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Construction of Nickel Molybdenum Sulfide/Black
Phosphorous 3D Hierarchical Structure Toward High

Performance Supercapacitor Electrodes

Mansi Pathak, Pratap Mane, Brahmananda Chakraborty,* Jung Sang Cho,

Sang Mun Jeong,* and Chandra Sekhar Rout*

Supercapacitors (SCs) with outstanding versatility have a lot of potential
applications in next-generation electronics. However, their practical uses are
limited by their short working potential window and ultralow-specific capacity.
Herein, the facile one-step in-situ hydrothermal synthesis is employed for the
construction of a NiMo;S,/BP (black phosphorous) hybrid with a 3D
hierarchical structure. After optimization, the NiMo,S,/BP hybrid displays a
high specific capacitance of 830 F/g at 1 A/g compared to the pristine
NiMo,S, electrode. The fabricated NiMo,S,/BP//NiCo,S,

/Ti;C,Tx asymmetric supercapacitor exhibits a better specific capacitance of
120 F/g at 0.5 A/g, which also demonstrates a high energy density of 54
Wh/kg at 1148.53 W/kg and good cycle stability with capacity retention of
86% and 97% of Coulombic efficiency after 6000 cycles. Further from the DFT
simulations, the hybrid NiMo,S, /BP structure shows higher conductivity and
quantum capacitance, which demonstrate greater charge storage capability,
due to enhanced electronic states near the Fermi level. The lower diffusion
energy barrier for the electrolyte K, ions in the hybrid structure is facilitated
by improved charge transfer performance for the hybrid NiMo,S,/BP. This
work highlights the potential significance of hybrid nanoarchitectonics and
compositional tunability as an emerging method for improving the charge
storage capabilities of active electrodes.

1. Introduction

Implementing an economy with a reduced
carbon footprint and environmental im-
pact has been the subject of extensive re-
search throughout the years. Utilizing less
conventional power sources is necessary to
achieve energy harvesting. Notwithstand-
ing the significant improvements in en-
ergy generation, storage, and communica-
tion brought about by contemporary tech-
nology and research, new discoveries are al-
ways being made to further optimize and
manage these processes. Effective energy-
storage systems are extremely desirable be-
cause power sources are always needed.
In order to address the problems with the
charge storage mechanism, energy stor-
age technology is now focusing on devel-
oping hybrid supercapacitors.'™ Regard-
less, the primary barrier to supercapac-
itors’ (SCs) broad range of applications
is their comparatively low energy density.
Thus, the primary obstacle to effectively em-
ploying supercapacitors is to increase their
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energy density without compromising any of their additional
capacitive characteristics. Based on the charge storage mecha-
nism, supercapacitors known as electrochemical double-layer ca-
pacitors (EDLCs) are double-layer capacitances produced at the
electrode/electrolyte interface by the adsorption of electrolyte
ions. A device that implements a different mechanism, contain-
ing a faradic-type electron transfer interaction between the elec-
trode/electrolyte interface, is termed a pseudocapacitive (PC) or
redox type supercapacitor.l>®! The specific problems include low
power density in batteries and low energy density in SCs. Hy-
brid supercapacitors belong to a distinctive category of devices
that jointly rely on the electrostatic and electrochemical phenom-
ena; that is, they have two types of working electrodes: one is ca-
pacitive and the other is battery-type. The elevated power den-
sity and energy density are provided by the synergistic electrode
mechanisms, which further expand a broad variety of potential
windows.[7-10]

Ternary transition metal sulfides (TMS) are emerging as a vi-
able new electrode material for SCs owing to their higher con-
ductivity and strong electrochemical activity, particularly com-
pared to metal oxide materials that have been extensively ex-
plored. This is because a variety of electrode materials for SCs
are now available.!'*] However, given its fascinating electro-
chemical characteristics, bare TMS by itself frequently experi-
ences poor specific capacitance. It is recommended that a fresh
approach be put out to raise the specific capacity of TMS elec-
trode materials in order to solve this problem.['*®] Presently,
considering the limited practicality of the active material and
high charge transfer resistance, the practical specific capac-
ity of TMS is quite minuscule when compared to theoreti-
cal values. The spinel-type NiCo,S, is one of the TMS mate-
rials that has been studied in great detail for SCs because of
its high theoretical capacitance, easy synthesis, low cost, and
widespread availability. On the other hand, there are only re-
ports on NiMo, S, batteries with SCs that are hierarchical.[16-28]
However, there is a risk of low cycle stability when using these
bimetallic sulfides alone as an electrode material. Therefore,
studies on bimetallic TMS-based composites are being conducted
in an effort to improve their electrochemical performance. Ac-
cording to recent studies, the proper design and selection of
TMS with different kinds of composites can increase redox pro-
cesses by increasing specific capacitance through the synergis-
tic impact of many mechanisms.['%?°] Considering their mul-
tiple oxidation states, reversible redox behavior, and affordabil-
ity, Ni-Mo-based chalcogenides, among transition metal chalco-
genides; TMCs, offer potential for application in supercapacitors.
Particularly, Mo facilitates electrical conductivity; while, Ni-ions
primarily distribute high specific capacitance in Ni-Mo-based
chalcogenides. Further, the long-term robustness of the elec-
trodes is enhanced by Mo’s corrosion-resisting attributes.[?1-23]
In comparison to S and O-based TM chalcogenides, Se-based
TM chalcogenides have a higher degree of covalency and semi-
conducting characteristics due to the chalcogen with electroneg-
ativity that follows a hierarchy of Se < S < O. Chalcogens
improve the electrochemical performance of the supercapac-
itor by enhancing the charge transfer characteristics of TM
chalcogenide-based electrode materials in electrode/electrolyte
interfaces by promoting electrolytic diffusion with rapid redox
reactions.[2+2]
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However, during the high-temperature synthesis methods, ag-
glomeration of TM chalcogenides and a subsequent reduction in
the number of catalytically active sites are often the result of in-
adequate structuring of TM chalcogenide nanostructures. This
means that in order to get the best electrocatalytic performance
of TM chalcogenides, hierarchical 2D nanoarchitecture, includ-
ing a few numbers of irregular defects, can be preferred.?6?’]
The previous investigations suggest that a metal sulfide dop-
ing technique that tunes the nanostructure with a hierarchical
design may be useful for energy-related applications. Recently,
for catalysts Ni-Mo~-S-based composites and hybrids!®?%2] have
been investigated for various energy-related applications; the re-
sults show excellent stability and strong catalytic activity. More-
over, effective substitution of electron donors into 2D nanos-
tructures has been reported to produce distinct surface dipoles,
which might lead to increased chemical reactivity as well as sta-
bilize metastable surface structures.[}*3!] Consequently, due to
their better electrical conductivity and catalytic activity, Ni-Mo—S-
based hybrid electrodes are anticipated to be the best electrodes
for SCs. The primary challenge associated with TMS is their ten-
dency to self-agglomerate, which hinders ion transport and re-
duces the number of electrochemically active sites.[?23233]

Recently, the class of 2D materials has been enlarged with the
advent of 2D black phosphorus (BP), an exceptionally thermo-
dynamically inert phosphorus allotrope. In addition to its good
carrier mobility, huge surface area, and adaptable band gap, BP
has been the subject of intensive research over the past few years
as a p-type direct band gap semiconductor layered material. A
broad spectrum of applications, including energy storage, so-
lar cells, sensors, photovoltaic devices, and heterojunction p-n
diodes, have been investigated for BP based on these inherent
features.[>*3¢] Further, because of its better mechanical flexibil-
ity, 2D BP constitutes a viable approach for flexible devices. Tak-
ing into account the significance of BP, Liang et al.’’] exam-
ined the HER activity of MoS, /BP. The MoS, /BP heterostructure
with several active sites and functional interfaces that demon-
strated notable HER catalytic efficiency was found in their study.
From our group, Radhakrishnan et al.®! have synthesized an
n—p-type MoS, /BP heterostructure using a simple hydrothermal
method, to address this slow the electrochemical activity and
have tested its electrochemical performance for the first time. For
the further investigation of electrochemical capabilities, an all-
solid-state asymmetric supercapacitor was built, using VS,/BP
for the positive electrode and MoS,/BP for the negative elec-
trode. With an energy density of 34.71 Wh kg~! at 4031 W kg
of power density and a capacitance of ~#114 F g~!, the suggested
all-phosphorene-based device showed remarkable cycle stability
and capacitance retention. Further, the studies suggest that con-
structing an asymmetric supercapacitor (ASC) device is another
practical method for improving the electrochemical characteris-
tics of the supercapacitor device. A battery-like electrode can be
employed to achieve high energy density in the construction of
the ASC device; while, an EDLC-type electrode can be used to
yield high power density. In contrast to symmetrical supercapac-
itors, the ASC device that uses an aqueous electrolyte has a work-
ing potential that is higher than the breakdown potential for the
electrolysis.[3%4]

Perceiving the aforementioned advantages, here, we con-
struct a hierarchical NiMo, S, nanosheet with plenty of exposed
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Figure 1. Schematic depiction of composite formation: a) synthesis of BP from RP; b) synthesis of NMS/BP via a simple hydrothermal method.

active sites and edges on 2D black phosphorus sheets (referred
to as NiMo,S,/BP) for high-performance asymmetric superca-
pacitors. There are several benefits to this novel 3D hierarchi-
cal system for enhanced energy storage. A straightforward one-
step in situ hydrothermal synthesis is implemented in this case
to synthesize a 3D hierarchical NiMo,S, /BP hybrid. Additional
support is provided that improves redox active sites for electro-
chemical reactions in addition to supporting the BP and being
embedded by NiMo,S,. This aids in preventing self-stacking in
many ion transfer channels. When compared to a pure NiMo,S,
(NMS)electrode, the NiMo,S,/BP (NMS/BP) hybrid exhibits a
high specific capacitance capacity of 830 F g~! at 1 A g~! follow-
ing optimization. Better specific capacitance of 120 F g~! at 0.5 A
g~! and high energy density of 54 Wh kg~! at 1148.53 W kg~! are
two features of the constructed NiMo, S, /BP//NiCo, S, @Ti,C,T,
asymmetric supercapacitor that show good cycle stability with
capacity retention of 86% and 97% of Coulombic efficiency af-
ter 6000 cycles. Sufficient electrochemical performances of the
NiMo, S, /BP hybrid demonstrate the possible applications of su-
percapacitors. DFT studies serve to theoretically analyze and val-
idate the experimental results. We simulate density functional
theory and give the structural and electrical characteristics of
NMS and its BP-doped hybrid NMS/BP to validate experimen-
tal results. The hybrid structure NMS/BP exhibits an elevation
in electronic states close to the Fermi level as a result of charge
transfer from BP’s P 3p orbital Mo 4d orbital of NMS. The im-
provement in conductivity and quantum capacitance that result
in the hybrid structure’s higher charge storage ability might be at-
tributed to this improvement in electronic states. The enhanced
charge transfer performance for the hybrid NMS/BP, as seen in
the experiment, is responsible for the decreased diffusion energy
barrier for the electrolyte K+ ions in the hybrid structure. The po-
tential importance of compositional tunability and hybrid nano
architectonics as a developing technique for enhancing the ac-
tive capacity of electrodes to store charges is highlighted in the
present work.
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2. Results and Discussion

2.1. In Situ Growth Mechanism of NiMo,S,/BP

The stepwise synthesis procedure is illustrated in Figure 1b.
The BP and NMS/BP (NiMo; S, /BP) hybrid formation process is
shown in Figure 1. The BP is synthesized via a two-step solvother-
mal process; similar to the report from Wang et al.*?l on low-
temperature liquid phase synthesis of BP from (Red phospho-
rous) RP employing (ethylene diamine) ED, a commercial low-
toxicity solvent is reported. Here, we employ a modified synthe-
sis approach. The two-step BP synthesis begins with RP reflux
at 70 °C in an oil bath. This reflux process removes RP surface
oxygen. The detailed discussion on the crystallization of BP from
RP is explained in our previous report by Radhakrishnan et al.l*8!

The hydrothermal procedure for forming NiMo, S, nanosheet
architecture involves chemical reactions such as a possible path-
way involving (NH,)¢Mo,0,,.4H,O disintegration, reduction,
and sulfidation,*!! revealed by Equations (1)—(5) as follows:

(NH,)Mo,0,,.4H,0 + 3H,0 — 7 MoO, + 6NH,.H,0 (1)

Na,MoO,.2H,0 + 3H,0 — MoO.™ + 2 Na® + 2H,0 (2)
C,H,NS +2H,0 — NH, + 2CO, + H,S + 2H" 3)
H,0 + H,S — HS™ + H,0" ()

6 HS™ + 10H;0% + Ni} + 3MoO2™ — NiMo;S, + 18H,0 + 250,  (5)

The NiMo,;S, (NMS) hierarchy is formed in three steps: Sul-
fur precursor thioacetamide dissociates and interacts with water
to form H,S, CO,, and NH;. To felicitate the growth of NMS
nanosheets architecture on 2D BP nanosheets, the sulfur com-
ponent in the first step combines with water and dissociates into
HS~ and H;O" ions. These ions interact with ionized precursors
of Ni and Mo materials in growth solution.!1318]
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Figure 2. FESEM images of a,b) NMS; c,d) NMS/BP at different magnifications. e) XRD analysis of NMS and NMS/BP hybrid.

2.2. Morphological, Structural, and Compositional Analysis of
NiMo,S, and NiMo,S,/BP

As-prepared NMS and NMS/BP hybrid is confirmed using FE-
SEM and TEM for structural morphology. A stack of FESEM
micrographs is shown in Figure 2. In Figure 2a,b, FESEM
images of pristine NMS at various magnifications reveal the
well-defined flower-like structure grown spherically by a cover-
age of the ultrathin nanosheets surface forming bundles NMS
nanoflowers. Unlike traditional carbon materials, BP also par-
takes a 2D nanosheet structure that provides a conductive plat-
form for active materials to fill void spaces and enhance con-
ducting channels for electron transport. In particular, the clus-
ters have a layering arrangement with a homogeneous distri-
bution similar to an orthorhombic BP.[8/ As shown in Figure
Sla,b, Supporting Information, the crumbled thick sheets of
BP architecture with many channels provide double-layer capac-
itance and huge surface area. Figure 2c,d gives the morpho-
logical detail of NiMo,S, nanosheets on accessible BP surface
implemented for constructing 3D hierarchical nanosheet arrays
through hydrothermal growth and post-annealing. Adsorption
of anions on NiMo, S, surfaces stimulates nano-crystal develop-
ment and builds 3D hierarchical nanosheet arrangements during
hydrothermal processing.'®) High-magnification photographs of
BP with NMS nanosheets exhibit a nanostructure with several,
extremely thin nanosheets growing vertically over the BP surface.
NiMo, S, nanosheet arrays consistently grown on exposed BP sur-
faces contribute to expansive channels for fast electrochemical
response, thereby offering electrolytic ions with a large area to
proceed. As shown in high magnification FESEM micrograph, a
firm contact in NMS/BP hybrid nanostructure indicates the sta-

Small 2024, 2310120

2310120 (4 of 16)

bility of the material and structural integrity during electrochem-
ical processes.

The crystalline arrangement and phase uniformity are deter-
mined by XRD data. Figure 2e compares the pristine NiMo,S,
nanosheets and NiMo,S,/BP hybrids X-ray diffractograms. BP
exhibits characteristic peaks at 17.43°, 27.54°, 34.38°, 35.52°,
41.2°, and 57.65°, which confirm the presence of BP and are con-
sistent with the JCPDS file number 073-1358. Here, the mag-
nitude of the (020) peak of BP at ~17° is expanded; while, the
RP peak at #15.2° is diminished (Figure S1c).*®! This suggests
that the RP component in the sample is extremely minimal and
that BP is effectively synthesized. The diffraction peaks at 10.29°,
14.56°,19.2°, 22.5°, 26.34°, 31.9°, 34.22°, 41.6°, 46.30°, 50.75°,
and 54.5° are indexed to the (002), (040), (012), (100), (111), (11-2),
(121), (030), (130), (220), and (322) planes, respectively, exhibit-
ing NiMo,S, triclinic transition phase of space group (JCPDS
card no. 21-1273).[434 Potential secondary phases such as MoS,
and NiS, are not observed. The exhibiting NiMo,S, triclinic
phase is identical to the basic Chevrel-type Mo, S, phase (ICSD:
237587)1%1 which further approves the NiMo,S, phase is suc-
cessfully formed. The possible method for making flower-like
NiMo, S, nanostructures via the hydrothermal route is explained
in the Experimental Section. The following is the possible mech-
anism of the formation of NiMo,S, crystal transformation into
the P1 triclinic space group. Three distinct Mo?* sites are not
identical. The Mo?* site initially establishes coordination with
five S2~ atoms, leading to the creation of a squared pyrami-
dal structure with four vertices, thereby forming MoS;. This ar-
rangement comprises three identical NiS, tetrahedra, five edges,
and one interaction between two edges. The Mo?* site bonds to
five S2~ atoms to generate MoSs square pyramids, which share
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Figure 3. a) TEM image of NiMo;S,/BP; b,c) HR-TEM images of NiMo;S,/BP; d) SAED pattern; red- NiMo;S, and white-BP; and e) HAADF-STEM

with EDS mapping analysis.

corners with four MoS; pyramids, corners with five comparable
NiS, tetrahedra, and edges with five MoS pyramids. Ni** bonds
to four S?~ atoms to create deformed NiS, tetrahedra with twelve
MoS; square pyramids, one edge-edge, and one NiS, tetrahedra.
Four S2- sites are inequivalent. The first S2~ site bonds S~ in a
five-coordinate geometry to four Mo?* and one Ni** atoms. The
second S%- site bonds four Mo?* atoms in a four-coordinate ge-
ometry. S2~ is bound using a five-coordinate geometry to three
Mo?* and two equivalent Ni** atoms in the third location. S~ is
linked in a five-coordinate geometry to four Mo?* and one Ni**
atom in the final position.[*}] At %#17.44°, the strength of the (020)
peak of BP develops; while, the RP peak at 15.2° declines, show-
ing that the compounds RP concentration is low and that BP is
produced. The BP reflection peaks at ~30° may be caused by two
P atoms being replaced by O or H atoms or a periodic distortion
or stacking defect in the c-direction of crystal structure.*]

The inherent morphological characteristics of NiMo,S,/BP
hybrid nanostructure are examined through TEM, HR-TEM,
and HAADF-STEM with EDS, as shown in Figure 3. NiMo,S,
nanosheets have expansive, uniform sheets or flakey channels
morphology, indicating ultrathin, defect-free arrangements of
the crystals. The morphological and crystallographic orientation
of the NiMo,S,/BP samples were confirmed by the low and
high magnification TEM analysis. Figure 3a displays the TEM
image of NiMo,S,/BP, (Figure 3b,c) HR-TEM of NiMo,S,/BP
(inset- hierarchical Ni-Mo-S arrangements of crystal in NiMo, S,
nanosheets), wherein the flakes on NiMo,S, are seen to be dec-
orated over BP sheet. The lattice spacing of 0.319 and 199 0.199
nm confirms the (200) and (310) planes of NiMo,S,. The SAED
pattern (Figure 3d) shows polycrystalline nature wherein pattern
marked in RED outline shows NMS and white outline assigns
to (020) plane of BP. HAADF-STEM with EDS mapping analy-
sis (Figure 3e) confirms the homogenous distribution of compo-
nents such as Ni, Mo, and S, indicating that O%- is replaced by
S?- during the anion-exchange process.[*] STEM-EDS mapping
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reveals a homogeneous distribution of components Ni (blue),
Mo (red), S (green), and P (purple) in the hybrid architectures
(Figure 3f). The BP structures serve as a backbone for hierarchi-
cal NiMo, S, /BP hybrid construction. The ultra-high surface area
of the BP layer reduces the stacking of NiMo, S, nanosheets dur-
ing the in situ growth process, improving electron transport ki-
netics due to strong electrical conductivity. The one-step in situ
hydrothermal synthesis approach enhances electrocatalytic capa-
bility and stability in hybrid matrices by sulfurizing without ad-
ditive impurities during the electrochemical investigations.

The chemical composition and elemental phases of the
NiMo,S,/BP sample are examined by X-ray photoelectron spec-
troscopy (XPS) analysis. Figure S2a—c, Supporting Information
shows that the NiMo,S,/BP sample contains just Ni, Mo, S, P,
O, and C, as confirmed by STEM-EDS and XRD data. The high-
resolution XPS spectra of Mo 3d illustrated in Figure 4a reveals
two significant peaks at 229.4 and 232.2 eV, indicating the pre-
dominant role of Mo** in NiMo,S,/BP. In addition to the Mo**
3ds,, signal, an indistinct peak at 226.2 eV is instigated by the
S 2s orbital. Higher binding energy doublet peaks of Mo 3d; ,,
232.9 eV and Mo 3d; ,, 235.9 eV may indicate the Mo** oxidation
state, presumably due to insufficient reduction in the MoO,*~
species during the hydrothermal synthesis progression, and the
peaks at 238 eV shows Mo—O—P bonding, respectively.['®#3#] The
peaks at 856.3 and 874.3 eV in the high-resolution XPS spectra
of NiMo,S,/BP as shown in Figure 4b correspond to Ni 2p;;,
and Ni 2p, ,, respectively; whereas, Ni satellite peaks at 860.1 and
879.6 eV may be identified. A minuscule peak at 852.6 eV is cor-
related to the Ni 2p signal from the Ni?*. The binding energies of
the six prominent peaks in Figure 4c (161.9, 163.1, 163.8, 165.1,
168.5, and 169.6 V) correspond to S2p; ,, S2p, ,, and SO,*7, re-
spectively. The S 2p;;, (~163.57 eV) and S 2p;, (~164.51 eV)
peaks accompanying the broad satellite represent the existence
of the S*~ state. In Figure 4d, the P 2p two peaks at 133.6
and 135 eV are attributed to P,O; bonding, indicating that the
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Figure 4. High-resolution XPS spectra of NiMo;S,/BP. a) Mo 3d; b) Ni 2p; ¢

surface of the BP is slightly oxidized. The Peak at 133.3 eV
presents P—S bonding.l'!8! Studies have suggested that easily
adjustable valence states in nickel can boost the faradaic capacity
of active material whereas Mo ions can increase electronic con-
ductivity. The high-resolution C 1s spectra (Figure S2b, Support-
ing Information) reveal carbon bond energies of 284.6 eV (C—C),
285.5 eV (C=C), and 286.6 eV (C—0). In Figure S2c, Supporting
Information, the O 1s spectrum displays three peaks at 529.98,
531.41, and 533.70 eV, representing lattice oxygen, including
M—O bonding, OH— ions, and adsorbed water molecules. Ox-
idized surfaces may contain OH™ groups, as shown by O 1s
spectra, and oxygen species cannot be fully ruled out.*’] The
lone-pair electron in the P atom enables BP oxidization to be
readily available and hybrid structure formation to be feasible.
Thus, P—O and Mo—O species interact in the nanocompos-
ite and together form Mo—O—P. Though the same species has
been observed in the P 2p and Mo 3d spectra, the peak at 533
and 531.6 eV in Figure S2¢, Supporting Information indicates
Mo—O—P bonds.[*8! XPS suggests that NMS/BP hybrid structure
origins substantially change its electronic structure and acceler-
ate electron transport, improving energy storage performance.
Specifically, the NMS/BP hybrid demonstrates a higher BET sur-
face area and a considerably greater pore volume (26.103 m? g~1;
0.0908 cm? g~!) compared to pristine NMS (18.882 m? g=; 0.036
cm? g71). This observation suggests that the deliberate design of
the NMS nanosheets covering BP surface method leads to an en-
hanced specific surface area and pore volume, which ultimately
facilitates the storage of electrolyte ions and charges. The pore-
size distribution of the BJH analysis reveals mean pore diameter
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Intensity (a.u.)

Binding energy (eV)
) S 2p; and d) P 2p.

of 13 nm, as shown in Figure S3, Supporting Information. This
concentration indicates the presence of a mesoporous structure
in the NMS/BP material, which is known to enhance the diffu-
sion of ions at a rapid pace. The comparative electrochemical per-
formance of several Ni/Mo-based negative electrode materials is
shown in Table 1.386-75]

2.3. Electrochemical Performance of NiMo,S, and NiMo,S,/BP

A three-electrode setup on the CC Ni-foam substrate was imple-
mented to evaluate the electrochemical features of the individ-
ual active electrode. The working electrode was directly used, the
counter electrode used Pt foil, and the Ag/AgCl was employed
as a reference electrode. Figure 5a shows a comparative electro-
chemical performance of pristine NMS, and NMS/BP was tested
in 0.5 M K,SO,, wherein the CV curves were recorded at 40 mV
s71. The reversible redox characteristics of Ni%* /Ni** /Mo?* /Mo®*+
resulted in a pair of Faradaic redox peaks throughout the poten-
tial range of —0.2 to —1 V for pristine NMS electrode, whereas
the NMS/BP electrode showed the enhanced potential window
of —1 to 0V, along with the improved current response. Redox
peaks were attributed to interactions between electrodes and elec-
trolytes, with postulated processes as follows:!1348-0]

NiMo,S, + xK* +xe” < K, — NiMo,S, (6)
Figure 5d illustrates that the recorded CV curves resemble

quasi-rectangular forms. As the sweep rate increases from 5
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Figure 5. Comparative electrochemical performance in 0.5 m K,SO,: a) CV curves at 40 mV s~'. b) GCD curves at 3 A g~'. ¢) Nyquist plot (inset-
equivalent circuit). d) CV curves of NMS/BP. e) GCD profiles of NMS/BP. f) Specific capacitance versus current density, g) linear relation between peak
current and scan rates, h,i) charge—storage kinetics of NMS/BP, j) schematic of structural benefit and charge-transfer process during the electrochemical

performance of NMS/BP electrode.
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Table 1. Comparative electrochemical performance of various Ni/Mo-based negative electrode materials.

Material Electrolyte Potential window [V] Specific capacitance [F g~'] Testing condition Ref.
p-MoS, /BP 0.5 m Na,SO, -1to0 144 1Ag™! [38]
GQD-MoS,/NSG-20 6 M KOH -12t00 564.3 10mvs™! [69]
CNF-MosS, 3 M KOH —09t00 138.9 05Ag™! [70]
KF@MoS, @rGO 0.5 M Na,SO, —1to—-0.4 347 05Ag™! [71]
NiXSV@CoS 6 M KOH —0.1t0 0.25 2291 1Ag™! [72]
NiySg@MoS, 1m KOH —0.3t0 0.6 907 2Ag™! 73]
PPY@MnMoO, 2 mKCl —0.6t0 0.4 313 02Ag™! [74]
Mn-MoO,/GO 1wm Na,SO, -0.8100.8 302.8 0.1Ag™! [75]
NiMo,S,/BP 0.5 m K,SO, —Tto0 840 TAg™! Present work

to 100 mV s7!, the CV curves remain consistent, proving that
the NMS/BP hybrid electrode influences rapid charge-transfer
dynamics.!*?) All electrode CV curves exhibit similar traces, with-
out any significant discrepancies even at higher scan rates. The
specific capacitance calculated from CV curves potentially deter-
mines the faradic and capacitive contributions. The slight shift in
anodic and cathodic peaks toward positive and negative potentials
with increasing scan rates explains the kinetic reversibility in the
redox processes carried on by ohmic resistance and polarization.
Figure 5b demonstrates the comparative GCD curves at 3 A g~!
with the same potential as CV analysis; the NMS and NMS/BP
electrode GCD curves show non-linear time variability with re-
spect to the potential. The NMS/BP hybrid electrode GCD curves
at different current densities are shown in Figure 5e. It shows
co-existence of pseudocapacitive and EDLC behaviors, confirm-
ing hybrid capacitance nature which is in well agreement with
the CV curves. Figure 5f gives the specific capacitance values at
various current densities wherein the NMS/BP hybrid shows ex-
cellent specific capacitance of 840, 769, 697, 561, and 440 F g*
at1, 2, 3,4, and 5 A g7! of current densities, respectively. The
pristine NMS shows high specific capacitance of 748 F g=! at
3.5 A g71. The CV and GCD analyses of pristine NMS are dis-
played in Figures S4a,S4b, Supporting Information, respectively.
To further understand the charge storage mechanism of our hy-
brid material electrodes, we interconnect scan rate (v) and oxi-
dation peak current (i) from cyclic voltammograms to determine
capacitance from surface redox reaction iexv or quasi bulk interca-
lation i o 4/v. Figure 5g exhibits the diffusion-controlled process
correctly dominates capacitance for the NMS/BP electrode, as ev-
idenced by the linear plot between peak current (i) and scan rate
square root of \/; The power law equation gives a peak current
“i,” at various scan rates "v” from the CV curves,[*®! which are
employed to investigate the kinetics of the charge storage mech-
anism of the fabricated electrodes, which is given as:
i, =i+ iqg = ab’ (7)
In general, the capacitive controlled kinetics represents b =
1, whereas diffusive controlled represents b = 0.5. The slope of
the uninterrupted continuous line between log i, and log v in
Figure 5g indicates the prepared electrodes’ b values. NMS/BP
and NMS electrodes had hybrid b values of 0.62 and 0.65, indi-
cating a hybrid nature with capacitive regulated nature through
dominating surface-controlled kinetics over diffusion-controlled
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processes, resulting in the quick electrochemical reaction pro-
cess. A modified power-law equation was used to determine the
diffusive and capacitive contributions of the NMS/BP electrode,
using the current response with applied voltage at a given scan
rate.[2$%]

i(V)= K o+ K, 0'/? 8)
i(V)/ 0% = K 02 +K, 9)

where K; and K, represent capacitive and diffusion-controlled
processes, respectively. Figure 5Sh demonstrates 73% capacitive
and 27% diftusive regulated contribution at a sweep rate of 40 mV
s~ for NMS/BP electrode. As illustrated in Figure 5i, the capaci-
tive component stores most of the charge at higher scan rates due
to the shortened ion-diffusion route. Capacitive charge storage ac-
counts for 53% for NMS/BP electrode at 5 mV s™' of scan rate. An
NMS nanosheets structure on BP nanosheets lowers ion diffu-
sion distance, resulting in a diffusion-controlled ion intercalation
mechanism that adds to the diffusion contribution NMS/BP hy-
brid structure. To investigate further about ion diffusion, charge-
transfer kinetics, and conductivity, electrochemical impedance
spectroscopy (EIS) is performed. Figure 5c shows constructed
electrode Nyquist plots. High-frequency semi-circle traces yield
the charge-transfer resistance, R,. More capacitive characteris-
tics are shown by the vertically increased straight trace. R, val-
ues for NMS/BP and NMS are 1.95 and 3.51 Q, respectively. The
broad surface area of BP nanosheets and the cross-bridge effect
from edge sites of NMS explains hybrid electrodes low R, values
and high conductivity. The NMS/BP electrode offers the follow-
ing benefits, as indicated in Figure 5j. NMS/BP hybrid system
improvements impact the supercapacitor electrode by showing
improvement due to synergistic effects, including increased ac-
tive sites from BP, which enhances interfacial reaction, ion trans-
port channel, and electrical conductivity.

2.4. Theoretical Analysis of NiMo,S,/BP
2.4.1. Structural Properties
Figure 6a,b displays the side and top view of the optimized struc-

ture of bulk NiMo,;S,. DFT optimized lattice parameters are
a=06384A b=c=6.533A, a = f =97.770° and y = 91.287°.
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Figure 6. DFT optimized bulk NiMo3S, structure with a) side view, b) top view, and c) total density of states (TDOS) plot; Yellow, Red, and Green are S,

Mo, and Ni atoms respectively.

The total density of states plot provided in Figure 6¢ exhibits fi-
nite electronic states at the Fermi level, indicating the zero-band
gap and metallic nature of the bulk NiMo,S,. While generating
the hybrid layers NMS/BP, initially we take (040) plane of BP and
(111) plane of NMS. The reason for selection of these specific

planes is that they represent one of the highest intensity peaks
among various peaks in their respective XRDs. The top view of
the optimized (111) plane of NMS is depicted in Figure 7a. Once
these planes are optimized, we make the hybrid structure by com-
bining the two layers with interplanar separation of ~3.5 A. The
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Figure 7. a) 2 x 2 supercell of (111) NMS. b) NMS/BP hybrid structure and c) total density of states (TDOS) plot for NMS and NMS/BP; Yellow, Blue,

Green, and Red are S, P, Ni, and Mo atoms, respectively.
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Figure 8. a) PDOS plot for Mo 4d orbital of NMS before and after hybridization with BP, b) PDOS plot for P 3p orbital of BP before and after hybridization
with NMS, and c) diffusion energy barrier plot for K+ ions in NMS and NMS/BP. d) Quantum capacitance plot with the electrode potential for NMS

and NMS/BP.

optimized hybrid NMS/BP structure is as shown in Figure 7b.
Here, we maintain a sufficient vacuum of 20 A along the z direc-
tion to avoid any further layer-to-layer interaction in the perpen-
dicular direction. The supercell selected for hybrid has a dimen-
sion of 2 X 2 x 1 times the unit cell to involve enough number of
atomic interactions in the plane.

2.4.2. Electronic and Orbital Interactions
In Figure 7c, we present the TDOS plot for NMS (111) plane (up-
per panel) along with its hybrid NMS/BP (lower panel). In these

two plots, we can observe that there is an enhancement in elec-
tronic states near Fermi level due to the addition of BP to NMS.
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This evidence that the conductivity of hybrid structure shows im-
provement thus proves to be better energy storage material than
single layer of NMS.

To get insights of orbital interactions, we plot the partial den-
sity of states (PDOS) of Mo 4d and P 3p orbital of NMS and BP
before and after hybridization, as provided in Figure 8a,b. For
Mo 4d orbital, there is a net charge gain after hybridization with
BP, which can be seen from enhancement of states near fermi
level for the hybrid structure compared to NMS (Figure 8a). Fur-
ther, P 3p orbital of BP shows loss of states after hybridization
with NMS, as depicted in Figure 8b. To support these qualita-
tive PDOS plots in terms of quantitative charge transfer, we fur-
ther do the Bader charge partitioning.>?) It is worth mentioning
that the Bader charge partitioning is a more realistic quantitative
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aspect; whereas, the PDOS is just qualitative in nature. From
Bader charge partitioning, we find that there is a small charge
transfer of the order of 0.02e from BP to NMS even though this
much charge transfer has played a significant role in overall im-
provement of conductivity of hybrid as seen from DOS plots. As
seen from Figure 8¢, the lower diffusion energy barrier for the
electrolyte K* ions in the hybrid structure is attributed to im-
proved charge transfer performance for the hybrid NMS/BP as
observed in the experiment.

2.4.3. Computation of Quantum Capacitance

Density functional theory was also applied to understand quan-
tum capacitance variation of NMS and its hybrid counterpart
NMS/BP. For this calculation, we have estimated the quantum
capacitance of NMS and NMS/BP with the help of earlier well-
established relation.[60-62]

Cq =627D(E) Fy (E—-epg)dE (10)

where D(E) is the total density of states and is the electrode po-
tential of the system for which calculation is done. F(E) is the
broadening function due to thermal effect given as;

Fy (E) = (4KyT) " sech? (E/2K;T) (11)

Figure 8d shows the variation of quantum capacitance vs elec-
trode potential for NMS and hybrid NMS/BP. This plot clearly
shows that there is an increase in quantum capacitance in the
case of hybrid over the NMS. Thus, it gives the verification of
the experimental readings for NMS and its hybrid. It may be ob-
served that the increase in surface area and enhanced density
of states due to BP layer addition may have affected the electri-
cal conductivity, leading to higher charge storage capacity. Fur-
ther, we can note that the quantum capacitance is substantial at
nanoscale but, as far as experimental measurements are consid-
ered, it includes both quantum and electrical double layer capac-
itance.

2.5. Electrochemical Performance of Asymmetric
Supercapacitor-NiMo;S,/BP // NiCo,S, @Ti,C,T,
(NMS/BP//NCS/TCX)

In order to construct a functioning ASC device, the operating po-
tential and optimal mass loading for both positive and negative
electrodes were calculated by CV measurements at a constant
scan rate of 20 mV s~!. As NiCo,S,/Ti;C,T, and NiMo,S,/BP
electrodes have potential ranges of 0.0 to +0.8 V (vs Ag/AgCl)
(Figure S4c,d, Supporting Information) and —1 to 0.0 V (vs
Ag/AgCl), respectively, the ASC device can display a poten-
tial window of 1.8 V. The charge balancing proposition (Q+ =
Q-—) determines the proper mass loading of negative to positive
electrodes.[') The ASC device was constructed using NCS/TCX
as positive and NMS/BP as negative electrode and the perfor-
mation performance optimization was carried out in a coin-cell
assembly using aqueous 0.5 M K,SO, electrolyte, respectively.
Figure 9a shows NMS/BP//NCS/TCX asymmetric device oper-
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ating voltage window optimization CV curves at 40 mV s7'.

Figure 9b shows the ASC device assembly with optimized posi-
tive and negative electrode mass ratios. The NMS/BP//NCS/TCX
device had an enhanced capacitive area, upright current re-
sponse, stable operating potential range of 1.8 V, and a sharp
peak and sudden increase in current when the operational voltage
was increased, indicating the parasitic oxygen evolution reaction
caused by electrolytic decomposition.['®! Figure 9c represents the
NMS/BP//NCS/TCX device traced quasi-rectangular CV curves
at scan rates ranging from 5 to 100 mV s~!, demonstrating
its dominance over capacitive nature and excellent reversibility.
Symmetric profiles from the GCD curves of NMS/BP//NCS/TCX
device were determined at various current densities. As depicted
in Figure 9d, a non-linear nature due to faradic processes was
observed, which agreed with the CV plots and suggested excel-
lent Coulombic efficiency and reversibility. The device displayed
good energy storage performance, in terms of specific capaci-
tance with 120 F g! at the minimum current density of 0.5 A
g~'. The NMS/BP//NCS/TCX asymmetric device exhibited spe-
cific capacitance of 109.3, 97.6, 86.2, 78.8, and 71.4 F g* for cur-
rent densities of 0.6, 0.7, 0.8, 0.9, and 1 A g~! respectively. In
Figure e, the capacitance value increased with decreasing cur-
rent density, considering charge storage was predominantly on
the surface, and electrolytic ions could not completely intercalate
between electrode layers. In addition, Coulombic efficiency acted
as a function against current density. The lower current densities
produced parasitic reactions that partly channeled the electrode,
showing limited reversibility in electrochemical redox processes.
Increasing current density eventually enhanced the Coulombic
efficiency.

For practical applications, supercapacitor cycle stability is cru-
cial. To evaluate NMS/BP//NCS/TCX device cycle stability, gal-
vanostatic charge—discharge performance at 10 A g~! is repeated.
From Figure 9f, the results refer to the long-term life and stabil-
ity of NMS/BP//NCS/TCX device asymmetric device by retaining
the 86% of specific capacitance after 5000 GCD cycles. The device
has outstanding reversibility as it exhibits 97% coulombic effi-
ciency; the inset shows CV cycle after 5000 cycles and GCD curves
at the 1st and 5000th cycle during stability. The inset shows FE-
SEM image od NMS/BP electrode after stability test. The analy-
sis demonstrates that the 3D hierarchical structure remains in-
tact without significant morphological distortion. The vertical
alignment of the NMS nanosheets on the BP support enhances
electrical conductivity by augmenting the contact between the
nanosheets and the substrate. The configuration of nanosheets
in both electrodes allows for the exploitation of void between con-
secutive arrays of nanosheets (Figure S5, Supporting Informa-
tion). This void is used as a reservoir for ions and regulates the
amount of charge throughout each charging/discharging cycle.
In this particular situation, the usage NMS nanosheets with dis-
tinct porosity frameworks facilitate the entry of ions; hence, en-
hancing the use of electroactive materials. The BP support ex-
hibits superior characteristics such as rapid electron transport
kinetics, minute internal resistance, and exceptional mechani-
cal stability and flexibility. XRD analysis is performed to analyze
the structural integrity of the electrode. Figure S6, Supporting
Information illustrates that the K,SO, electrolyte is responsible
for the rise in intensity at #26° and 30°, which occurs after 5000
cycles of charge—discharge and coincides with the intercalation
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Figure 9. a) Comparative CV cycles of NMS/BP and its composite and NCS/TCX. b) Schematic of construction of NMS/BP//NCS/TCX ASC device. c)
CV curves of ASC; d) GCD curves of ASC; e) specific capacitance (F/g) versus current density (A/g); f) cyclic stability (inset shows CV cycle after 5000
cycles and GCD curves at 1st and 5000th cycle during stability); g) comparative Ragone plot; h) example of employing the constructed ASC to illuminate
an adaptable display with two ASC in series connections; and i) different colored LED illuminations, red, green, blue, yellow, white, and series of LED
lights, with two ASC in series connections.
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Table 2. Comparative electrochemical performance of Ni-Mo-based asymmetric devices.

Material Specific capacitance Current density Energy density Power density Cycling stability Ref.
[Fg] (AP [Whkg™'] W kg™] [% per cycles]
Ni,Co,MoO,@MoS, /CoS/NiS // AC 173 1 60.7 800.40 94.4/5000 [63]
NG/NiMoO,/ //AC 62.5 0.5 22.84 400 94.2/5000 [64]
MnMoO, //AC 89 1 317 797 — [65]
H-NiMoS,/NiS,// NCO 144.2 1 32 800 87.3/2000 [66]
rGO/PANI@NiMoS,// AC 73.1 0.5 22.81 375 117.4/5000 [67]
VS, /BP//p-MoS, /BP 114 4 34.71 4031 90/5000 138]
NiCo,0,@NiMo,S,// AC 98.4 0.5 30.73 374.9 84.2/10000 68]
NiCo,S,/Ti;C,T, //NiMo,S,/BP 120 0.5 54 1148.53 86/5000 Present work

of K* ions into the NMS/BP hybrid. The slight shift in peaks at
~27° in NMS structure and 41° toward lower degree (39.5°) in-
dicates the expansion in interlayer spacing in BP, supported by
the K, SO, peak appearing in the XRD patterns, which indicates
a persistent charge transportation of ions in K, SO, electrolyte in
the NMS/BP system. The XRD pattern shows that pseudocapac-
itive reactions remain stable throughout the process, preventing
the formation of any extra phases during the electrochemical pro-
cess dominated by diffusion process. The Ragone plot of asym-
metric devices is shown in Figure 9g. The NMS/BP//NCS/TCX
device offers an effective energy density of 54 Wh kg™! and a
power density of 1148.53 W kg~'. Energy density appearing at
32.14 Wh kg retains at 2305.12 W kg!, a noteworthy power
density. The energy density and power density of the ASC surpass
those of Ni/Mo- and 2D hybrids-based supercapacitor devices.
Table 2 provides the comparative electrochemical performance
of Ni-Mo-based asymmetric devices. As revealed in Figure 9h,
two NMS/BP//NCS/TCX ASC devices connected in series are
capable of running a multi-function display for 30 s, demon-
strating its practical application potential. As shown in Figure 9i,
constructed NMS/BP//NCS/TCX device powers various coloured
commercial LED lights by connecting two devices in series. The
electrochemical energy storage capabilities of NiMo, S, /BP elec-
trode are superior primarily because of practical advantages and
ion transport pathways in the present experiment, which can be
attributed to the following properties: i) The nucleation site from
BP is essential for the formation of significant, desired short-
coming sites in NiMo,S, nanostructures. These sites raise the
lattice spacing, which promotes more stable energy storage per-
formance. ii) NMS functions as spacer molecules in the NMS/BP
hybrid, preventing BP from aggregating together and increas-
ing surface area, electrical conductivity, and charge transfer resis-
tance. The NMS/BP composite electrode material works in recital
to enhance the electrochemical performance. iii) Large surface
area, excellent electron transport, and high ion-diffusion rates
are provided by the developed 3D hierarchical nano architectures
with rich redox active sites of NiMo,S, nanosheets, which are
advantageous for the enhancement in the electrochemical per-
formance. Last, iv) a robust mechanical scaffolding framework
for NiMo, S, nanosheets that inhibits aggregation during rapid
charge/discharge cycles is provided by BP sheets. Further, the
fabrication of a 3D BP structure is a very efficient method to fur-
ther augment the characteristics of 2D BP materials. The advan-
tages of a hierarchical 3D NMS nanostructure are as follows: the
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highly adjustable pore structure can enhance the specific surface
area and facilitate the diffusion of ions, NMS network with ex-
cellent conductivity enables rapid electronic transfer, and the 3D
connector structure can absorb volume variations during charge
and discharge cycles. In addition, they offer an efficient electri-
cally conductive pathway. Due to these benefits, NiMo,S,/BP 3D
hierarchical nano architectures are synthesized, which greatly en-
hance electrochemical capabilities with outstanding specific ca-
pacity, rate capability, and cycle stability for an overall, asymmet-
ric SC device.

3. Conclusion

In this work, a facile one-step in situ hydrothermal synthesis ap-
proach was employed for the construction of NiMo,S,/BP hy-
brid with a 3D hierarchical structure. In addition to support-
ing the BP and grafted by NiMo,S,, the hybrid offers extra sup-
port that enhances redox active sites for electrochemical reac-
tion, which helps many ion transfer channels avoid self-stacking.
NiMo, S, /BP hybrid, after optimization, displays a high specific
capacity of 830 F g™' at 1 A g~! compared to pristine NiMo,S,
electrode. The fabricated NiMo,S, /BP//NiCo,S,/Ti,C,T, asym-
metric supercapacitor exhibits better specific capacitance of 120
F g at 0.5 A g7!, with a high energy density of 54 Wh kg™
at 1148.53 W kg1, good cycle stability, and capacity retention
of 86% and 97% of coulombic efficiency after 5000 cycles. The
potential use of the fabricated supercapacitor devices based on
NiMo, S, /BP hybrid is demonstrated with a satisfactory perfor-
mance. The experimental findings are supported by theoretical
analysis using DFT studies. The structural and electronic prop-
erties of NMS/BP show enhancement in electronic states near
the Fermi level for the hybrid structure. This enhancement in
electronic states may be responsible for the increase in conduc-
tivity as well as an increase in quantum capacitance, leading to
superior charge storage performance for the hybrid structure.

4. Experimental Section

Materials:  For the synthesis of NiMo;S, and NiMo;S,/BP, a sim-
ple hydrothermal technique was used. Without any extra modifications,
all of the analytical-grade compounds were utilized. Ammonium molyb-
date tetrahydrate ((NH4)¢Mo;0,4.4H,0, SDFCL), nickel nitrate hexahy-
drate (Ni(NO3),.6H,0, SDFCL), thioacetamide (C,HsNS, SRL), red phos-
phorus (RP, ISOCHEM), ethylene diamine (C,H,(NH,),, AVRA), K,SO,,
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ethanol LR (SDFCL), Nafion solution (5 wt% in mixture of lower aliphatic
alcohols and 45% water), acetone LR, hydrochloric acid (HCl), Ni-foam,
and distilled water.

Synthesis of BP:  The process of synthesizing BP from RP is shown in
Figure 1a. It involves a standard bottom—up solvothermal reaction in ethy-
lene diamine (ED). Prior to solvothermal treatment, RP was refluxed at 70
°Cfor 12 h in an oil bath; while, being continuously stirred and pre-treated
with DI water (5 wt%). After being cleaned with distilled water, the final
product was dried at 60 °C in a vacuum oven. Following being pre-treated,
the RP powder was mixed with 12.8 wt% of ED and stirred magnetically.
Afterward, the homogenized solution was put in a 50 mL autoclave lined
with Teflon and subjected to solvothermal treatment for 24 h at 200 °C in
a hot-air oven. After eliminating impurities with ethanol and DI water, the
final product was dried in a vacuum oven at 60 °C overnight.

Synthesis of NiMo3S,/BP Hybrid: For the construction of NiMo;S,
and NiMo;S,/BP hybrid, typically, 3 mm of Ni(NO3),.6H,0 and 9 mm
of (NH,)gMo;0,,.4H,0 were dispersed in 30 mL of distilled water; then,
12 mm of thioacetamide (C,H;NS) was gradually added. The mixture was
then magnetically stirred for 45 min at room temperature until a homoge-
nous solution was formed. The mixture was subsequently transferred to
a 50 mL stainless-steel autoclave with a Teflon lining. The hydrothermal
treatment was carried out for 12 h at 200 °C. NiMo;S,/BP hybrid forma-
tion was carried out by adding 30 mg of produced BP powder to the pre-
cursors and treating them hydrothermally at 200 °C for a duration of 12 h.
The final product was filtrated and then cleaned with ethanol and distilled
water. The last step involved vacuum drying the product at 60 °C for 12
h and annealing it in an Ar environment for 3 h at 350 °C. The stepwise
synthesis procedure is illustrated in Figure 1b.

Material Characterization: By employing X-ray diffraction (XRD,
Rigaku Ultima IV with NI-filter for Cu-Ka radiation, 24 = 0.1541 nm), the
phase purity and crystallographic details of the produced materials were
examined. Field emission scanning electron microscopy (FESEM, JEOL
JSM-7100F, JEOL Ltd., Singapore) was used to perform the elemental
and morphological investigations. X-ray photoelectron spectroscopy (XPS,
Thermo K Alpha+ spectrometer, Al Ka X-rays with 1486.6 eV energy) was
employed for the compositional study under ultrahigh vacuum condi-
tions. Further, extensive morphological and structural analyses were un-
dertaken through transmission electron microscopy (TEM, TALOS F200S
G2, 200 kV, FEG, CMOS camera 4k 4k).

Electrochemical Characterization: The electrochemical performance of
as-prepared materials was assessed in 0.5 M K,SO,. The redox process
was investigated using a three-electrode set-up, with Pt wire as the counter
and Ag/AgCl as the reference electrodes. Electrodes were fabricated on
cleaned Ni foam using a drop cast process (0.78 cm? area, 1 m HCl treat-
ment, distilled water, and acetone LR). 1 mg of material was combined
in a 1:19 Nafion and ethanol solution and sonicate for 5-10 min. A slurry
was dropped over Ni-foam and vacuum-dried at 60 °C. These electrodes
were used as working electrodes after being pellet-crushed using a hy-
draulic press at 5 tonnes of pressure. Electrochemical characterizations
of constructed electrodes, comprising CV, GCD, and EIS, had been carried
out using a CorrTest CS350 workstation in Wuhan, China. All electrodes
had been investigated with EIS at open circuit potential using a frequency
range of 0.01 Hz to 100 kHz and a sinusoidal potential of 5 mV. The sta-
bility test was determined using GCD profiles and gravimetric capacitance
values.

Fabrication of Asymmetric Supercapacitors: The asymmetric superca-
pacitor was constructed by implementing a conventional coin cell packing
(CR2032). A Whatman filter paper (Whatman qualitative filter paper with
a diameter of 125 mm |/ thickness of 200 um) separated the NiMo;S,/BP
electrode as the negative with an active mass of 2.6 mg and the previously
reported NiCo,S4/Ti;C,T, as the positive electrode with an active mass of
5 mg.["®] An aqueous solution of 0.5 M K, SO, electrolyte was loaded onto
the working electrodes and sealed in the coin cell using a crimper.

The mass of each electrode was determined by applying the mass bal-
ance equation, employing the charge balance Q+ = Q—.

m, C_ x AV .
m_ "~ C, x AV, (12)
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Asymmetric supercapacitors could be optimized by adjusting the aver-
age mass relation between the electrodes, m+/m™.[16]
The specific capacitance calculated from cyclic voltammetry,

_[1(V)dv
P= [m sAV] (13)

I(V)dV is the CV curve area, m is the electrode material mass, s is the
scan rate, and V is the potential window.
Specific capacitance from the galvanostatic charge-discharge cycle,

1At
Csp= —— 14
sp mAV (14)

Here, [ is current, m is electrode mass, t is discharging time, and V is
a potential window. The current/mass and discharge time/potential win-
dow could be calculated using the slope of the discharging curve utilizing
galvanostatic charge—discharge profiles (At/AV).

The energy density of an ASC device was calculated using the following
formula,

Ed = O.SXCspx(AV)2 (15)

where, AV is the potential window and Csp is a specific capacitance
calculated from GCD plots.

The power density of an ASC device was calculated by using the follow-
ing formula:

_ Ed x 3600

Pd
At

(16)

where At is the discharging time and Ed refers to energy density.

Computational Details:  To perform the density functional theory (DFT)
calculations, the VIENNA ab initio simulation package (VASP) codel>"52]
had been used. The projector-augmented wave (PAW)[33] functional for
pseudopotentials was selected for the present system. Further to under-
take the ion—ion and ion—electron interactions, the GGAPP*3] exchange-
correlational functional was applied. The Hellmann—Feynman forces and
energy were converged till the accuracy of 0.01 eV A=! and 10-5 eV, re-
spectively were reached. The plane wave cutoff was taken as 520 eV. For
Brillouin zone sampling, a Monkhorst schemel*®! with grid points 5 X 5 X
1and 7 X 7 X 1 was chosen for optimization and electronic calculations,
respectively. In the case of bulk optimization, theBrillouin zone was re-
sampled to Monkhorst grid points 5 X 5 x 5. Sufficient vacuum had been
introduced to avoid layer-to-layer interaction between the layers of hybrid
structure. For diffusion energy barrier calculation of K+ ions, the climbing
image nudged elastic band (CI-NEB) method was used.[7:%8] In this, a to-
tal of seven images including the initial and final relaxations were used for
the NEB configuration.
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