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Scalable solid-state synthesis of MoS,—NiS,/graphene
nanohybrids as bifunctional electrocatalysts
for enhanced overall water splitting¥
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In a confined nanoarchitecture, the transition metal sulphides (TMDs) exhibit a synergistic contribution
towards exceptional electrocatalytic performance. Herein, we proposed an environment-friendly, in situ
synthesis approach for MoS, wrapped NiS, nanohybrids uniformly dispersed on conductive graphene
sheets. This solventless and technologically scalable process involves solid-state mixing of molybdenum
and nickel salts and surfeit yet non-toxic elemental sulphur using ball-milling followed by thermal
annealing. The resulting nanohybrids are composed of defect rich, heterostructured MoS,—-NiS,
uniformly distributed within the surface of graphene and were used as a bifunctional electrocatalyst for
overall water splitting. This synergistic hybridization of MoS,—-NiS,/graphene has promoted a highly
expanded surface, abundant electroactive centers, and a tailored conductive network, leading to
enhanced water splitting efficacy. The nanohybrid exhibited superior catalytic performance for the HER
with exceptionally low overpotentials in acidic (152 mV) and alkaline (141 mV) media, at a current density
of 10 mA cm™2. Likewise, a small OER overpotential of 320 mV was achieved under an alkaline medium.
The resulting nanohybrid also evolved as a competent bifunctional electrocatalyst for optimal overall
water splitting with a final cell voltage of 1.58 V with superior activity and stability. Therefore, the
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Introduction

Being confronted with ever-growing environmental problems,
the explorations of clean and renewable energy sources that
could contribute to sustainable energy production, conversion,
and storage are urgently required."* In this context, electro-
chemical water splitting is the most promising, convenient,
and green route to harvest hydrogen and oxygen for renewable
energy and holds bright future prospects.”* Nevertheless, due
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various energy and environmental applications.

to the unavoidable dynamic overpotentials during the splitting
of water molecules to generate hydrogen (HER) and oxygen
(OER), the electrolysis efficiency is rigorously obstructed.” In this
respect, the design and development of economical yet advanced
electrocatalysts having lower overpotential of the HER and OER
hold high promise and potential for further improvements in the
efficiency of overall water splitting. Currently, noble metal-based
commercial electrocatalysts (Pt hybrids/alloys for HER and Ir/Ru
oxides/alloys for OER) exhibit extraordinary electrocatalytic proper-
ties (low overpotentials and longer stability) and are commonly
considered as the benchmark electrocatalysts.”” However, the
utilization of these noble-metal catalysts in the large-scale water
splitting technologies is severely impeded due to their scarcity and
exorbitant cost. Hence, the quest for earth-abundant, stable, and
economical electrocatalysts having high activity towards the HER
and OER is still on.® In recent years, numerous novice combina-
tions of the materials, including nonprecious-metals such as
transition metal sulphides/oxides, chalcogenides, and mixed metal
oxides, have been pursued as efficient electrocatalysts and have
attracted significant attention.>'*'"""3

Among them, transition metal sulphides such as layered
MS, (M =M, W) and non-layered M,S, (M = Ni, Co, Cu, Zn, etc.)

This journal is © The Royal Society of Chemistry 2020
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are at the forefront due to their unique structure, hydrogen
binding activity, and excellent electrochemical performance.'* >
However, most of the electrocatalysts exhibit stellar catalytic
performance in a specific electrolyte media such as acidic,
neutral, or alkaline and exhibit dwindling electrocatalytic effi-
ciency under common electrolyte media. Similarly, their poor
stability and inadequate electroactive sites have significantly
hindered their electrocatalytic efficiency towards overall water
splitting.”"** For example, molybdenum sulphide (MoS,) based
materials which hold a layered 2D structure have successfully
demonstrated appropriate HER activity in acidic or neutral
media.>® However, the electrocatalytic performance of MoS,
hybrids in alkaline electrolytes is significantly deprived, thus
impeding the prospects of these materials toward overall water
splitting.>* On the other hand, nickel sulphide (Ni,S,) based
electrocatalysts displayed excellent performance but only
limited to alkaline media.>>*® Hence, to overcome these impe-
diments, bifunctional electrocatalysts for simultaneous HER
and OER reactions were developed by coupling the non-noble
transition metal sulphides/oxides, phosphides, nitrides, hydro-
xides, etc.">*” The improved performance for such bimetallic
nanohybrids was primarily credited to their ample yet reactive
redox sites, synergistic interfaces, and tailored conductivity.>®*°
Recently, a few specific Mo and Ni sulphide-based bimetallic
nanohybrids such as Ni-MoS,,"® NiS/MoS,,>** MoS,/Ni,S;,*
MOoS,/Ni;S,,>> Mo0S,/NiS,,** etc. have shown great promise
as effective and inexpensive electrocatalysts for overall water
splitting, predominantly owing to their fine-tuned synergistic
activity and effective interface engineering. Nonetheless, the
lack of inherent conductivity has emerged as a major demerit
and obstructed these bifunctional nanohybrids from being the
perfect substitute for noble-metal based electrocatalysts.>*
Hence, in order to increase the catalytic activities of these
nanohybrids, hybridization with carbon substrates such as
graphene, CNTs, etc. was much sought, and a few literature
reports demonstrate such nanostructure-conductive support
hybrids as an effective measure to enhance the overall water
splitting efficiency of the electrocatalyst.>**® Furthermore,
in situ growth of nanohybrids supported on conductive sub-
strates can considerably minimize the particle aggregation, and
eventually expose more catalytically active sites. Recently,
Lin et al. reported defect rich MoS,/NiS, nanohybrids supported
on carbon cloth under a hydrothermal process followed by
sulfudization for efficient overall water splitting.’” Kuang et al.
fabricated MoS,/NiS, nanohybrids supported on 3D graphene
foam as highly active electrocatalysts using hydrothermal
treatment followed by a CVD method for efficient water split-
ting and suggested that the hetero-interfaces in the MoS,-NiS,
nanohybrid expedite the dissociation of H,O molecules.®
Similarly, the fabrication of NiySg nanorod/O-MoS, supported
on carbon cloth was also reported.>® Zang et al. reported the
fabrication of NiS,@MoS, nanospheres anchored on a RGO
surface using PVP as a surfactant.'® These studies further
highlighted the role of the substrate in controlling the aggrega-
tion of the resulting bi-metallic nano-sulphides and offer a high
surface area that can boost the electrolyte contact. The overall
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outcome underlines the significance of designing defect-rich
nanostructure systems directly supported on conductive substrates.
The creation of such heterogeneous interfaces could provide
abundant electroactive sites with enhanced surface area required
for efficient overall water splitting. Although such methods lead
to successful fabrication of hybrid electrocatalysts with excep-
tional electroactive properties, most of these methodologies
employ intricate and multi-step hydro/solvothermal procedures
and toxic surfactants, which could be potentially expensive and
tedious for large scale implementations. Similarly, methods that
involve direct growth on the Ni foam substrate can jeopardize
the electrocatalyst compositions and loadings, and also poor
stability in an acidic environment can potentially limit Ni foam
supported catalysts for wide-scale applications. Hence, facile
and scalable preparation of such heterostructured bifunctional
nanohybrid electrocatalysts is the key for real-time large-scale
sustainable energy production through overall water splitting.

Herein, we put forward a simplistic in situ strategy to
fabricate heterostructured MoS,-NiS, hybridized with graphene
as a bifunctional electrocatalyst for overall water splitting. In this
environmentally benign solid-state process, the non-noble Mo:Ni
metal precursors, elemental sulphur (a surplus petroleum indus-
try by-product), and graphite oxide (GO) were ball milled to
ensure robust precursor mixing and sufficient metal-sulphur
intercalation within the GO substrate. The resulting mixture was
thermally annealed under controlled conditions. Under thermal
treatment, the sulfudization of the metal precursors into
bi-metallic sulphides and simultaneous thermal reduction of
GO into graphene was achieved. The graphene substrate ensured
the uniform distribution of bi-metallic sulphides with an opti-
mal concentration of the catalytically reactive sites and high
surface area. As a result, remarkable overall water splitting was
achieved at relatively low onset potential and higher current
densities with exceptional electrochemical stability. The resulting
bi-functional MoS,-NiS,/graphene electrocatalyst exhibited com-
petitive efficiencies compared to the state-of-the-art electrocatalytic
materials used for water splitting. Also, the reported solid-state
process holds high potential for facile and large-scale production
of other nanostructured bi-metallic sulphide-based electrocatalysts
for sustainable energy production.

Experimental

Preparation of MoS,-NiS,/graphene nanohybrids
(Mo0S,-NiS,/G)

In a typical procedure, a stoichiometric quantity of the metal
precursors, namely ammonium tetrathiomolybdate (NH,MoS,)
and nickel oxalate (C,NiO,), graphite oxide, and elemental
sulphur was continuously homogenized under ball milling
(IKA ULTRA-TURRAX®-Germany). This special tube-drive con-
trolled homogenizer was run at 4000 rpm for 60 min, and
mixing was facilitated using stainless-steel balls (10 balls, each
weighing 509.3 mg). The ball milling was expected to uniformly
distribute and intercalate the metal precursors and sulphur
particles within the layered graphite oxide. Subsequently, the
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Scheme 1 Schematic representation of the preparation of the MoS,-NiS,/G nanohybrid.

pre-mixed precursor mixture was subjected to thermal treat-
ment inside a tube furnace at 600 °C for 2 hours with persistent
heating (5 °Cmin~") under incessant inert gas flow (argon) to
finally achieve the MoS,-NiS,/graphene nanostructured hybrid
(Scheme 1). An apparent colour transformation was also noticed
from brownish (pre-mix) to greyish-black (post-annealing). For
comparison, a similar procedure was applied to prepare pristine
MoS,-NiS, nanohybrid, MoS,, and NiS, nanoparticles without GO.

Results and discussion
Electrocatalyst synthesis and characterization

Scheme 1 represents the realization of MoS,-NiS,/G nano-
hybrids prepared via solid-state synthesis. In this facile pre-
paration, the Mo:Ni precursors, elemental sulphur and GO were
first homogenized under high-speed milling. The uniform
homogenization was expected to provide support for consis-
tently formed mixed-metal nucleation sites. Then, under controlled
thermal treatment, Mo and Ni ions liberated through thermal
decomposition are concurrently reacted with in situ produced
reactive gaseous sulphur species to form heterostructured
MoS,-NiS, nanoparticles within the thermally reduced graphite
oxide layers. Similarly, under thermal treatment, the GO under-
goes a thermal reduction to form graphene, which could
provide ample surface support for resulting in uniform disper-
sion of nanosized heterostructured MoS,-NiS, in the resulting
nanohybrid. The formation of MoS,-NiS,/G was further con-
firmed by the colour change from brownish (precursor mix) to
greyish-black (final nanohybrid). Moreover, the TGA-MS spectra
(Fig. S1, ESIt) of the pre-thermally treated sample indicates that
the formation of the MoS,-NiS,/G nanohybrid proceeds with
the liberation of various gaseous species such as water vapour
(m/z = 18), CO, (m/z = 44), and S ionic species (sulfidic sulphur,
S.>, m/z = 16), SO, (m/z = 64). These results suggest that
the process is free from the formation of noxious hydrogen
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sulphide (m/z = 32). The possible reaction involved in the
formation of this nanohybrid is presented as Scheme S1 (ESIY).

The crystalline structure and crystal phase composition of the
as-obtained MoS,-NiS,/G nanostructured hybrids were investi-
gated by using powdered X-ray diffraction (PXRD) analysis
(Fig. 1a). Evidently, XRD diffractograms show sharp reflections
of the MoS,-NiS,/G nanohybrid which clearly match with the
characteristic JCPDS patterns for MoS, (JCPDS No. 17-0744)*° and
NiS, (JCPDS No. 65-3325)*' showing peaks at 14.38, 33.11, 38.95,
49.64, and 58.72° corresponding to the (002), (101) and (110)
planes of MoS, and peaks at 27.19, 31.57, 35.38, 38.92, 45.17,
53.17, 56.16, 58.62, and 61.06° corresponding to the characteristic
planes of NiS, namely, (111), (200), (210), (211), (220), (311), (222),
(023) and (321), signifying the presence of a pyrite-type cubic
structure of NiS,.*> Moreover, the disappearance of the distinctive
GO peaks around 26 = 9.7° (Fig. S2, ESIt) and the emergence of a
new broad peak around 20 = 26° was exclusively specified to the
distinguishing (002) planes of graphene, and this change asserted
the successful in situ thermal reduction of the graphite oxide into
graphene.”® Hence, the overall XRD result clearly confirms
the successful in situ formation of highly crystalline phase pure
MoS,-NiS, in situ formed within a graphene framework.

The morphology of MoS,/NiS, was investigated by SEM and
TEM imaging studies. The SEM images shown in Fig. 1b1 reveal
the in situ formation of numerous mixes of spherical and
layered nano-assemblies of MoS,-NiS,, which are uniformly
distributed within the graphene surface. Whereas for pristine
MoS,-NiS, (Fig. S3, ESIT), a significant particle agglomeration
was observed. The elemental maps (Fig. 1b2) indicated a uni-
form dispersion of Mo, Ni, S, and C elements, which further
confirmed the in situ formed and well exposed MoS,-NiS,
nanohybrids within the layered graphene. Similarly, the TEM
images also indicated the nanoscale features of the MoS,-NiS,/
G nanohybrids. The MoS, nanolayers are decorated around
NiS, nanoparticles, and the resulting nanohybrid was uniformly
supported on the few layered graphene surface (Fig. 1c1, c2 and
Fig. S4, ESIt). Moreover, in addition to the uniform distribution,

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 X-ray diffraction pattern of NiS,, MoS,, and MoS,—-NiS,/graphene nanohybrids (a), SEM and elemental mapping (b1 and b2), and TEM and HRTEM

(c1-c3) of the MoS,—NiS,/G nanohybrids.

the strong adhesion between MoS, and NiS, nanoparticles with
some discontinuous spots in the crystal fringes were also observed
(Fig. S5, ESIt). Such intermittent spots can be accounted for by the
defect formation in both the MoS, and NiS, lattice during the
in situ synthesis process and can be advantageous for targeted
electrocatalytic applications.>” Furthermore, the high-resolution
TEM image confirms the well-defined crystal structure and for-
mation of the heterojunction interface (Fig. 1¢c3 and Fig. S5, ESIT),
where the interplanar lattice distance of 0.64 and 0.28 nm can be
correspondingly assigned to (002) and (210) crystal planes of MoS,
and NiS,.*® As evidenced, the heterojunction formation amongst
the two planes (002) of MoS, and (210) of NiS, was expected to
function as the centre of water dissociation, wherein hydrogen is
inclined to be adsorbed by MoS, and ~“OH will be intensely
adsorbed by NiS,.***> Also, the presence of strong interfaces
between MoS, and NiS, planes could facilitate the favourable
electron transportation, leading to a promising synergistic effect.
Furthermore, the distinct polycrystalline features observed in the
Fourier transformation (FFT) and the selected area electron
diffraction (SAED) pattern perfectly correlates with the MoS,-
NiS, affirming their cohabitation (Fig. S5, ESIt) and such syner-
gism is advantageous for the intended electrocatalytic reactions.
Similarly, the TGA of MoS,-NiS,/G in the air indicated the various
phase changes (Fig. S6, ESIT). The weight loss around 400 °C was
ascribed to the burning of graphene in the air, which was affirmed
by the TGA curve of pristine graphene in the same temperature
range. The weight loss after 600 °C was attributed to the oxidation
of sulphides into oxides. Therefore, the as-prepared MoS,-NiS,/G

This journal is © The Royal Society of Chemistry 2020

nanohybrids can be determined to contain about 9.7 wt%
graphene and around 90 wt% MoS,-NiS,.

The elemental compositions and the surface oxidation
states of the elements present in the resulting MoS,-NiS,/G
heterostructure were analysed by X-ray photoelectron spectro-
scopy (XPS). The XPS survey spectrum shown in Fig. 2(a)
indicates the characteristic signals assigned for Mo 3d, Ni 2p,
and S 2p from the MoS,-NiS, heterostructure and C 1s and O 1s
peaks assigned for graphene. The absence of any unknown
peak confirms the purity of the as-obtained heterostructured
MoS,-NiS, phases in graphene. The high-resolution peaks of
the Mo 3d 2(a1) deconvoluted into two prime peaks at centered
at 228.9 and 232.5 eV, which are ascribed to the Mo 3ds,, and
Mo 3d3/, modes, respectively and designate the presence of Mo
in +4 oxidation state of the MoS,.*® The presence of Mo®" peaks
was expected to be caused by the air oxidation of the MoS,
surface. Similarly, the deconvolution of the Ni 2p XPS spectra
(Fig. 2a2) resulted in two core peaks appearing at 855.6 and
873.4 eV, accredited to the Ni 2ps/, and Ni 2p,,,, respectively
and present in +2 oxidation state. Also, both Ni 2p;, and
Ni 2p,/, give additional satellite peaks. The neighbouring S 2s peak
at 227.5 eV represents the chemical state of sulphur species bonded
with Mo and Ni ions. On the other hand, the deconvolution of the S
2p peak resulted in three peaks, Fig. 2(a3), namely at 162.91 (S 2ps,)
and 163.94 eV (S 2py.), implying the presence of unsaturated
S atoms on the Ni-S and Mo-S sites of divalent sulphide ions
(S>7) in MoS,. The peak positioned at 161.81 resembles the S
2Py, orbitals linked with Ni-S bonding.*” The S 2p peak around

Mater. Adv., 2020, 1, 794-803 | 797
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168.5 could be due to sulphate formation oxidation during XPS
analysis.*® A slight blue shift in the Ni 2p peaks in the MoS,-
NiS,/G compared to the pristine NiS, (Fig. S7, ESIt), designates
possible electronic interactions between MoS, and NiS, that are
expected to promote the redistribution of the charges at their
interfaces.”® Similarly, compared to GO, the decrease in the
O 1s peak and increment in C 1s for MoS,-NiS,/G (Fig. S7, ESI¥)
confirms the in situ reduction of GO into graphene. Raman
spectroscopy was used to characterize the vibrational frequencies
in the resulting MoS,-NiS,/G nanohybrid. Fig. 2b reveals the
characteristic peaks of MoS, at 375 and 404 cm ', which
correspond to the in-plane E,,' and out-of-plane A, vibrational
modes, respectively.’® Similarly, peaks appeared at around 272,
280 and 475 cm ' indicating the characteristic A,y and E,
modes of NiS,.”" The hypsochromic shift of E,,' and Ay of
MoS, in the nanohybrid compared to pristine MoS, further
signifies the existence of electronic interactions between MoS,
and NiS, in the heterostructured nanohybrids, which would
soften the S-Mo bonds and thus decrease the vibration
frequencies.®® The Raman spectra of the nanohybrid (Fig. 2b)
exhibited two distinct bands at 1341 and 1594 cm ™" conforming to
the distinctive D and G bands with a small 2D band peak at
2710 cm™ " originating from the few-layer graphene framework of
the hybrid.>® Moreover, the intensity ratio of D band to G band for
MoS,-NiS,/G (Ip/Ig = 1.19) was observed to be higher than that of
pristine GO (Ip/Ig = 1.01), as displayed in Fig. S8 (ESIt). The
improved Ip/lg intensity ratio further indicates the reduction of
GO into graphene. The surface features of the resulting nanohybrid
were elucidated using the N, adsorption-desorption isotherm and

798 | Mater. Adv., 2020, 1, 794-803

shown in Fig. 2c. The measured Brunauer-Emmett-Teller (BET)
specific surface area (105 m* g~ ') and pore volume (1.05 cc g~ ) of
the MoS,-NiS,/G nanohybrid were noted to be significantly higher
than that of pristine MoS,-NiS, (54.8 m* g~ and 0.65 g~ *) as shown
in Fig. S9 (ESIt). The presence of graphene was proven beneficial in
improving the overall specific surface area of the resulting
nanohybrids. Likewise, the corresponding pore size distribution
plot calculated from adsorption isotherms indicates that the
MoS,-NiS,/G nanohybrid exhibits a large number of mesopores
mainly between 5 and 10 nm (inset of Fig. 2¢). The increased
specific surface area and the elevated porous structure is
greatly beneficial for maximizing the number of catalytically
active sites and efficient electron transfer.>* Moreover, the
adsorption-desorption isotherm of MoS,-NiS,/G can be
categorized as a type IV isotherm, which further evidences that
the obtained nanohybrid is a mesoporous MoS,-NiS,/G nano-
hybrid material.

Hydrogen evolution reaction (HER) study

The HER electrocatalytic performance of the resulting MoS,-
NiS,/G nanohybrid was investigated using linear sweep voltam-
metry (LSV) at a scan rate of 5 mV s~ between 0.5 and 0.1 V vs.
RHE (reversible hydrogen electrode) in an Ar-saturated 0.5 M
H,SO, and 1 M KOH aqueous solution, respectively. For
comparison, the MoS,/NiS, nanohybrid, and pristine MoS,
and NiS, nanoparticles were also assessed for their HER
performance. Pure graphite sheets without any catalyst loading
were also tested under identical conditions for the blank
control. IR compensation was employed and the normalized

This journal is © The Royal Society of Chemistry 2020
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(a) Polarization curves in 0.5 M H,SOy, (b) the corresponding Tafel plots of the obtained HER samples, (c) polarization curve before and after

3000 CV cycles (inset: chronopotentiometric curve of HER) for MoS,—-NiS,/G, (d) EIS curves for MoS,—-NiS,/G and MoS,—-NiS,, (e) polarization curves in

1 M KOH and (f) the corresponding Tafel plots.

data were used for the analysis. Fig. 3a presents the corres-
ponding polarization curves obtained by plotting the current
density (J) versus the applied potential (V) in 0.5 M H,SO,. The
MoS,-NiS,/G nanohybrid electrode showed onset potential at
90 mV and a low overpotential (11,) of 152 mV to reach cathodic
7 of 10 mA cm 2 The nanostructured MoS,-NiS, hybrids
demonstrate the onset potential of 99 mV and an overpotential
of 230 mV to reach cathodic ¢’ of 10 mA cm™ > (i73,). Similarly,
both pristine MoS, and NiS, display lower HER electrocatalytic
activity, and the onset potentials were recorded to be 211 and
340 mV, respectively. The blank graphite was observed to have
insignificant HER activity over the tested potential range.
Similarly, the electrocatalytic mechanism involved in the HER
was revealed by the Tafel plot (overpotential vs. logj). The
Tafel slopes of the MoS,-NiS,/G nanohybrid, nanostructured
MoS,-NiS,, MoS,, and NiS, were calculated as 53, 94, 132, and
169 mV dec *, respectively (Fig. 3b). Generally, a smaller Tafel
slope defines a faster rate of HER with smaller energy.>® The
much lower Tafel slope value of the MoS,-NiS,/G nanohybrids
suggests the accelerated HER catalytic rate and implies the
highly promising HER catalytic kinetics of MoS,-NiS,/G.
The recorded Tafel slope (53 mV dec™') for MoS,-NiS,/G
further underlines that the HER follows the Volmer-Heyrovsky
mechanism (Scheme S2, ESI+).>® Such remarkable HER cataly-
tic activity of MoS,-NiS,/G was ascribed to the plentiful yet
exposed active sites and defect-rich MoS,-NiS, heterostructures
uniformly distributed within the graphene conductive network,
which exhibit unique synergy. Moreover, the in situ growth

This journal is © The Royal Society of Chemistry 2020

strategy was expected to increase the synergy between MoS,-
NiS, and the graphene substrate, leading to enhanced electro-
nic coupling, which could expedite the better electron and ion
transportation required to deliver enhanced HER performance.
The recorded HER activity of the MoS,-NiS,/G nanohybrid
was noted to outperform most of the previous studies based
on non-noble metal heterostructured sulphides in acidic
electrolyte (Table S1, ESIt). The stability and robustness are
other important parameters that are associated with the
performance of an electrocatalyst.”” The long-term stability of
the MoS,-NiS,/G nanohybrids was assessed by performing
3000 continuous CV cycles in 0.5 M H,SO,. Fig. 3c displays
the assessment of the polarization curves of the hybrids after
the 1st cycle and 3000th cycle, respectively. The results suggest
a very marginal difference in the LSV curves and negligible loss
of the catalytic performance highlighting the remarkable
catalytic stability of the resulting MoS,-NiS,/G. Furthermore,
the electrochemical durability of the MoS,-NiS,/G nanohybrids
was tested by applying a constant current density of 10 mA cm 2,
and the results indicated that MoS,-NiS,/G delivered stable
potential values for 20 h in 0.5 M H,SO,.

The EIS study further elucidates electron transfer at the
catalyst interface. The EIS displays differential impedances for
MoS,-NiS,/G and MoS,-NiS, (Fig. 3d), where the former brings
a lower charge-transfer resistance (R.) than pristine MoS,-NiS,.
The small R confirms the fast charge transfers at the interface,
and thus better electro-catalytic performance was achieved for
MoS,-NiS,/G, which is also supported by a shorter Warburg-type

Mater. Adv., 2020, 1, 794-803 | 799
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line suggesting faster ion diffusion from outside of the electrolyte to
the inside of the catalyst.”® Furthermore, in order to estimate the
effective active area (ECSA), the double-layer capacitance (EDLC) at
the solid-liquid interface of the catalysts was measured from CV
analysis. The capacitance (Cq) was measured by plotting Aj = j, — j.
at an applied potential (0.25 V vs. RHE) versus the scan rate (Fig. S8,
ESIF).** The calculated Cg for M0S,-NiS,/G (6.5 mF cm™?) is more
significant than that of MoS,~-NiS, (1.2 mF cm?), and the higher
Cq value validates the more proficient mass and charge conveyance
competence on MoS,-NiS,/G for efficient HER.>

Similarly, the calculated value of ECSA for the MoS,-NiS,/G
was ~75 cMmgcsa’, considerably greater in comparison to the
pristine MoS,-NiS, (~15 cmpcsa®, Fig. $10, ESIT). Such incre-
ment of ECSA is directly proportional to the abundance of
active sites in the MoS,-NiS,/G, which was positively credited to
the presence of graphene, which contributes to the improved
electrocatalytic properties. Similarly, to get an insight into the
active sites present on the resulting hybrids, voltammetric
charge computation was employed. As derived from CV
calculations (Fig. S11, ESIt), the MoS,-NiS,/G gives a value of
5.6 x 107> mol mg !, which is double the magnitude of

View Article Online
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pristine MoS,-NiS, (3.2 x 10~* mol mg™"). Overall, increased
surface area and more catalytically active sites positively con-
tribute toward the enhanced catalytic activity of MoS,-NiS,/G.
Moreover, the HER activity of the resulting MoS,-NiS,/G was
also assessed under alkaline conditions (1.0 M KOH). The LSV
curves displayed in Fig. 3e represent the smallest onset
potential for MoS,-NiS,/G (72 mV), which is significantly lower
than pristine MoS,/NiS, (130 mV), NiS, (183 mV) and MoS,
(272 mv). Similarly, for MoS,-NiS,/G only overpotential of
141 mV was required to attain the current density of 10 mA cm™>
(#710), which is considerably lower compared to the MoS,/NiS,
(710 = 205 mV), NiS; (1710 = 245 mV) and MoS, (710 = 335 mV).
Moreover, the HER performance of MoS,-NiS,/G in an alkaline
medium stands superior when compared to other recently
reported electrocatalyst systems based on transition metal-
sulphides (Table S2, ESIT). Likewise, the Tafel slopes derived
from the corresponding Tafel plots (Fig. 3f) indicate a smaller
value for M0S,-NiS,/G (77 mV dec™') in comparison to the
MoS,-NiS, (116 mV dec '), NiS, (158 mV dec '), and MoS,
(227 mV dec™ '), respectively, revealing the superior HER
kinetics for MoS,-NiS,/G. The Nyquist plots in (Fig. S12a, ESIT)
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Fig. 4

(a) Polarization curves and (b) the corresponding Tafel plots of the resulting samples for the OER. (c) Chronopotentiometric and chronoampero-

metric curve of the OER for MoS,—NiS,/G and (d) EIS curves for the resulting samples.
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provided further evidence of better conductivity of MoS,-NiS,/
G in comparison to the MoS,-NiS, under an alkaline medium,
primarily owing to the presence of graphene. Similarly, the
electrochemical stability of MoS,-NiS,/G was estimated by
continuous CV tests in the alkaline electrolyte, showing the
marginal change in current density after 3000 cycles (Fig. S12b,
ESIY). The steady time-dependent current density curve further
underlines the stable catalytic activity of NiS,/MoS,-G (inset
Fig. S12b, ESI}). Overall, owing to its remarkable electrocatalytic
activity, the NiS,/MoS,-G nanohybrid is a cheaper substitute for
HER catalysts used for large-scale practical water-splitting appli-
cations in both acidic and alkaline media.

Oxygen evolution reaction (OER) study

In addition to the excellent HER activity in both acidic and
alkaline electrolytes, the catalytic performance of MoS,-NiS,/G
was further assessed for OER studies. The evaluation of the
electrocatalytic activity of the as-obtained nanohybrids toward
the OER was performed in 1 M KOH (Fig. 4). The LSV curve of
the MoS,-NiS,/G and MoS,-NiS, nanohybrids reveals two pri-
mary features, a sharp signal associated with the oxidation of
Ni** located at around 1.43 V*° and an oxidation current that

60

)

(a)

« 501

40-
30+
20-

10‘ 1.58V@10mA cm? /

Current Density (mA cm

1.4 1.6

Potential (V vs RHE)

Fig. 5
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rises quickly at potentials greater than 1.46 V along with the
appearance of bubbles on the electrode, which designates that
the OER is proceeding. The LSV of MoS,-NiS,/G displays a
small overpotential of 320 mV@10 mA cm 2 (1,,). Strikingly,
the recorded overpotential for MoS,-NiS,/G was much higher
compared to the MoS,-NiS, hybrid (370 mV). This increment
was ascribed to the synergistic effects brought by MoS,-NiS,
with defect-rich exposed active sites supported on graphene
conductive support. Moreover, these results underline the
remarkable OER performance of MoS,-NiS,/G nanohybrids
over other reported non-noble metal electrocatalysts (Table S3,
ESIf). The calculated Tafel slope (Fig. 4b) for MoS,-NiS,/G
(82 mV dec™') was considerably lower than that of pristine
MoS,-NiS, and in close proximity to that of RuO, (65.5 mV dec™*).**
Overall, the results reaffirm the better kinetics and the enhanced
electrocatalytic activity of MoS,-NiS,/G for OER. Furthermore, the
OER stability of the MoS,-NiS,/G electrode was tested applying
simultaneous chronopotnetiometry (CP), and chronoamperometry
(CA) tests over the span of 20 h (Fig. 4c). These tests show no
obvious change in initial applied current density and potential,
respectively, signifying consistent conductivity, durability, and mass
transport in the OER study. Similarly, the fitted EIS data (Fig. 4d)

3.5 50

3.0 40
0
- 2.5 30 -~
g 5
320-( F20 o
3 g
S 1.5 ———— 10
% 10 mA cm?
o

1.04 -0

0.5 . T - T . T - T -10

(@) LSV curves of the MoS,—NiS,/G||M0oS,-NiS,/G two-electrode system used as both the cathode and anode in 1 M KOH, (b) chrono-

potentiometry and chrono-amperometry curves at a constant current density of 10 mA cm™2 and potential for overall water splitting, (c) optical
photograph showing the generation of hydrogen and oxygen bubbles from overall water splitting on MoS,—NiS,/G as both the anode and cathode and,
(d) schematic representation of the overall water splitting using MoS,—NiS,/G as a bifunctional electrocatalyst for simultaneous HER and OER.
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obtained at set-potentials of 1.5 V revealed Nyquist plots that exhibit
considerably reduced semicircles corresponding to MoS,-NiS,/G
compared to pristine MoS,-NiS, indicating lower resistance. The
higher conductivity of the MoS,-NiS,/G catalyst was attributed to
the graphene conductive framework, which facilitates the effective
electrical charge transfer thereby minimizing the possible parasitic
Ohmic losses.

Overall water splitting

Motivated by the superior OER and HER activities, we further
demonstrated the feasibility of using MoS,-NiS,/G as a bifunc-
tional electrocatalyst for efficient overall water splitting
(Fig. 5a). The Mo0S,-NiS,/G nanohybrid was assembled as both
anode and cathode in a two-electrode configuration and tested
under alkaline conditions. It was noted that the potential of
only 1.58 V is required to reach a current density of 10 mA cm™>
whereas MoS,-NiS, hybrids require a potential of 1.84 V at
J =10 mA cm 2. The measured potential is highly competitive
with the benchmark noble catalysts such as IrO,-Pt (1.7 V)*' as
well as the previously reported Mo-Ni sulphide based bifunc-
tional electrocatalysts measured at / = 10 mA cm ” in an
alkaline medium, for example, NiS-MoS,/G (MoS,-NiS,-NF
(1.64 V),*® Mo0S,-NiS, (1.59 V),** MoS,-NiS (1.60 V),*> MoS,-
NiS (1.64 V),*® NiS-NiS, (1.62 V),** NiS-Ni,P (1.67 V)** and
Co03;0,@MoS, (1.59 V).** Moreover, the CA and CP studies
confirmed the excellent long term stability of the resulting
electrocatalysts during overall water splitting in alkaline media
(Fig. 5b). The CA test performed at 1.60 V over a period of
2 days shows an initial current increase and attains constant
current density. Similarly, vigorous H, and O, gas evolution was
observed at the respective cathode and anode electrodes
(Fig. 5¢). The M0S,-NiS,/G catalyst demonstrates superior over-
all water splitting performance compared to the state-of-the-art
electrocatalysts. Such high electrocatalytic performance of
MoS,-NiS,/G was attributed due to the in situ grown hetero-
geneous MoS,/NiS, nanostructure loaded with defect-rich
synergistic interfaces supported on a conductive graphene
framework (Fig. 5d) that warrants abundant active sites and
high-rate and long-life stability.

Conclusions

In summary, we have developed a facile and technologically
scalable approach for the preparation of a noble-metal free
Mo-Ni based robust bifunctional electrocatalyst. A solid-state
in situ growth strategy manifests the formation of nanostructured
interface engineered MoS,-NiS, distributed within the graphene
surface. The synergistic contribution leads to increased catalyti-
cally active sites, enlarged surface area, and electrical conductivity
in the resulting MoS,/NiS,-G nanohybrid. The catalyst exhibits
exceptional HER catalytic activity with lower overpotentials and
smaller Tafel slopes in both acidic (152 mV @10 mA cm %/
53 mV dec™ ') and alkaline (141 mV@10 mA cm™*/77 mV dec™ )
electrolytes, respectively. The resulting electrocatalysts also
showed excellent OER efficiency. Moreover, the MoS,/NiS,-G only
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required an overpotential of 1.58 V to achieve overall water
splitting at a current density of 10 mA cm ? and displays
consistent catalytic activity for about 48 h. Given the low cost
and environmental benignity, the present work offers a valuable
method for rational design and interface engineering of low-cost
earth-abundant metal-based efficient bifunctional electrocatalysts
for large scale sustainable energy production and other environ-
mental applications.
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