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One-pot hydrothermal synthesis of molybdenum
nickel sulfide with graphene quantum dots as a
novel conductive additive for enhanced
supercapacitive performancefy

Omkar Sangabathula ‘2 * and Chandra S. Sharma

We depict a facile as well as an economical one-step hydrothermal method, for the first time, to
synthesize a hierarchical three-dimensional (3D) flower-like structure of molybdenum (Mo) particle
decorated nickel sulfide and its composite with graphene quantum dots (GQDs) for high-performance
supercapacitor applications. An optimum coupling of GQDs with Mo doped nickel sulfide (MNS-G)
enhances the electrical conductivity further by creating more active sites and thus helps in modulating
the electrochemical behavior of the composite. The prepared MNS-G-2.5 composite (2.5 wt% GQD)
exhibits a superior specific capacitance of 2622 F g~* at 1 A g~ and shows an excellent coulombic
efficiency of 92.2% after 10 000 cycles at a current density as high as 20 A g~*. The fabricated aqueous-
based asymmetric supercapacitor device exhibits an excellent energy density of 389 W h kg™* at a
power density of 416.6 W kg™t with an impressive capacitance retention and coulombic efficiency of
96.4% and 95.9%, respectively, after 10 000 charge—-discharge cycles. These outstanding electrochemical
properties of GQD- and molybdenum-incorporated nickel sulfide pave the way for the development of
efficient electrode materials for practical supercapacitor applications.

Introduction

With ever increasing per capita energy consumption and the
alarming depletion of fossil fuels worldwide, the scientific
community is committed to finding better solutions in terms
of high-performance energy storage devices. Supercapacitors
play a predominant role in the area of energy storage devices
due to their advantages such as a long cyclic stability, fast
charge/discharge cycles, excellent reversibility, and profound
power density values.'™ One of the deterministic factors decid-
ing the performance of supercapacitors is the selection of a
suitable kind of electrode material which includes metal oxides,
sulfides, and phosphates.>” Even though, among metal sulfides,
nickel sulfide (Ni;S,) has a great potential due to its high
theoretical capacitance, better redox reversibility, morphological
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flexibility, and environmental friendliness, because of the poor
electrical conductivity of nickel sulfides, their actual specific
capacitance values are way less than the theoretical value and
they also show less cyclic stability, which limit their practical
application.®'* To overcome these limitations, one of the strate-
gies is to use conductive substrates like nickel foam, carbon cloth,
and metal sheet, over which the direct growth of these composite
materials like nickel sulfides may take place, which in turn helps
in improving the poor electrical conductivity.">*° Another strategy
is the incorporation of higher electrical conductivity materials like
metals into the Ni3S, structure, which will result in the formation
of more active sites.”>*! Using conductive substrates, we may also
synthesize these electrodes as binder-free with crystalline mor-
phology, but it does not improve the internal conductivity of the
material. Furthermore, in order to elevate the electrochemical
performance of metal doped nickel sulfides, various forms of
carbon-based nanomaterials may also be embedded, which not
only provides stability to the electrode materials but also helps in
the regulation of the internal structures during long cyclic stability
tests.”>>” Recently, among various carbon nanomaterials, gra-
phene quantum dots (GQDs) have drawn serious attention,
especially in the fields of sensors, luminescence, bioimaging
probes, and energy storage. These GQDs have an sp> hybridized
carbon, which resembles the structural framework of graphene
along with 0D structures with a diameter of 1-20 nm. Taking
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advantage of the higher specific surface areas and tunable
bandgaps, and having the benefit of doping various hetero-
atoms, GQDs are probing a new and effective pathway towards
the development of robust materials having better electro-
chemical properties.”®*> There are some recent studies on
the effect of GQD inclusion on different types of metal oxides/
sulfides for supercapacitor applications.>*>° The synergistic
effect is one of the major factors that contribute to the enhanced
electrochemical performance of electrodes, whereas transition
metal sulfides doped with metals take advantage from each
component because nickel and molybdenum sulfides provide
richer redox chemistry compared to the corresponding
individual binary sulfides, which possess a higher theoretical
capacity. To the best of our knowledge, we are the first to report
the effect of GQD inclusion on molybdenum doped nickel
sulfide (MNS) for supercapacitor applications in a binder-free
approach. GQD- and molybdenum-incorporated nickel sulfide
(MNS-G) was prepared on nickel foam by a single step facile
hydrothermal synthesis method. The insertion of molybdenum
created more active sites with the combination of structural
stability from GQDs and the synergistic effect of double metal
ions. The unique 3D flower morphology and the synergistic
effect from both metal ions further improve fast ion migration
and provide a short diffusion path for the electrolyte, resulting
in good performance. The as prepared MNS-G exhibited a high
surface area and three-dimensional (3D) flower-like morphology
with an excellent ultra-high specific capacitance of 2622 F g~ ' at
1 A g ' while the pristine MoNiS (MNS) sample exhibited
a specific capacitance of 1915 F g~' at 1 A g . Moreover,
an asymmetric supercapacitor was fabricated using reduced
graphene oxide (rGO) as the negative electrode and MNS-G-2.5
as the positive electrode, which delivered a profound coulombic
efficiency and a superior capacity retention of 95.9% and
96.4% at 2 A g~ ', respectively. The improved electrochemical
performance provides a new dimension for researchers working
towards the development of high-performance supercapacitors
for practical applications.

(NH,)¢Mo,0,,.4H,0

CS(NH,),
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Experimental section
Materials

Nickel foam was purchased from MTI Corp., USA. Ammonium
heptamolybdate tetrahydrate ((NH,)sM0,0,,-4H,0), thiourea
(CHy4N,S), urea (CH4N,0) and citric acid (C¢HgO,) were pur-
chased from Sigma-Aldrich and used as received. Hydrochloric
acid and ethanol were purchased from Hychem Laboratories.

Ni foam pre-treatment

To remove the oxide layer on the surface, the as obtained nickel
foam was ultra-sonicated for 30 minutes in a 3 M HCI solution
and washed thoroughly with DI water and then in ethanol three
times each; it was then vacuum-dried at 60 °C for 12 hours.

GQD preparation

The procedure for the hydrothermal synthesis of GQDs is as
follows. Firstly, 360 mg of urea and 420 mg of citric acid were
added into 10 ml of DI water and stirred continuously for
45 minutes to obtain a homogeneous mixture. Later, the
solution was transferred to a 50 ml autoclave and kept at
160 °C for 4 hours. After the cooling of the autoclave, the GQDs
were centrifuged and kept at 80 °C for drying.

Synthesis of MNS and MNS-G compounds

A one-step hydrothermal synthesis technique was used to
prepare the binder-free MNS and MNS-G composites as shown
in Fig. 1. A mixed solution of ammonium heptamolybdate
tetrahydrate (121 mg), thiourea (38 mg), and a certain amount
of GQDs was added into 60 ml of DI water and stirred for
30 minutes to form a homogeneous solution. Later the pre-
treated Ni foam (6 cm x 1 cm) was added to the solution, and
the precursor solution was transferred to a 100 ml autoclave,
which was then placed in a muffle furnace at 180 °C for
12 hours. After completion of natural cooling, the precursor
grown Ni foam was cleaned with DI water and ethanol thor-
oughly and vacuum-dried at 60 °C for 12 hours. The same

Without GQDs

Ni Foam

(NH,)sMo,0,,.4H,0

CS(NH,),

) S GQDs
With GQDs i
Ni Foam

MNS-G-2.5

Fig. 1 Schematic illustration of the preparation of MNS and MNS-G-n composites.
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hydrothermal conditions were used in the preparation of the
only MNS samples, except for the addition of GQDs into the
solution. The specific mass loadings of the samples on Ni foam
for MNS-G-2.5 and MNS were 2.9 and 1.4 mg cm ™2, respectively.

To achieve an enhanced capacitance from the MNS-G
composites and to study the effect of the electrochemical
performance of GQDs on MNS composites, the amount of
GQD loading (1, 2, 2.5, 5 and 10 mg) during the hydrothermal
synthesis was varied and are labelled as MNS-G-n, where
n represents the loading of GQDs in mg.

Materials characterization

The crystal structures of the MNS and MNS-G-n composites
were characterized using X-ray diffraction (XRD) (PANalytical,
Cu-Ko radiation with / = 1.5406 A). A WITec alpha300 Raman
system equipped with a 532 nm laser was used for Raman
characterization. FESEM (ZEISS ULTRA FEG55) and HRTEM
(JEOL JEM 2100) were used to examine the surface morphology
of the prepared MNS and MNS-G-n composites. BET analysis
was carried out using a Micromeritics ASAP 2020 analyzer
and then the specific surface area was calculated using a
multi-point Brunauer-Emmett-Teller (BET) equation. Fourier
transform-infrared (FT-IR) analysis was performed using a
Tensor 37 system (Bruker, USA).

Electrochemical measurements

The electrochemical characterizations were performed using an
Autolab 302-N potentiostat in a conventional three-electrode
set-up in a 3 M KOH electrolyte. The prepared MNS and the
MNS-G-2.5 composite grown on Ni foam were used as the
binder free working electrodes, whereas Ag/AgCl (KClI solution)
and Pt sheet were (1 x 1 cm®) used as the reference and counter
electrodes, respectively. To evaluate the electrochemical perfor-
mance of the prepared composite, cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) tests were per-
formed from 5 mVs ' to200 mVs 'and1Ag 'to20A g ",
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respectively. The cyclic stability of the composite was examined
using a repetitive GCD test at 20 A g '. Electrochemical
impedance spectroscopy (EIS) analysis was conducted in the
frequency range of 0.01 Hz to 100 kHz at open circuit potential
with a 5 mV amplitude.

Later, the asymmetric supercapacitor (ASC) device was
fabricated by using MNS-G-2.5 as the positive electrode and
rGO as the negative electrode and tested for electrochemical
performance in a 3 M KOH electrolyte, which is named MNS-G-
2.5//rGO ASC.

The mass-specific capacitance, Cy, (F g”'), was calculated
from the GCD curves by using the following eqn (1):

Cm = x 8)/(m x AV)

1)

where I, t, m, and AV are the current (A g~ '), discharge time (s),
mass of the active material (g), and potential window (V),
respectively.

The energy density E (W h kg™ ") and power density P (W kg ")
of the fabricated ASC device were calculated using eqn (2) and (3),
respectively:

E = 1/2CV?

2)
®)

P=Elt

Results and discussion

Materials characterization

Fig. 2a shows the XRD patterns of MNS and the MNS-G-2.5
composite. From the high-intensity XRD peaks, we can confirm
the crystalline structure of the compound. For the MNS sample,
the peaks at the 2 theta values of 21.7°, 31.1°, 37.8°, 49.7°, and
55.1° correspond to the (101), (110), (003), (113) and (122)
planes of Ni;S, (JCPDS 44-1418), which are also in good agree-
ment with the results reported for Ni;S, in the literature,*®*!
whereas the three sharp peaks at 44.5°, 51.8° and 76.2° belong
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Fig. 2 XRD and RAMAN patterns of MNS and the MNS-G-2.5 composite.
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to Ni-foam (JCPDS 11-0099). For the MNS-G-2.5 composite,
Ni;S, and Ni foam peaks are prominent. There are no other
additional peaks present, which confirms the phase purity of
the formed compound. The addition of molybdenum atoms
and GQDs does not have an adverse effect on the Ni;S, crystal
structure.*” The enlarged view of the XRD pattern (Fig. Sia,
ESIT) shows that the peaks of Ni;S, shifted slightly to the lower
two theta side. It is because of the addition of molybdenum
with a larger ion size, which results in an increase in the lattice
parameters of NizS,. Meanwhile, no additional peaks are
observed for GQDs, which may be because of their lower
diffraction intensity and content.*® The XRD patterns of MNS-
G-1, MNS-G-2, MNS-G-5, and MNS-G-10 are shown in Fig. S1b
(ESIf), where the pure phase of NizS, is present without
additional peaks, which indicates the purity of the composites
formed.

Fig. 2b presents the Raman spectra of MNS and MNS-G-2.5
on Ni foam. The Raman peaks at 289 em™Y, 346 cm ™!, and
382 cm ! can be assigned to the Ni;S, phase,** and the Raman
bands at 826 cm™!, 900 cm™', 947 cm™ %, and 1000 cm *
correspond to the orthorhombic MoO; phase in the MNS
sample.*® Interestingly the MNS-G-2.5 sample retains all the
characteristic peaks from the MNS sample with two additional
peaks at 1350 cm ' and 1589 cm ™, which are indicative of
the D and G bands of carbon. These two additional peaks at
1350 cm™ " and 1589 cm ™" in MNS-G-2.5 indicate the successful
incorporation of GQDs into the MNS matrix. Fig. S2 (ESIt)
shows the Raman spectrum of only GQD sample that signifies
the typical graphitic features of D mode (~1360 cm™") arising
due to the symmetry breaking at edges and defects"® and the
G-band (~ 1585 cm™ ') that can be assigned to in-plane carbon-
carbon deformations. Furthermore, an I/Ig ratio of 0.78 as
calculated confirms the rich graphitic content in the GQDs.*’

Fig. 3 shows the surface morphologies of MNS and the MNS-
G-2.5 composite. The FESEM image of GQDs reveals the
agglomerated spherical interconnected particles (Fig. S3, ESIT),
whereas the MNS sample reveals the fascinating self-organized
3D flower-like morphology with an average flower size of
6.19 pm grown on Ni foam (Fig. 3a-c). MNS-G-2.5 shows a well
maintained 3D flower-like morphology with a decrease in the
size of a flower (4.37 pm) because of the inclusion of GQDs into
the Ni;S, matrix (Fig. 3d—e), which can be related to the other
compounds.*®*° Importantly, this 3D flower-like morphology
of Ni3S, is reported for the first time, to the best of our
knowledge. Fig. 3f shows the enlarged view of the 3D flower
of the MNS-G-2.5 sample. It can be clearly observed that the
orientation of stacks of petals, which are interconnected with a
thickness of ~45-80 nm, resulted in a 3D flower-like structure
through an Ostwald ripening phenomenon.>" Such a novel 3D
architecture results in the creation of enormous space and
contact for the electrolyte ions, which ultimately favours the
electrochemical performance of the MNS-G-2.5 composite, as
discussed later. The compositional analysis of the MNS-G-2.5
composite analyzed using energy dispersive X-ray spectrometry
(EDS) is shown in Fig. S4 (ESIt). The EDS spectrum of the
composite shows the presence of Mo, Ni, S, C, and O elements
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Fig. 3 FESEM surface morphology of (a—c) MNS, (d—e) MNS-G-2.5 com-
posite, and (f) Enlarged view of the MNS-G-2.5 composite 3D flower.

with a carbon content of 2 wt%, which confirms the successful
synthesis of the MNS-G composite. In addition, the elemental
mapping of MNS-G-2.5 shown in Fig. S5 (ESI}) reveals the
uniform distribution of the elements all over the composite.
Interestingly the distribution of Mo element is almost the same
as that of S element which manifests that Ni;S, sheets and Mo
elements grow together.

The N, adsorption and desorption studies were performed
for the MNS-G-2.5 sample to obtain details about surface area
and pore distribution. As shown in Fig. S6a (ESIt), the sample
displays a surface area of 17.9 m*> g, which is high compared
to the value reported earlier.”” This high specific surface area is
a result of the 3D flower-like structure of the MNS-G-2.5
composite.”>>* The pore size distribution of the MNS-G-2.5
sample is shown in Fig. S6b (ESIt). The pore size distribution is
hierarchical and shows an average pore size of 16.7 A, which
helps in facilitating the rigorous diffusion of electrolyte ions
during the charging/discharging process.”®

The shape and structure of MNS and the MNS-G-2.5 compo-
site were further evaluated using TEM at higher magnifications.
Fig. 4 shows the sheet-like morphology of MNS (Fig. 4a-c) and
MNS-G-2.5 (Fig. 4d-f) samples at low and high magnifications,
respectively. The HRTEM image in Fig. 4c reveals that the
observed lattice interplanar spacing of around 0.28 nm corre-
sponds to the (110) plane of the heazlewoodite phase of NisS,
which was also confirmed earlier through XRD analysis.>*>’
The lattice fringes of the MNS-G-2.5 composite as shown in
Fig. 4f exhibit interplanar spacing of 0.28 and 0.33 nm

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TEM images of (a—c) the sheet like structure of MNS and (d—f) the MNS-G-2.5 composite.

matching well with the (110) plane of Ni;S, and the (002) plane
of GQDs, respectively. Fig. S7 (ESIT) shows the indexed selected
area electronic diffraction pattern of the MNS-G-2.5 composite,
which affirms the two sets of diffraction patterns. The inner
bright spots may be assigned to metallic Mo, and the spots with
ring patterns can be indexed to the Ni;S, phase. These results
confirm the presence of metallic Mo element and the formation
of the Mo/Ni;S, composite.

The Fourier transform infrared (FT-IR) spectra of GQDs and
MNS-G-2.5 are shown in Fig. 5. The stretching vibrations at
3431 cm ' and 3180 cm ! correspond to N-H and O-H, and the
vibrations at 1585 cm ™~ and 1400 cm ™" are assigned to C-C and
C-N functional groups, respectively, which further confirms the
presence of nitrogen element.*>*® The MNS-G-2.5 composite
retains all of the characteristic peaks from GQDs, indicating the
successful incorporation of GQDs into the MNS-G-2.5 sample.
During the hydrothermal synthesis, most of the functional
groups of GQDs are reduced and this would have resulted in
the decreased intensity of peaks in the MNS-G-2.5 sample. It is
worth mentioning that the introduction of GQDs into the
Ni3S, matrix results in the creation of more dislocations and
distortions, which resulted in the formation of more defects.*?
These results indicated the formation of the MNS-G-2.5
composite, which are quite consistent with the XRD and
TEM analyses.

Electrochemical performance

CV, GCD, and EIS were used to evaluate the electrochemical
performance of the as-prepared MNS and MNS-G-2.5 compo-
site. Fig. 6a shows the comparison of the cyclic voltammogram

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 FT-IR spectra of GQD and MNS-G-2.5.

1000 500

curves of MNS and the MNS-G-2.5 composite at 5 mV s~ '. As
clearly indicated by the larger area under the cyclic voltammo-
gram curve for MNS-G-2.5 than that for the only MNS, one can
easily conclude the improvement in electrochemical perfor-
mance, which is further indicated later in terms of the higher
capacitance of MNS-G-2.5. The separation voltage between the
oxidation and reduction peaks for the MNS-G-2.5 composite is
0.17 V, whereas it is around 0.22 V for MNS. The lower peak
separation in the GQD induced composite compared to the
pristine MNS sample may be associated with the rate of the

Mater. Adv., 2020, 1,2763-2772 | 2767
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Fig. 6 (a) Comparison of the cyclic voltammogram curves of MNS and MNS-G-2.5 electrodes at a scan rate of 5 mV s™% (b) GCD curves of MNS and
MNS-G-2.5 electrodes at a current density of 1 A g~ (c) Cyclic voltammogram curves of the MNS-G-2.5 electrode at different scan rates. (d) GCD curves
of the MNS-G-2.5 electrode at different current densities. (e) Mass specific capacitance of MNS and MNS-G-2.5 at different current densities. (f) Cyclic
performance of the MNS-G-2.5 electrode at 20 A g~ for 10 000 cycles.

charge transfer process which further confirms the superior comparison of the GCD curves of the two composites at a
performance of the GQD doped composite. Fig. 6b shows the current density of 1 A g '. The inclusion of GQDs into the

2768 | Mater. Adv., 2020, 1, 2763-2772 This journal is © The Royal Society of Chemistry 2020
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MNS composite induces more electrochemically active surface
areas, which in turn results in the higher discharge time of
the MNS-G-2.5 composite electrode. Furthermore, the cyclic
voltammogram curves of the MNS-G-2.5 composite recorded
in a 3 M KOH electrolyte in a potential window from 0 to
0.45 V are shown in Fig. 6c. All cyclic voltammogram curves
comprising one oxidation and one reduction peak indicate the
pseudocapacitive nature of the MNS-G-2.5 composite,
which is guided by reversible faradaic Ni**/Ni*" redox reactions.
Fig. S8 (ESIY) further confirms the role of GQDs in providing a
larger electrochemically active surface area in terms of the
increase in the redox current of the composite compared to
the only MNS electrode. The detailed redox reaction that occurs
in the alkaline electrolyte is as follows:

Ni;S, + 30H™ <> NizS,(OH); + 3e~

The regularity in the oxidation and reduction peaks in the
cyclic voltammogram curves of the composite shows its good
reversibility. With an increase in the scan rate, the cyclic
voltammogram curves are shifting because at lower scan rates
there is enough time for the electrolyte ions to sweep the inner
surface of the electrode but at higher scan rates the ions can
only reach the external surface of the electrode material,
resulting in the reduction of the active sites.>**° Cyclic voltam-
mogram curves for different GQD loadings are shown in Fig. S9
(ESIT). The shift of oxidation and reduction peaks with an
increase in the scan rate from 5 to 200 mV s~ reflects a change
in the internal resistance, improved mass transportation, and
better electron conduction in the MNS-G-2.5 composite. GCD
curves further confirm the enhanced electrochemical perfor-
mance of MNS-G-2.5 and Ni;S,-GQD (Fig. S10a, ESIT) composite
electrodes with different applied current densities from 1 to
10 A g~ ' as shown in Fig. 6d. The specific capacitance of the
MNS-G-2.5 composite can be calculated from the GCD curves
using eqn (1). The charge-discharge curves of the electrode
shows a pseudocapacitive nature, without any IR drop, good
reversibility, and an outstanding coulombic efficiency. Fig. 6e
shows the specific capacitance of the MNS, MNS-G-2.5 and
Ni3S,-GQD (Fig. S10b, ESIt) electrodes at different current
densities. The MNS-G-2.5 electrode showed an ultra-high
specific capacitance of 2622 F g~ ' when compared to the
pristine MNS electrode, for which the value was 1915 F g~ " at
a current density of 1 A g~". Even at a high current density of
10 A g ', the MNS-G-2.5 electrode delivered a specific capaci-
tance of 1750 F g~' with a capacitance retention of 66.7%,
showing its extraordinary ability towards the development of a
high-performance supercapacitor. The specific capacitance
values are higher than most of the reported nickel sulfide-
based materials (Table S1, ESIt). Whereas pristine MNS shows
a poor capacitance retention of 31.3% (Fig. S11, ESIY), the
incorporation of GQDs into the MNS matrix improved the
specific capacitance of the composite and resulted in a better
capacitance retention in order to achieve an ultra-high specific
capacitance of the GQD doped composite. The GCD curves of
MNS-G-n with various GQD loadings can be found in Fig. S12
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(ESIT). As observed earlier also in the literature, simultaneous
doping of molybdenum and GQDs into the Ni;S, matrix not
only improved the electrical conductivity of the electrode but
also resulted in the creation of more electrochemically active
surfaces and contributed to achieving an ultra-high specific
capacitance. Xie et al. synthesized a Cobalt doped Ni;S, binder-
free electrode, which showed improved electrochemical proper-
ties compared to the pristine Ni;S, electrode.’* Qi et al. prepared
Ag-doped Ni;S, sheets and concluded that Ag nanoparticles
improved the electrical conductivity of the electrode.®® Similarly,
the incorporation of carbon quantum dots into the NiS matrix
performed by Sahoo et al. also resulted in an increase in the
electrochemical performance of the electrode.* To evaluate the
electrochemical performance of the supercapacitor electrode,
cyclic stability is one of the most crucial parameters. As shown
in Fig. 6f, the cyclic stability of the MNS-G-2.5 electrode is
exhibited by repetitive charge-discharge processes at a high
current density of 20 A g~* for 10000 cycles. Interestingly, the
composite electrode shows a 92.2% coulombic efficiency by
losing only 7.8% over 10000 cycles, indicating its potential
for designing high-performance supercapacitors. The superior
performance of the MNS-G-2.5 electrode may be related to the
availability of a sufficient number of electrolyte ions during rapid
charge/discharge processes.””®" Furthermore, Fig. S13 (ESIY)
shows the preserved 3D flower morphology of the MoNiS-G-2.5
composite after the stability test of 10 000 cycles, as an evidence
for achieving high cyclic stability and coulombic efficiency.
Furthermore, XRD analysis was carried out to check whether
oxidation has occurred or not. From Fig. S14 (ESIt) we can
observe that all Ni;S, peaks are present and no additional peaks
are observed. This confirms that oxidation does not occur in the
sample during electrochemical testing. To further investigate the
intrinsic electrochemical performance of the prepared compo-
site an EIS test was conducted. Fig. S15a (ESIt), shows the
Nyquist plots of MNS and MNS-G-2.5 electrodes in the frequency
range from 100 kHz to 0.01 Hz, and the fitted equivalent circuit
is shown in (Fig. S15b, ESIT). The partial semi-circle region at a
higher frequency corresponds to the charge transfer resistance
(Ret), which forms at the electrode-electrolyte interface during
the electrochemical process. The MNS-G-2.5 composite shows a
lower R (1.3 Q) value compared to the pristine MoNiS electrode
(12 Q). This can be attributed to the introduction of GQDs into
the MoONiIS matrix, which enhanced the conductivity of the
composite as discussed above and resulted in lower R, values.
Huang et al. obtained a similar conclusion from GQD/CuCo,S,,
which shows lower R, values compared to pristine CuCo,S,. Due
to the higher conductivity of GQDs, introducing them into the
MNS matrix resulted in a lower resistance and an increase in the
conductivity of the composite.>” The positive synergistic effect of
doped Mo metal particles into sheets like Ni;S, and Ni foam
conductive substrates and the GQD inclusion resulted in an
overall elevation of the electrochemical performance of the
composite. This was possible due to (i) the binder free synthesis
of the composite on Ni foam which resulted in a high conduc-
tivity substrate,®” (ii) the flower-like morphology of the composite
which not only provided enormous electroactive sites for
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electrolyte ion adsorption but also facilitated the charge transpor-
tation process,**™®® (iii) the uniform decoration of molybdenum
particles in the NizS, matrix which enhanced the electrical con-
ductivity of MNS-G-n composites,’®®® and (iv) the presence of
highly conductive GQDs throughout the Ni;S, matrix which
elevated the electrical conductivity of the composite further and
eased the charge-discharge process by minimizing the diffu-
sion length.*”*° (v) Molybdenum leads to in situ cation sub-
stitution/doping into the nickel sulfide, which can induce a
synergistic effect between Mo and Ni and change the electronic
structure of the metal sites, leading to improved electrochemical
performance.®*°

Electrochemical performance of the MNS-G-2.5//rGO
asymmetric supercapacitor device

The potential application of Mo doped nickel sulfide for
electrochemical energy storage was evaluated by fabricating
an aqueous ASC device using MNS-G-2.5 as the positive elec-
trode and rGO as the negative electrode in a 3 M KOH electro-
lyte. Fig. 7a shows the individual cyclic voltammogram curves
of MNS-G-2.5 and rGO at a 25 mV s~ ' scan rate measured in
the three-electrode system. rGO exhibits a perfect rectangular

View Article Online
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shape in the 0 to 1.0 V range with no other redox peaks
illustrating its double layer charge storage mechanism. From
the cyclic voltammogram curves of both the electrodes, we can
elucidate that the potential window of the MNS-G-2.5//rGO ASC
device can reach up to 1.6 Vin a 3 M KOH electrolyte. The cyclic
voltammogram curves of the MNS-G-2.5//rGO ASC device are
displayed in Fig. 7b. We can observe that the combination of
double-layer capacitance and pseudo capacitance from the
MNS-G-2.5 and rGO samples contributed to the total energy
storage of the MNS-G-2.5//rGO ASC device. Moreover, there is
no observable change in the cyclic voltammogram curves with
an increase in the scan rate, which shows its excellent rate
capability. As shown in Fig. 7c, the symmetric nature of the
GCD curves with an increase in the current density demon-
strates the MNS-G-2.5//rGO ASC device’s reversibility of the
electrochemical reaction and higher coulombic efficiency.
The device exhibits specific capacitance values of 124 F g~'
and 56 F g " at 0.5 and 1 A g~ " current densities, respectively.
The cyclic performance of the MNS-G-2.5//rGO ASC device was
measured by repeating GCD for 10000 cycles at 2 A g~ ' as
indicated in Fig. 7d. The device delivers an extraordinary
coulombic efficiency of 95.9% and impressive capacitance of
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(a) Cyclic voltammogram curves of rGO and the MNS-G-2.5 composite at a scan rate of 25 mV's

Cycle Number

~1 (b) Cyclic voltammogram curves of the MNS-

G-2.5//rGO device at different scan rates. (c) GCD curves of the device at various current densities. (d) Long cyclic performance of the MNS-G-2.5//rGO

ASC device at 2 Ag™.
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Fig. 8 Ragone plots of the MNS-G-2.5//rGO ASC device in comparison
to some other ASCs.

96.4% after 10000 cycles which reveals its superior electro-
chemical performance for long cyclic stability tests.

To determine the supercapacitor performance for real appli-
cations, energy and power density are two main parameters.
Eqn (2) and (3) were used to calculate the energy and power
density of the MNS-G-2.5//tGO ASC device and the corres-
ponding Ragone plot is shown in Fig. 8. The device displays a
higher energy density of 38.9 W h kg™ ' at a power density
of 416.6 W kg ' and sustains at 11.06 W h kg™ " at a power
density of 6666 W kg~ ". The results mentioned above are much
better than those reported in the literature for nickel sulfide
materials.’”*%%>7°

Conclusions

In summary, binder-free GQD- and molybdenum-incorporated
nickel sulfide was prepared on Ni foam using facile one step
hydrothermal synthesis and used as a high-performance super-
capacitor electrode. The 3D flower-like morphology of the MNS-
G-2.5 composite led to the production of more active edges on
the nanostructures. A high specific capacitance (2622.5 F g~ " at
1 A g ') was obtained for the optimized MNS-G-2.5 sample with
an impressive cyclic stability of 98% after 10000 cycles. The
prepared aqueous asymmetric supercapacitor device (MNS-G-
2.5//rGO) shows an extraordinarily high energy density of
38.9 W h kg™ " at a power density of 416.6 W kg '. In addition
to that, the MNS-G-2.5//rGO device shows impressive cyclic
stability and capacity retention of 95.9% and 96.4% after
10000 cycles, respectively. Thus, we believe that these results
open up new opportunities for metal-doped nickel sulfide
materials for high performance supercapacitor applications.
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