentiometric curves with
almost 98% overpotential retention over 10 h of continuous
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operation. The XRD, HRTEM and XPS analyses have been
carried out for Nig(5)S,@ReS, NS after the long-term stability test
(Fig. S6-S8, ESIt). The XRD shows some characteristic peaks of
Nig(5)S,@ReS, NS (Fig. S6, ESIt). The careful analysis of the
HRTEM images shows the possible presence of (110) of Ni(OH),
and (110) of Ni-OOH (Fig. S7, ESIt). The hydroxide and oxy-
hydroxides present at the Ni centres on the surface of the catalyst
are the possible OER active sites and are responsible for the
excellent OER activities. Also, this observation is further supported
by the XPS analysis, the peak intensity for Ni** is enhanced
compared to Ni** suggesting the possible formation of Ni-OOH
(Fig. S8(b), ESIT). The satellite peak area and intensity of Ni are
significantly enhanced compared to the pristine catalyst, indicat-
ing the formation of a surface oxide layer.”*** This analysis
suggests that the catalyst transformed into a metal hydroxide
and oxy-hydroxide of Ni and this is responsible for the enhance-
ment of the OER activity.”***> The OER performance was opti-
mized at different concentrations of Ni doping on ReS,, and the
activity of the catalysts is presented in Fig. S9 (ESIt). It has been
observed that on increasing the doping from 1% to 5%, the OER
overpotential (@10 mA cm™?) decreases from 360 mV to 327 mV.
Further increasing the Ni doping (10%) requires a higher over-
potential of 355 mV to catalyze the OER process. Therefore, 5% Ni
doping on ReS, (Nig(5)@ReS, NS) is used for developing S
vacancies. The effect of saturation time for the creation of S
vacancies on Nig(5)@ReS, NS was investigated at different times
of chemical treatment (10, 20, 30, and 60 min) with NaBH,, and
the OER performance was verified (Fig. S10, ESIt). It was observed
that Nig(5)@ReS, NS treated for 30 min (Nig(5)S,@ReS, NS)
showed better OER activity with lower overpotential. A rotating
ring disk electrode (RRDE) experiment was performed in 1 M
KOH at a rotating speed of 1600 rpm to confirm the formation of
oxygen bubbles through the OER catalytic process.>® The genera-
tion of O, bubbles at the disk electrode was inferred by an
increase in the ring current due to the oxygen reduction reaction
(ORR) polarisation curves at the ring electrode while applying a
constant potential of 1.5 V vs. RHE at the disk electrode (Fig. 4(a)).
From the OER polarisation curve, when the potential was scanned
from 1.2 V to 1.7 V, there is a very small but significant current
(~5 pA) generated at the ring electrode compared to the disk
electrode (Fig. 4(b). This suggests that the water oxidation follows
the four-electron pathway on the catalyst surface of Nig(5)S,@ReS,
NS. The OER faradaic efficiency was estimated from the RRDE
experiment (Fig. 4(c)) using eqn (S9) (ESIT) to illustrate that the
current generated at the disk is from the water oxidation reactions
only. After applying a constant current of 300 pA at the disk
electrode for oxygen generation, about 57.6 nA was observed at the
ring electrode. This suggests a high faradaic efficiency (FE) of 96%
for the OER catalyst NigS,@ReS, NS. The intrinsic activity of the
synthesized electrocatalyst was further analyzed by the electro-
chemical double-layer capacitance (Cy)), relative electrochemical
active surface area (ECSA), turnover frequency (TOF), mass activity
(MA), and charge transfer resistance (R, (Fig. S11-S13, ESIt) and
the respective parameters are summarised in Table S2 (ESIt). It
has been observed that Niy(5)S,@ReS, NS exhibits the highest Cy
value of 0.15 uF cm ™2, a large relative ECSA of 3.4, a lower R, value
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Fig. 4 (a) RRDE LSV plot of Nig(5)S,@ReS, NS showing the ORR on the
ring electrode at a disk potential of 1.5 V (vs. RHE), (b) OER LSV plot on the
disk electrode measuring the current response on the ring electrode and
(c) faradaic efficiency (FE) calculation using the RRDE techniques (inset
shows the FE testing mechanism and RRDE configuration).

of 52.64 Q, a high mass activity of 122, and a reasonably good TOF
of 0.409 s~ (@300 mV overpotential) compared to other samples
in this study. The higher number of active sites is responsible for
the superior OER activity, supported by the large C4q and ECSA
values. Furthermore, the current density of LSV plots is normal-
ized to the relative ECSA values to find the intrinsic OER activities
without the influence of surface area (Fig. S14, ESIt). It is observed
that Nig(5)S,@ReS, NS delivers a higher current density than
Nig(5)@ReS, NS and ReS, NS, which suggests that the OER
mechanism follows the involvement of a surface oxide-rich activa-
tion layer.** The possible elemental dissolution has been investi-
gated by comparing the Cy, values before and after the long-term
stability test (Fig. S15, ESIf) and ICP-OES analysis (ESIT). The
observations support the high stability towards long-term use.””
The continuous O, effervescence from the catalyst over the GC
plate (Video S1, ESIf) suggests that the Niy(5)S,@ReS, NS can
open up a new paradigm for realistic OER applications.

In summary, we have presented the successful synthesis of
Ni-doped and sulphur vacant ReS, nanosheets as a highly
efficient OER electrocatalyst via a very facile hydrothermal
and chemical etching method. The as-prepared Nig(5)S,@ReS,
NS electrocatalyst could deliver a current density of 10 mA cm >
at a small overpotential of 270 mV, with a small Tafel slope of
31 mV dec " and good durability with a high faradaic efficiency
of 96%. The presence of S vacancies and Ni doping is char-
acterized by the EPR and XPS analysis. This work provides a
highly effective and stable electrocatalyst for OER applications
and opens up a promising and straightforward strategy to
develop catalysts for other applications.
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