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Rational design of multi-compositional hierarchical hanostructures from earth-abundant materials holds
great potential in the fields of electrocatalytic hydrogen evolution and supercapacitive energy storage.
However, such nanostructures often require multi-step synthesis routes which are rather elaborate. In
this study, we demonstrate a facile synthesis route to attain hierarchical nanostructures comprised of
multiple constituents with varied geometric dimensionality, i.e. NiO nanoparticles incorporated in two-
dimensional (2D) sulfurized molybdenum-based nanosheets coated on a one-dimensional (1D) NisS;
nanorod scaffold grown directly on Ni foam. The metallic nature of the NizS, nanorods provides a 1D
conductive pathway to the active sites, and their overall nanostructure increases the specific surface area
of the electrode and maintains the structural integrity. Furthermore, synergistic interactions between the
molybdenum-based nanosheets and NiO nanoparticles can improve the overall activity of the catalyst
towards the hydrogen evolution reaction (HER) via playing specific roles in the water dissociation

and hydrogen adsorption steps. Consequently, the design of the multi-compositional hierarchical
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Accepted 25th Septermber 2018 nanostructure led to a remarkable enhancement in electrocatalytic hydrogen evolution performance,

and this material also exhibited excellent supercapacitive energy storage properties. This work illustrates
a straightforward approach to the design and tailoring of hierarchical nanostructured materials with
promising application in the field of energy conversion and storage.
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inevitably have to be synthesized from inexpensive noble
metal-free materials.®® For instance, non-noble metal sulfides,

Introduction

Growing concerns regarding climate change and global carbon
dioxide emissions amidst a world with continually rising
energy demands have compelled us to develop clean and
renewable alternatives to fossil fuels, such as through elec-
trocatalysis®*> and supercapacitors.®* Molecular hydrogen
evolved through electrolysis presents itself as one such
promising alternative energy carrier, whereas super-
capacitors are another modern means of energy storage.®” To
realize the actualization of these energy conversion and
storage technologies on a large scale, the electrodes used
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such as sulfides of nickel, cobalt, iron and molybdenum, have
recently attracted much attention in the fields of energy
conversion and storage (e.g., electrochemical capacitors and
batteries) due to their favorable electrochemical perfor-
mance.'*™® In particular, sulfide materials with heteroatoms
or multiple components were employed as these hybrid cata-
lysts exhibit enhanced activities arising from the synergistic
effects between the different components.***°

Among the earth-abundant sulfides, MoS, has garnered
much interest for the electrocatalytic hydrogen evolution
reaction (HER). First noticed for having active sites resem-
bling those of natural hydrogen producing enzymes (hydrog-
enases and nitrogenases), the theoretical proposal and
experimental verification of its exceptional edge site
activity>®** have spurred a vast range of studies focused on
developing molybdenum-based catalysts for usage in electro-
catalytic hydrogen production.>* Reasonably, owing to its
earth abundance, relatively low cost, high active site activity
and good stability, MoS, is a popular choice as a catalyst
material.>*** However, the intrinsically low electronic
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conductivity of molybdenum sulfide can hinder electron
transport to catalytic sites resulting in poor overall catalytic
activity.”>?® Thus, one effective means researchers have since
adopted is coupling of MoS, with a conductive scaffold,
thereby enhancing electron transport to catalytic sites; such
examples include MoS,/MoO;_, nanowires,”” MoS, on gra-
phene, amorphous MoS, on graphene/Ni foam,**
phous MoS, on carbon nanotube hybrids**=** and others.
Likewise, supercapacitor electrodes based on sulfurized-
molybdenum too suffer from a similar conductivity issue,
and equivalent strategies can be applied.***° Yet, such multi-
compositional structures typically require elaborate synthesis
routes with multiple steps to first grow the scaffold followed by
deposition of active materials, which could ultimately
increase the fabrication complexity and cost of the electrodes.
Henceforth, a non-complex means of fabricating multi-
compositional hierarchical structures with equally improved
electrochemical performance would be preferred. Further-
more, the structure and composition of the scaffold would
undoubtedly have to be judiciously selected in order to impart
accompanying properties targeted towards improvement of
performance; these can include ion trapping,* increment of
surface area,”** reduction in aggregation®** and others. In
general, two primary strategies can be employed to improve
the performance of an electrode: (i) increasing the number of
electrically accessible active sites or (ii) improving the overall
activity of these active sites.

Herein, we present a multi-compositional hierarchical elec-
trode grown through a facile one-step hydrothermal method
designed from a combination of these two strategies. The
catalyst was formed by a dense array of one-dimensional (1D)
Ni;S, nanorods coated with NiO-decorated two-dimensional
(2D) MoS, nanosheets grown directly on Ni foam. The
protruding nanostructure array provided high specific surface
area which correspondingly led to the appreciably increased
number of active sites. Concurrently, the metallic nature of the
nanorods provided a 1D conduction path to the active sites to
ensure that catalysis would not be hindered by electron trans-
port. Resultantly, the performance of these multi-compositional
hierarchical nanostructures towards the HER was superior
compared to that of similarly synthesized catalysts of a lower
aspect ratio or with a mere coating. In addition, the synthesis
process further incorporates NiO nanoparticles into the cata-
lytically active MoS, nanosheet layer, whose presence encour-
ages synergistic interactions with Mo-S active sites for water
dissociation, thereby enhancing the overall activity of the cata-
lytic sites towards hydrogen evolution. The increase in the
electrocatalytically active surface area of the synthesized nano-
structured electrode would be beneficial not only for electro-
catalytic performance but also for electrochemical energy
storage. Furthermore, the rich redox chemistry of the Mo-based
nanosheets makes them suitable for use as a supercapacitor.
Hence, the multi-compositional hierarchical nanostructured
electrode synthesized not only exhibited enhanced performance
as an electrocatalyst electrode material but also exhibited
remarkable electrochemical performance and stability as
a supercapacitor.
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Experimental section
Materials

Sodium molybdate dihydrate (Na,Mo00O,) and potassium hydroxide
(KOH) were purchased from Sigma-Aldrich. Thioacetamide (TAA,
C,H;NS) was purchased from TCI. All the chemicals were used as
received without further purification.

Synthesis of Ni;S,@MoS,/NiO (NM) nanostructures

The Ni;S,@MoS,/NiO nanostructures were synthesized using
a hydrothermal method. A piece of nickel foam (2.5 cm by 6 cm)
was cleaned through successive immersion in acetone, ethanol,
and deionized (DI) water under ultra-sonication for 10 min per
solution, followed by blow-drying with nitrogen gas. The nickel
foam was then transferred into a Teflon-lined stainless steel
autoclave containing 25 mL DI water with 1 mmol thio-
acetamide and varied amounts of sodium molybdate (0.125,
0.625 and 0.75 mmol were used for NM-sheets, NM-rods and
NM-stubs, respectively). Subsequently, the autoclave was sealed
and heated to 200 °C for 24 h. The autoclave was then allowed to
cool naturally to room temperature, and the sample was
removed and rinsed with excess DI water. Finally, the sample
was dried in an electric oven at 55 °C.

Synthesis of Ni;S, (NS) nanorods

To synthesize the NS-rods, a piece of nickel foam (2.5 cm by
6 cm) was cleaned as previously described. The nickel foam was
then transferred into a Teflon-lined stainless steel autoclave
containing 30 mL DI water with 4.8 mmol thioacetamide.
Subsequently, the autoclave was sealed and heated to 150 °C for
16 h. The autoclave was then allowed to cool naturally to room
temperature, and the sample was removed and rinsed with
excess DI water. Finally, the sample was dried in an electric oven
at 55 °C.

Synthesis of MoS,-coated Ni;S, nanorods

NS-rods coated with MoS, nanosheets were grown through
a secondary hydrothermal step. The NS-rod sample was placed
in a Teflon-lined stainless steel autoclave containing 25 mL DI
water with 1 mmol thioacetamide and 0.5 mmol sodium
molybdate. Subsequently, the autoclave was sealed and heated
to 200 °C for 20 h. The autoclave was then allowed to cool
naturally to room temperature, and the sample was removed
and rinsed with excess DI water. Finally, the sample was dried in
an electric oven at 55 °C.

Characterization

Scanning electron microscope (SEM) images were taken with
a JEOL JSM-7001F field emission scanning electron microscope
(FESEM) equipped with an energy dispersive X-ray spectroscope
(EDX), and transmission electron microscope (TEM) images
were obtained using a JEOL JEM-2100 electron microscope.
X-ray diffraction (XRD, D5005 Bruker X-ray diffractometer
equipped with graphite-monochromated Cu Ko radiation at A =
1.541 A) was employed to obtain the XRD patterns of the
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samples. X-ray photoelectron spectroscopy (XPS) spectra were
recorded on a VG Thermo Escalab 220I-XL system, and all
binding energies were referenced to the C 1s peak of 284.8 eV.

Electrochemical measurements

Hydrogen evolution reaction (HER) tests. The electro-
catalysis measurements were performed on a CHI 660E elec-
trochemical workstation, in a three-electrode configuration at
25 °C. The as-prepared substrates were used directly as the
working electrode, while Pt foil and a saturated calomel elec-
trode (SCE) were used as the counter electrode and reference
electrode, respectively. All tests were conducted in an aqueous
solution of 1 M KOH as the electrolyte, and the measured
potentials were converted to the reversible hydrogen electrode
(RHE) based on the following formula: Exyg (V) = Esce (V) +
0.242 + 0.059 x pH. Linear sweep voltammetry (LSV) curves
were measured at a scan rate of 5 mV s~ '. Electrochemical
impedance spectra (EIS) were recorded in the frequency range
of 0.01 Hz to 100 kHz with 5 mV amplitude at an overpotential
of 100 mV. Cyclic voltammetry (CV) was conducted at various
scan rates from 5 mV s~ " to 150 mV s~ in the potential window
where no redox peaks were observed (0.05 V to 0.15 V versus
RHE). The current density differences were calculated at 0.1 V
and used to evaluate the capacitance values. The current density
versus time (I-t) curve was recorded at an overpotential of
125 mV for 50 h.

Supercapacitor tests. The electrochemical properties of NM-
rods were examined in a three-electrode configuration at 25 °C
using the as-prepared substrates directly as the working elec-
trode, a saturated calomel electrode (SCE) as the reference
electrode and Pt foil as the counter electrode in 6 M aqueous
KOH electrolyte. All electrochemical measurements (cyclic vol-
tammetry and galvanostatic charge-discharge) were conducted
on a CHI 660E electrochemical workstation. The cyclic voltam-
metry and galvanostatic discharge profiles were obtained in
a 0 V to 0.5 V potential window. The cycling stability test was
performed by galvanostatically charging and discharging for

5000 consecutive cycles at 50 mA cm >,

Results and discussion

The synthesis of various MoS,-coated hierarchical nano-
structures on a nickel foam substrate was achieved through
a facile one-step hydrothermal method, as illustrated in Fig. 1.
In short, a nickel foam substrate was placed in a Teflon-lined
autoclave containing an aqueous solution of thioacetamide
(TAA) and sodium molybdate (Na,MoO,), and was heated at
200 °C for 24 h. Decomposition of TAA during the hydrothermal
process released active S>~ ions, which reacted with the exposed
nickel foam to form Ni;S, nanoparticles.”” Over time, these
nanoparticles form a scaffold for the attachment of MoS,
nanosheets, grown through the reaction between the S species
and MoO,>” ions in the solution. Additionally, Ni ions in the
solution were incorporated into these nanosheets during the
growth process resulting in the decoration of the nanosheets
with NiO nanoparticles. Such a method of direct growth on

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic diagram illustrating the synthesis process of NM-
sheets, NM-rods and NM-stubs.

nickel foam allows it to serve two vital roles: (i) providing the Ni
ions necessary for the growth of both the NiO nanoparticles and
Ni;S, structures and (ii) simultaneously acting as a substrate for
the growth of the catalyst, resulting in superior interfacial
contact between the electrode and catalyst without the need for
a binder and thereby enhancing the electrical conductance to
the catalyst.”” Resultantly, NiO-decorated MoS, nanosheet-
coated Ni;S, hierarchical structures were obtained, the
morphology of which could be selectively altered between sheet-
like, long rod-like and short stub-like by varying the concen-
tration of the Mo-precursor in the growth solution (Fig. 1). From
a structural design point of view, dense structures with high
aspect ratios are generally more favorable for electrochemical
reactions by virtue of their increased specific surface area,
which consequently leads to a corresponding increase in the
density of active sites. Thus, it can be hypothesized that the long
rod-like sample would be most ideal among the synthesized
nanostructures for electrocatalysis.

The MoS,-coated Ni;S, nanorod structure was characterized
using scanning electron microscopy (SEM), and the results are
shown in Fig. 2a-c. The sample showed long thin Ni;S, nano-
rods protruding from the surface of the Ni-foam (Fig. 2b). These
nanorods were found to have an approximate length of 3 um
and grew with good density and surface coverage (Fig. 2a). The
individual nanorod structures were also observed to be covered
by MoS, nanosheets (Fig. 2¢), and this sample would be denoted
as NM-rods. SEM-EDX mapping performed on an individual
broken-off rod (Fig. S1t) revealed its elemental composition to
consist of elements Ni, O, S and Mo. The distribution of Ni was
found to be concentrated heavily at the central core while the
surrounding sheets consist mostly of S and Mo with a low
content of Ni.

Other MoS,-coated Ni;S, hierarchical structures synthesized
through varying the Mo-precursor concentrations were also
characterized using SEM (Fig. 2d and e). Samples synthesized in
a low molybdenum environment (Fig. 2d) exhibited the rough
surface texture of the sulfurized nickel foam covered by layers of
nanosheets with no apparent protrusions and would be denoted
as NM-sheets, while, addition of the Mo-precursor in excess
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Fig.2 (a) Low-magnification SEM image of NM-rods. High-magnification SEM images of (b and c) NM-rods, (d) NM-sheets, (€) NM-stubs and (f)

NizS, nano-rods (NS-rods).

(Fig. 2e) resulted in rods with an increased diameter, albeit at
a compromise of reduced length. As compared to the NM-rods,
these structures were short and stub-like in nature, and would
be denoted as NM-stubs. Additionally, hydrothermally grown
pristine Ni;S, nanorods (NS-rods) without Mo-precursors were
also synthesized (Fig. 2f), as a control sample. The sample was
composed of thin nanorods identical to the NM-rod sample but
without the MoS, nanosheet layer. The chemical composition
and phase of the sample were confirmed using SEM-EDX and
X-ray diffraction (XRD) analysis, respectively, and was found to
consist purely of Ni3S, rods (Fig. S27), similar to the core of NM-
rods.

Transmission electron microscopy (TEM) imaging of
a typical NM-rod (Fig. 3a) showed that the rod comprises of
a central core coated with 2D nanosheets. These nanosheets
were well extended outwards from the core structure and
exhibited a highly porous nature (Fig. 3b and c). Such an
extension of the nanosheets in conjunction with their porous
nature is beneficial for electrochemical reactions due to the
increased ease at which reactants may diffuse to an active site,
thus enhancing its mass transport. Interestingly, the TEM
images also revealed the presence of nanoparticles decorating
the nanosheets (Fig. 3b). Through high resolution TEM
(HRTEM) imaging (Fig. 3d and e) of these nanoparticles, lattice
fringes with an interplanar spacing of 0.21 nm and 0.24 nm
were observed and can be assigned to the (200) and (111) planes
of NiO, respectively.*>** The presence of such NiO nanoparticles
can enhance the electrocatalytic activity of the electrode
through synergistic interactions beneficial for the HER.***¢
Separately, similar HRTEM imaging (Fig. 3f) of the core of the
rod showed lattice fringes with an interplanar spacing of 0.4 nm

20494 | J. Mater. Chem. A, 2018, 6, 20491-20499

which can be assigned to the (101) plane of NisS,.* Conse-
quently, HRTEM imaging at the tip of the nanorod (Fig. 3d, the
area inside the dashed square in Fig. 3a) exhibits two sets of
lattice patterns, corresponding to NiO and Ni;S,, and the
amorphous nanosheet layer indicating that the sample
evidently comprises three distinct components.

The material microstructure of NM-rods was further inves-
tigated through XRD (Fig. 4a). Apart from the strong signals at
44.6°, 51.9°, and 76.3° which could be indexed to the (111),
(200), and (220) signals from the nickel foam substrate,
respectively (JCPDS no. 65-2865),**” additional signals posi-
tioned at 21.7°, 31.1°, 37.8°, 49.7°, and 55.2° were observed in
the XRD pattern and correspond to the (101), (110), (003), (113),
and (122) signals from single crystalline Ni;S,, respectively
(JCPDS no. 44-1418).*"*” The absence of signals related to MoS,
species in the XRD pattern was however noted, possibly due to
the thin film and amorphous nature of the nanosheets. In
addition, SEM-EDX spectral analysis of the sample (Fig. 4b)
acknowledges the presence of Mo and S-species, yet the similar
X-ray emission peak positions of Mo and S make differentiating
the individual elements difficult. Thus, the SEM-EDX results
were further corroborated by performing X-ray photoemission
spectroscopy (XPS) to clearly show the presence of Mo and S
species (Fig. 4¢). A high resolution XPS scan in the Mo 3d region
was recorded on the NM-rod sample (Fig. 4d), and the spectrum
revealed two sets of doublet peaks at 234.3 and 231.1 eV which
could be attributed to Mo**,** and 235.6 and 232.4 eV which
were attributed to Mo®',*® in addition to an S 2s peak at
226.0 eV.*»* The existence of multi-valence states along with
broad peaks suggests that the as-grown material resembles
amorphous MosS,.** In contrast, no Mo peaks were observed in

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a—c) Low-resolution TEM images of NM-rods and (d—f) high-resolution TEM images showing the presence of (e) NiO and (f) NisS,.

this region of the spectrum of the NS-rod control sample
(Fig. S31). The XPS spectrum of the S 2p region (Fig. 4e) could be
fitted with peaks of S 2p;/, and S 2p;, at energies of 163.0 and
161.7 eV, respectively,*® while the peak at 168.6 eV is most likely
associated with surface oxidized S species® possibly due to the
presence of oxidative molybdenum species, synthesis through
aqueous routes and exposure of the sample to air.** Although
the presence of surface oxidation would presumably have

a definite impact on the catalyst, some have proposed that such
an oxidation could lead to the generation of active surface sites
for the HER.* Lastly, the characteristic peaks of Ni 2p;,, and Ni
2ps. were found at 873.4 and 855.9 eV accompanied by their
respective satellite peaks at 879.1 and 861.6 eV (Fig. 4f). This is
indicative of the presence of oxidized Ni species,” which
reasonably exists in the form of NiO. Additionally, the peak at
853.6 eV corresponds to the characteristic peak of Ni;S,.*""
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Fig.4 (a) XRD spectrum of NM-rods. (b) SEM-EDX spectrum of NM-rods. (c) XPS survey scan of NM-rods and XPS high resolution scans in (d) Mo

3d, (e) S 2p and (f) Ni 2p regions.
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Following this, the electrocatalytic activities of the NM-
sheets, NM-rods, NM-stubs and NS-rods for the HER were
studied in alkaline media (1 M KOH). The as-synthesized
products grown on the nickel foam substrate were directly
used as the working electrode to obtain the polarization curves
shown in Fig. 5a and the corresponding Tafel plots in Fig. 5b.
Among the four electrodes, NM-rods exhibited the best catalytic
performance giving a much higher geometrical current density
(/) at the same overpotential. Notably, the NM-rods only
required an overpotential of 118 mV to attain J = 10 mA cm 2,
which was substantially lower compared to the 151 mV and
177 mV needed for NM-stubs and NM-sheets, respectively
(Fig. 5c). Unsurprisingly, the corresponding Tafel slopes
followed a similar trend, with results of 65 mV dec ' for
NM-rods being lower than the 71 mV dec™ " and 86 mV dec™* for
NM-stubs and NM-sheets, respectively. On the other hand,
NS-rods with no MoS, nanosheets performed significantly
worse compared to the MoS,-coated samples. To attain
a current density of J = 10 mA cm™?, the electrode required an
overpotential of 309 mV and had a corresponding Tafel slope of
123 mV dec”'. However, when the NS-rods undergo a secondary
growth step to coat a layer of sulfurized Mo-based nanosheets,
they showed a significant improvement in the overpotential to
140 mV (Fig. S471). Therefore, these results further substantiate
the importance of the MoS, nanosheet layer as an essential
component for an effective electrocatalyst material system.
Although the amorphous MoS, nanosheets do not possess well-
defined edge sites compared to crystalline MoS,, their amor-
phous nature allows them to possess an abundance of defect
sites which comprises of coordinatively unsaturated sulfur
atoms. These unsaturated sulfur atoms act as adsorption sites
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for hydrogen atoms, which eventually leads to hydrogen
evolution.>>*

To further investigate the superior performance of NM-rods
over the other electrodes, additional electrical characterization
was carried out. Firstly, the electrochemically active surface area
(ECSA) values of the various electrodes were compared through
measuring their double layer capacitance (Cq;) in a non-faradaic
region at different scan rates. This measurement gives an
indication of the number of active sites in the catalyst, which is
one of the important factors in determining its performance.
The results, as shown in Fig. 5d, show the calculated capaci-
tances of 312 mF cm ™, 189 mF cm™* and 38 mF cm ™ * obtained
for NM-rods, NM-stubs and NM-sheets, respectively, whereby
the higher capacitive performance of NM-rods is indicative of
a greater number of electroactive sites within the sample. One
possible reason for this comparatively larger number of active
sites in NM-rods could be attributed to the higher aspect ratio of
their nanostructure which leads to a higher specific surface area
and by extension, more active sites. Furthermore, the presence
of porous nanosheets which extend out from the rods into the
solution would further increase the number of active sites
available for the reaction. Thus, unsurprisingly, the NS-rods
without these porous active nanosheets only managed to
exhibit a comparatively much lower value of 3 mF cm .
Subsequently, electrochemical impedance spectroscopy (EIS)
measurements were also carried out to evaluate the charge
transfer kinetics of the electrodes (Fig. 5e). These measure-
ments further corroborate the good performance of NM-rods
which showed the least charge-transfer resistance (R.;) among
the tested electrodes, and this is indicative of a relatively lower
diffusion resistance of the sample.
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Fig. 5 (a) Polarization curves at a scan rate of 5 mV s, (b) the corresponding Tafel plot and (c) comparison of the Tafel slope against
overpotential at J = 10 mA cm~2 of the synthesized products. (d) Electrochemically active surface area measurement results and (e) electro-
chemical impedance measurement results of the synthesized products. (f) Schematic representation of H, production aided by NiO. (g) Stability

of NM-rods at overpotential of 125 mV.
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Apart from the increased specific surface area provided by
the high aspect ratio nature of the NM-rod core structure, these
Ni;S, rods, which are of metallic nature,** also possess another
important role of conducting electrons to the active sites. Due to
the anisotropic conductivities of MoS,, its limited conductivity
along certain crystallographic directions could hinder charge
transportation within the material.”” However, in this aspect,
NM-rods circumvent this issue through coupling of the cata-
lytically active MoS, sheets to a conductive NizS, core. There-
fore, the core provides an efficient 1D conduction path, which
improves charge transport to the active sites. It would also be
timely at this juncture to discuss the effect of NiO nanoparticles
found on the sample for electrocatalytic activity. For the HER in
an alkaline medium, it has been previously put forth that
additional energy is needed for water dissociation prior to
proton absorption and is therefore a contributing factor in
determining overall HER activity.”>*® In this regard, the pres-
ence of NiO nanoparticles decorated along and within the MoS,
nanosheet layers can function as an active component to facil-
itate water dissociation thereby enhancing the overall activity of
the catalyst, as schematically depicted in Fig. 5f. NiO inherently
has a lower OH™ chemisorption free energy and is capable of
promoting the favorable attachment of OH™ to its surface.*>*¢
Concurrently, the remaining H' from the dissociation of water
would be able to preferentially attach to a nearby Mo-S edge
site, forming the reaction intermediate for eventual hydrogen
production. By considering the reaction pathways for the HER
in alkaline media, it is widely accepted that water has to be
dissociated first through an initial Volmer step before subse-
quent generation and release of molecular hydrogen in either
the Heyrovsky or Tafel steps.”>>® Thus, through lowering the
barrier for water dissociation, this synergistic interaction can
possibly lead to an enhancement of the overall electrocatalytic
activity.

Finally, having assessed the activity of the catalyst, its
stability is another major factor to be evaluated. Thus, the
current density of NM-rods, which had the best activity, was
evaluated at a constant overpotential of 125 mV over a period of
50 h. As shown in Fig. 5g, negligible change of current density
was observed over the 50 h period of the measurement con-
firming the stability of the catalyst. In addition, the initial
morphology of the sample was found to be well retained after
50 h of testing (Fig. S5a and bt), and XRD spectra (Fig. S5ct) of
the sample after the stability study exhibited no changes in the
material's crystal structure.

Several characteristic features of NM-rods make them
a potentially suitable candidate as a supercapacitor electrode
material. These features include the following: (i) sulfides are
superior faradaic electrode materials compared to their corre-
sponding oxide/hydroxide counterparts owing to better electrical
conductivities and higher electrochemical activities;*”*® (ii)
bimetallic sulfides offer unique electrochemical properties by
combining dissimilar redox reactivity properties of individual
monometallic sulfides; (iii) molybdenum possesses a wide range
of oxidation states from +2 to +6, and therefore it offers rich
redox reactions;™ (iv) recently, it was shown that amorphous
MosS, exhibits promising supercapacitor performance (e.g. high
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specific capacitance and good cycling stability), which is better
than that of crystalline MoS, due to its isotropic-disordered
structure that provides richer active sites and diffusion path-
ways for ions (e.g. OH™);*® (v) Ni3S,, an abundant electrode
material, exhibits high theoretical specific capacity and good
electrical conductivity; (vi) the 2D thin nanosheet structure
introduces a large number of electrochemically active surface
sites (Fig. 5d), (vii) the highly conductive nickel foam substrate
can ensure fast charge transport; (viii) the binder-free NM-rod
electrode helps in the effective utilization of the active mate-
rials by eliminating the “dead” volume problem caused by
polymer binders. Considering the aforementioned merits, which
could endow NM-rods with high specific capacitance and elec-
trochemical stability, the performance of NM-rods as a super-
capacitor electrode was investigated. Fig. 6a shows the cyclic
voltammetry (CV) curves of NM-rods at various scan rates in 6 M
KOH electrolyte within a potential window of 0-0.5 V. All the CV
curves exhibit a couple of distinct redox peaks, revealing a fara-
daic process-based capacitance development related to M-S and
M-S-OH (M refers to Ni or Mo) formation in the course of the
electrochemical process. In general, the CV curves retained their
shape at higher scan rates, whereas the redox peak potentials are
shifted to more positive and negative values in oxidation and
reduction regions, respectively, indicating a typical internal
diffusion resistance influence at increasing scan rates. The
specific capacitance of NM-rods can be calculated using the
following equation:

C=1ixAt/A x AV (1)

where, C (F cm™?) is the areal specific capacitance, i (A) is the
discharge current, At (s) is the discharge time, A (cm?) is the
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Fig. 6 (a) Cyclic voltammograms of NM-rods at scan rates of 2, 4, 6, 8
and 10 mV s~ (b) Discharge curves of NM-rods at current densities of
5, 10, 25, 50, 75, 100, and 150 mA cm™2. (c) Specific capacitances of
NM-rods as a function of discharge current density. (d) Cycling stability
of NM-rods for 5000 cycles at a current density of 50 mA cm™2. Inset:
SEM images of the sample before and after the stability test, scale bar
1um.
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area of the electrode material and AV (V) is the discharge
potential window. The discharge properties required in eqn (1)
(At and AV) were determined by carrying out galvanostatic
discharge measurements. Fig. 6b shows the galvanostatic
discharge profiles of NM-rods at various current densities
ranging from 5 to 150 mA cm™ 2. Specific capacitances at the
corresponding discharge current densities were calculated
using eqn (1), and the results are presented in Fig. 6c. At
discharge current densities of 5, 10, 25, 50, 75, 100 and
150 mA cm 2, the specific capacitances of NM-rods are 4.48,
4.47, 4.44, 4.30, 3.47, 3.20 and 2.72 F cm 2, respectively.
Notably, the NM-rod electrode shows excellent rate capability
since it could exhibit a high specific capacitance (2.72 F cm™?)
even at the highest current density (150 mA cm™>), that is 60%
of the specific capacitance obtained at the lowest applied
current density (5 mA cm™?). Moreover, to ensure the robust-
ness of the NM-rod electrode for long-term usage, the cycling
stability test was carried out by performing 5000 consecutive
charge-discharge cycles at a current density of 50 mA cm™>
(Fig. 6d). The NM-rod electrode retains 85% of its initial
capacitance after 5000 cycles, indicating its excellent cyclability
characteristic. Furthermore, the morphology of this electrode is
well retained after testing, indicating the structural robustness
of the electrode.

Conclusions

In summary, a facile one-step hydrothermal method was used to
synthesize a multi-compositional hierarchical nanostructured
electrode composed of Ni;S, nanorod structures coated with
porous MoS, nanosheets along with decoration of NiO nano-
particles. The scaffold nanorod structure endowed the sample
with an increased specific surface area, while its conductive
Ni;S, core ensures efficient electron transport towards the
active sites. In addition, not only were the coated nanosheets
able to aid further increase in the mass transport, but the
synergistic interaction between the nanoparticles and nano-
sheets could possibly increase the overall HER activity of the
catalyst. Resultantly, the NM-rod structures showed suitability
for electrochemical applications, where they exhibited excellent
performance in both the evolution of hydrogen through an
electrocatalytic reaction and as a supercapacitor electrode for
energy storage. In general, the strategies demonstrated in this
study could potentially pave the way for the development of
other multi-compositional hierarchical nanostructures which
have been expected to be applicable as future materials in the
fields of energy conversion and storage.
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