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ry designed with a binary
composite of niobium silver sulfide (NbAg2S) and
activated carbon for enhanced electrochemical
performance†

Hirra Rafique,a Muhammad Waqas Iqbal, *a Saikh Mohammad Wabaidur,b

Haseeb ul Hassan,a Amir Muhammad Afzal,a Tasawar Abbas,a Mohamed A. Habila b

and Ehsan Elahi c

A supercapattery is a hybrid device that is a combination of a battery and a capacitor. Niobium sulfide (NbS),

silver sulfide (Ag2S), and niobium silver sulfide (NbAg2S) were synthesized by a simple hydrothermal method.

NbAg2S (50/50wt% ratio) had a specific capacity of 654 C g−1, which was higher than the combined specific

capacities of NbS (440 C g−1) and Ag2S (232 C g−1), as determined by the electrochemical investigation of

a three-cell assembly. Activated carbon and NbAg2S were combined to develop the asymmetric device

(NbAg2S//AC). A maximum specific capacity of 142 C g−1 was delivered by the supercapattery (NbAg2S//

AC). The supercapattery (NbAg2S/AC) provided 43.06 W h kg−1 energy density while retaining 750 W

kg−1 power density. The stability of the NbAg2S//AC device was evaluated by subjecting it to 5000

cycles. After 5000 cycles, the (NbAg2S/AC) device still had 93% of its initial capacity. This research

indicates that merging NbS and Ag2S (50/50 wt% ratio) may be the best choice for future energy storage

technologies.
1. Introduction

The requirement for energy is increasing rapidly due to the
increasing population with each passing day.1 The energy
produced by traditional methods can no longer meet the energy
needs of modern society, so that is why new methods are being
developed to generate and implements energy.2–4 Energy storage
devices are essential along with renewable energy resources for
the continuous supply of energy. Traditional energy storage
devices include batteries and capacitors. Supercapacitors (SCs)
are an intermediate point between capacitors and conventional
batteries.5,6 The energy densities of Li-ion batteries (LIBs)
reached 150 to 200 W h kg−1,7,8 which are signicantly higher
compared to other battery types, such as Ni–Cd9,10 Ni–MH,9 and
lead batteries.9 Applications for electric vehicles are now
feasible thanks to SCs with high power densities, longer life
cycles, and fast charging.11 SCs are cheaper than batteries and
provide good power with amoderate energy density.12–14 The SCs
are considered a main electrical energy storage EES because of
al University, Campus Lahore, Pakistan.

ing Saud University, Riyadh 11451, Saudi

ng University, Seoul, South Korea

tion (ESI) available. See DOI:

645
their good energy and power densities.10,11,15–18 According to
their storing method, SCs are further divided into PCs (pseudo
capacitors) and EDLCs (electric double-layer capacitors). Metal
sulde and conductive polymers are the most frequently used
for PCs because of their electrochemical properties.19–21 Owing
to a shortage of energy production, electrical energy storage
systems are being modied to meet energy requirements. This
issue was solved by combining the characteristics of batteries
and supercapacitors in a single hybrid device.22 Super-
capatteries are hybrid devices that utilize both a capacitive
electrode and a battery electrode.23 Compared to the present
LIBs, supercapacitors, and supercapatteries have shown
a reasonable potential for energy and power density.11 Super-
capatteries have a substantially greater energy density than
supercapacitors.24–27 Layered and non-layered suldes are the
two primary groups into which the metal suldes (MSs) can be
separated. Non-layered metal sulde MSs with high theoretical
capacities are FeS2, NiS2, CoS2, and MnS. They are also
commonly accessible, cost-effective, and environmentally
friendly.28–30 Covalent bonds in semi-metal suldes join the
layers to form the layered MSs, including MoS2, WS2, SnS2, VS2,
and many others.31–36 Changing morphologies, sizes, structures,
and compositions makes it possible to change the electro-
chemical properties of MSs.37,38 Layered transition metal
dichalcogenides (TMDs) with the structural formula MX2 have
gained a lot of attention due to their huge potential for energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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storage applications.39 In MX2, X stands for Se, Te, S, and M
denotes transition metal element.40 Because of its excellent
electrical conductivity, higher specic capacity, and long cycle
life, NbS has become more popular as an anode material.41 Liao
et al. studied the use of Nb oxides for advanced hybrid capaci-
tors. But still, there is a lot of work needed on Nb-based elec-
trode material for SCs.42 Niobium (Nb)-based materials have
incredible potential for use in supercapacitors (SCs). However,
the conductivity of niobium may be successfully increased by
merging Nb with two metals. Niobium sulde has excellent
exibility, hardness, electrical conductivity, long cycle life, high
energy storage capacity, and extraordinary electrochemical
properties.43 Silver sulde (Ag2S) nanomaterial is commonly
utilized in batteries, thermoelectric sensors, infrared nders,
photovoltaic cells, and conductors.44 The ellipsoidal-shaped
Ag2S nano crystals size range lies from 5 to 20 nm.45 Accord-
ing to Pawar et al., Ag2S had a high specic capacity, greater
chemical and electrical conductivity, and is naturally
abundant.46,47

In this work, we successfully synthesized niobium silver
sulde (NbAg2S) nanoparticles using a hydrothermal technique.
The surface morphology and structural analysis of NbAg2S were
measured with a scanning electron-microscope (SEM) and X-ray
diffraction (XRD). The NbAg2S was electrochemically evaluated
using cyclic voltammetry (CV), electrochemical-impedance-
spectroscopy (EIS), and galvanostatic charge–discharge (GCD).
The electrolyte used for testing was 1 M KOH. In addition, the
NbAg2S and activated carbon were combined to develop the
supercapattery. The stability experiments were also performed
to examine the coulombic efficiency and capacity retention of
the NbAg2S//AC device aer 5000 cycles.
Fig. 1 Systematic illustration of the hydrothermal process and electroch

© 2023 The Author(s). Published by the Royal Society of Chemistry
2. Experimental section
2.1. Materials

The subsequent materials were bought from Sigma Aldrich:
carbon black (CB), niobium nitrate (Nb(NO3)5), KOH pellets,
silver nitrate (AgNO3), hydrochloric acid (HCl), activated
carbon, sodium sulde hydrate (Na2S$9H2O) and niobium
nitrate (Nb(NO3)5). The chemicals were bought in their purest
form and weren't further puried before use. Deionized water
(DIW) was used to make solutions, wash samples, and prepare
electrolytes. The reference electrodes (Hg/HgO), nickel foam,
and platinum wire were imported from Japan.
2.2. Material synthesis

Niobium sulde was rst made using a hydrothermal tech-
nique. The hydrothermal method was chosen because of its
ease and simplicity.47 0.8 M (2.32 g) of Nb(NO3)5 and 0.8 M
(0.6243 g) of Na2S$9H2O were dissolved in 10 ml of DIW to
synthesize NbS. Na2S solution was added to the niobium nitrate
solution and placed on a hot magnetic stirrer. Aer 40 min of
continuous stirring, the prepared solution was put into an
autoclave. It was then placed in a furnace at 160 °C for 8 h. To
remove the impurities, solutions were washed several times
with DIW and ethanol. Aer complete washing, the prepared
material was transferred to the dry dish and placed inside the
oven to dry at 60 °C for 3 h. Aer completely following the above
procedure, the material was nally grinded with the use of
a hand grinder and collected inside the dry bottle, and collected
at room temperature.

The silver sulde nanoparticles were made using the previ-
ously mentioned procedures. Similarly, we prepared 0.8 M of
emical testing.

RSC Adv., 2023, 13, 12634–12645 | 12635
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sodium sulde hydrate (0.6243 g) and silver nitrate (1.6987 g)
solution in 10 ml of DIW to make silver sulde. The sodium
sulde hydrate (Na2S$9H2O) solution was transferred to the
silver sulde solution (AgNO3). The combined solution was
continuously stirred for 60 min. The addition of Na2S$9H2O
into AgNO3 turned the white solution black. The complete ready
solution was then put into a 100 ml autoclave and was heated at
160 °C for 8 h before being permitted to cool at room
temperature.

Niobium silver sulde (50/50 wt% ratio) was formed simi-
larly by making three different solutions. First, a 0.4 M (0.849 g)
solution of silver nitrate was produced in 10 ml of DIW. 0.4 M
(1.08 g) of niobium nitrate was used to make solution 2, while
0.8 M (0.6243 g) of sodium sulde was used to make solution 3.
Silver nitrate solution was placed on a hot plate, and the other
two solutions were mixed drop by drop. Then, the procedure
outlined above is completed to synthesize niobium silver
sulde. The illustration of synthesizing NbAg2S through
a hydrothermal process was displayed in Fig. 1.
2.3. Electrochemical measurement

Using cyclic voltammetry (CV), galvanostatic charge–discharge
(GCD), and electrochemical impedance spectroscopy (EIS), the
performance of NbS, Ag2S, and NbAg2S was analyzed. The active
material was rst deposited on nickel foam (NF) and used as the
working electrode. The counter electrode was platinum wire,
and the reference electrode was Hg/HgO. A 1 M KOH solution
was provided as the electrolyte during the entire electro-
chemical tests and was kept in a standard cell at room
Fig. 2 (a) XRD pattern for Ag2S, NbS, and Ag2NbS. (b–d) SEM images fo

12636 | RSC Adv., 2023, 13, 12634–12645
temperature. The slurry was made with 15% ethylene black,
75% active material, and 10% PVDF binder. A homogeneous
solution was prepared by continuously stirring for 6 h. It was
then coated onto the NF. The NF was washed with HCl, ethanol,
and DIW for further testing. The active substance was applied to
a 1 × 1 cm2 area of NF. For NbS, Ag2S, and AgNb2S, the total
weight of the active material transferred onto NF was close to 5–
7 mg.

Further, binary composite (NbAg2S) and activated carbon
were used as positive and negative electrodes for the super-
capattery application. In the two-electrode assembly, 10 mg of
active mass is transferred onto the NF. To reduce the NF effect,
the AC was carefully coated on both sides of NF. The capacity
from CV and GCD curves were measured for NbS, Ag2S, and
NbAg2S. The current density was maintained between 0.8 and
2.0 A g−1. Additionally, the stability of this hybrid device was
tested at room temperature using rapid test methods. With the
help of the following equation, the specic capacity via CV
curves for NbS, Ag2S, and NbAg2S was determined.48–50

Qs ¼ 1

mv

ðVf

Vi

I � VdV (1)

The area is represented by
Ð Vf
Vi

I � VdV , the active mass is m,

and the scanning speed is v. The equation below can be applied
to measure the capacity through GCD.51

Qs ¼ I � t

m
(2)
r NbS, Ag2S, and NbAg2S, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The discharge time is indicated by “t” and the current is
denoted by “I.”

The following equations determined energy and power
density for NbS, Ag2S, and NbAg2S.51

E ¼ Q� DV

2� 3:6
(3)

P ¼ E � 3600

Dt
(4)

E shows energy density, Q represents capacity, the operating
potential is indicated by V, t is the discharge time, and P is the
power density.
3. Results and discussion
3.1. X-ray diffraction analysis

To study the crystallinity, X-ray diffraction (XRD) was used.
Fig. 2(a) indicates the XRD pattern for NbS, Ag2S, and NbAg2S.
Scherer's equation was used to determine the size of the
crystallite

D ¼ kl

b cos q
(5)
Fig. 3 (a–c) XPS spectrum for Ag 3d, Nb 3d, and S 2p, respectively. (d) R

© 2023 The Author(s). Published by the Royal Society of Chemistry
In this equation Dmeans the crystallite size, l is the wavelength,
and b is the full-width half maxima. The typical size for Ag2S was
20 nm, NbS was 23 nm, and NbAg2S was 26 nm from XRD data.
The XRD pattern for Ag2S displays peaks related to (101),
(−111), (112), (−121), (121), (031), (200), (210), (−212), (−213),
(−223) and (−134), planes which match with the JCPDF-014-
0072-Ag2S.52 The planes are centered at 2q= 26.3°, 30.1°, 31.04°,
34.6°, 36.7°, 37.8°, 40.7°, 43.6°, 48.6°, 53.2°, and 57.9°, respec-
tively. The peaks for NbS were related to (002), (100), (110), and
(200) planes, matched with JCPDF-01-089-5008.53 The NbAg2S
was also analyzed using the XRD. The XRD pattern for NbAg2S
matches with the NbS and Ag2S XRD spikes conrming the
successful formation of NbAg2S.45,54

3.2. Scanning electron microscope (SEM)

The morphological characteristics of NbS, Ag2S, and NbAg2S
were analyzed using scanning electron microscopy (SEM).
Fig. 2(b) displayed the SEM image of NbS2; Fig. 2(c) presented
the SEM image of Ag2S, and Fig. 2(d) presented the SEM image
of NbAg2S. As can be observed from these images both Ag2S and
NbS consisted of small nanoparticles. The morphology NbS and
Ag2S indicated the crystalline structure. Above their crystalline
structure, some amorphous structure was found. This was due
to the presence of sulde ions. Pure metals like Nb and Ag
aman spectrometry for Ag2S, NbS, and NbAg2S.

RSC Adv., 2023, 13, 12634–12645 | 12637
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Fig. 4 (a–c) EIS calculation for NbS, Ag2S, and NbAg2S, respectively. (d–f) BET calculation for NbS, Ag2S, and NbAg2S, respectively.

Table 1 Specific parameters calculated through BET measurements
for NbS, Ag2S, and NbAg2S

Materials
Surface area
(m2 g−1)

Pore size
(nm)

Pore volume
(cm3 g−1)

NbS 24.76 0.23 0.026
Ag2S 19.43 0.18 0.017
NbAg2S 35.71 0.23 0.038
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showed crystalline form while the sulfur developed on the
surface of these metals as observed from the SEM images is
responsible for their amorphous nature. The amorphous
structure was able to store more charge as compared to crys-
talline. The morphology of NbAg2S was shown in Fig. 2(d),
showing a matrix composite with numerous active sites. Thus
electrical conductivity and specic capacity of this NbAg2S were
improved.
3.3. XPS analysis

By using X-ray photoelectron spectroscopy, the valence state of
Ag, Nb, and S in the composite sample was calculated, as shown
in Fig. 3(a–c). The XPS spectra for Ag in Fig. 3(a) revealed two
unique peaks with a 5 eV gap between them. Ag 3d5/2 appeared
at 367.5 eV and the Ag 3d3/2 appeared at 372.5 eV, both of which
match with Ag+ as reported earlier.55 To Nb 3d levels have
binding energies (BE) that range from 208 eV for Nb 3d3/2 to
212 eV for Nb 3d5/2 as indicated Fig. 3(b) The spin–orbit split-
ting energy of 4 eV and the BE numbers are consistent with the
12638 | RSC Adv., 2023, 13, 12634–12645
Nb5+ state.56 The XPS spectra for S 2p was represented in
Fig. 3(c). Peaks at 162.5 and 168.5 eV appeared which belong to
S 2p1/2 and S 2p3/2.57

3.4. Raman spectrometry

The Raman spectroscopy results for Ag2S, NbS, and NbAg2S
nanopowder were recorded using an optimal laser stimulation
power of 40mW (Fig. 3(d)). The high stimulation power resulted
in elevated spectral intensity but also caused the photoinduced
breakdown of silver sulde, which caused the emergence of
a very strong peak at 1444 cm−1 and strong peaks at 485 and
1255 cm−1. Strong peaks at 485, 1255, and 1444 cm−1 are caused
by vibrations of sulphur oxide molecules and silver metals
created by the photoinduced breakdown of Ag2S.58 There are
three peaks observed from the Raman spectrum of niobium
sulde. The peak appeared at 151 cm−1 was may due to some
defects.59 The two peaks at 309 and 389 cm−1 corresponds to the
niobium sulde structure.60

3.5. EIS and BET measurements

Electrochemical impedance spectroscopy (EIS) uses a wide
range of AC frequencies. It determines the electrical resistance
(impedance) of the metal/solution interface over a broad
frequency series (from 1 MHz to 10 KHz). The well-established
quantitative method known as electrochemical impedance
spectroscopy can be applied properly to evaluate the anti-
corrosion efficiency of protective coatings (EIS). EIS is a valu-
able tool for investigating the interfacial properties of bio-
recognition processes at the electrode surface. EIS data are
© 2023 The Author(s). Published by the Royal Society of Chemistry
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frequently assessed by tting to an identical electrical circuit
model. EIS is one of the most popular analytical techniques.61–66

A unique electrochemical impedance spectroscopy (EIS) anal-
ysis based on evolutionary programming has been used to look
at the processes that govern the operation of supercapacitors
and their decomposition procedures.67 The EIS graph for NbS,
Ag2S, and NbAg2S was represented in Fig. 4(a–c). The EDLC and
faradaic behavior can be observed from the straight line along
with the small semicircle. The ESR was also calculated from the
EIS graph for NbS, Ag2S, and NbAg2S. The ESR for NbAg2S was
1.04 U, less than NbS (1.13 U) and Ag2S (1.18 U).

An analytical method called Brunauer–Emmett–Teller (BET)
was used to investigate pour volume and surface area for pure
solid materials. In this technique, an inert gas, like nitrogen, is
adsorbed onto the solid surface of the sample. The physical
adsorption of gas molecules on a pure solid surface is the
fundamental basis of an important analytical technique for
guring out the specic surface area of materials. All material
was outgassed at 100 °C for 7 h in a vacuum before measure-
ments were taken.68,69Using the BETmethod, the surface area of
NbS, Ag2S, and NbAg2S was calculated and represented in
Fig. 4(d–f). BET surface area of the NbS, Ag2S, and NbAg2S was
24.76, 19.43, and 35.71 m2 g−1, respectively. The porous surface
morphologies were useful for energy storage applications
because their extensive pore channels enable quick electrolyte
Fig. 5 (a–c) Represents CV graphs for NbS, Ag2S, and NbAg2S, respecti

© 2023 The Author(s). Published by the Royal Society of Chemistry
transport, and small holes provide more active sites for chem-
ical reactions.70,71 According to Brousse et al., who synthesized
corresponding mixtures and amorphous ones, BET analysis and
water content have no further impact on capacitance.74

On the other hand, the capacitance of the Nb-derived sample
is unaffected by the increase in BET surface area. Additionally,
aer the proton exchange operation, the capacitance in the case
of NbAg2S decreases, raising the BET value. These results
showed that the element shape and size determine the capaci-
tance in addition to the BET surface area and the type of the
examined part. This outcome aligns with the general ndings of
Toupin et al.73 Going to prove that in pseudo-capacitive
phenomena related to faradaic reactions, the microstructure
signicantly impacts capacitance levels.72,74 Fig. 3(d–f) indicates
the BET graph for NbS, Ag2S, and NbAg2S. Table 1 lists the
average pore diameters, specic surface areas, and pore
volumes of NbS, Ag2S, and NbAg2S determined by BET
measurements. The experiments used composite electrodes,
demonstrating a signicant difference between the samples.75

3.6. Electrochemical results

The electrochemical results of NbS, Ag2S, and NbAg2S were rst
calculated with the use of a three-electrode assembly. At various
scan rates, CV measurements for all prepared materials (NbS,
Ag2S, and NbAg2S) were taken in a 1 M KOH electrolyte at an OP
vely. (d) CV comparison for NbS, Ag2S, and NbAg2S at 3 mV s−1.

RSC Adv., 2023, 13, 12634–12645 | 12639
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Fig. 6 (a–c) Represents GCD graphs for NbS, Ag2S, and NbAg2S, respectively. (d) GCD comparison for NbS, Ag2S, and NbAg2S at 1.0 A g−1.
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of (0–0.6 V). Fig. 5 displays the CV measurements of NbS, Ag2S,
and NbAg2S. The CV measurements describe the storage
mechanism in materials. The CV curves for NbS, Ag2S, and
NbAg2S had nonrectangular shapes that indicate faradaic
nature. The faradaic behavior was evidence of the battery-type
attitude of NbS, Ag2S, and NbAg2S. Additionally, the redox
peaks increase with the rise in scan rate, further proving the
battery-like behavior of NbS, Ag2S, and NbAg2S. Redox peaks
become wider as the scan rate increases.76–78 NbS had a capacity
of 394.4 C g−1 when calculated through CV using equation no 1,
while Ag2S had a capacity of 206 C g−1 at 3 mV s−1. The NbS and
Ag2S are combined to improve overall performance. NbAg2S, the
nal product, had a maximum capacity of 645 C g−1. Fig. 5(a–c)
displays the CV results for NbS, Ag2S, and NbAg2S at different
scan rates ranging from 3 to 50 mV s−1. The synergistic effect of
NbS and Ag2S, fast movement of ions, and increased surface
area result in increased specic capacity of NbSAg2S. Fig. 5(d)
compares CV curves for NbS, Ag2S, and NbAg2S at 3 mV s−1. The
combination of NbS and Ag2S increases conductivity and
surface area, two important properties for electrochemical
measurements. The area under the curve improves as the scan
rate increases due to a reduction in the charging/discharging
time.51,79,80 For NbS, Ag2S, and NbAg2S, the calculated specic
capacitance Cs were 657.5, 343.33, and 1075 F g−1, respectively.
Increased surface area and higher electric conductivity may be
due to the synergetic impact of combined NbS and Ag2S. The
12640 | RSC Adv., 2023, 13, 12634–12645
increased electrochemical performance of NbAg2S may be
because of the quick exchanges of ions from the electrolyte to
the surface.81,82 Eqn (2) was applied to estimate the capacity for
NbS, Ag2S, and NbAg2S through GCD curves using discharge
time. In contrast to the individual NbS and Ag2S, the combined
NbAg2S discharge time was 654 s at 1.0 A g−1, which is long, as
indicated in Fig. 6(c). The GCD proles of NbS, Ag2S, and
NbAg2S indicate little deviation from EDLC triangular behavior,
which attributes to battery-like attitude. The charging/
discharging time decreases as the current density increases.
This was due to ions–electrons interaction increases due to
higher excitation. The discharge duration for NbS was 440 s at
1.0 A g−1, and for Ag2S was 232 s at 1.0 A g−1, as represented in
Fig. 6(a and b). The specic capacities for NbS, Ag2S, and
NbAg2S were estimated from the GCD proles, and the results
displayed that the specic capacities of single NbS and Ag2S
were lower than NbAg2S. NbS had a maximum specic capacity
of 440 C g−1 and a current density of 1.0 A g−1. Fig. 6(d) indi-
cates the comparative GCD plot of NbS, Ag2S, and NbAg2S at
1.0 A g−1. The specic capacity for Ag2S was 232 C g−1 at
1.0 A g−1. The specic capacity of NbAg2S composite material
was 654 C g−1 at 1.0 A g−1. The specic capacitance was also
measured from GCD graphs. For NbS, Ag2S, and NbAg2S, the
measured capacitance values were 733.33, 386.66, and 1090 F
g−1 at 1.0 A g−1, respectively. The composite of niobium and
silver was the nest material among all, with a specic capacity
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a and b) Specific capacity and capacitance for NbS, Ag2S, and NbAg2S through CV graphs. (c and d) Specific capacity and capacitance for
NbS, Ag2S, and NbAg2S through GCD graphs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 5

/2
4/

20
26

 1
2:

28
:3

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of 654 C g−1 in GCD measurements. This implies that, in
contrast to individual Ag2S and NbS, combined NbAg2S was
more active and, as a result, themovement of ions and electrons
is much simpler. The increased surface area and improved
conductivity of NbAg2S were also linked to more active spots.
The specic capacity and capacitance for NbS, Ag2S, and NbAg2S
were shown in Fig. 7. The large surface area, number of active
sites, exposed ion transfer region, less recombination, and
small size of particles were responsible for the enhanced
performance of NbAg2S.51 This NbAg2S candidate, therefore, has
tremendous potential for supercapacitor applications.
3.7. Two electrode assembly

The best material (NbAg2S) was selected for two-cell operation
with activated carbon (AC) to develop supercapattery. An
asymmetric device was developed with (AC) as the negative
electrode and NbAg2S as the positive electrode, as displayed in
Fig. 8(a). The CV measurements for AC and NbAg2S were per-
formed separately using a three-electrode assembly, as shown in
Fig. 8(b). The CV and GCD calculations for the NbAg2S//AC
device were indicated in Fig. 8(c and d).

Supercapacitors should operate at a large operating potential
(OP) to achieve maximum energy density. Fig. 8(c) represents
© 2023 The Author(s). Published by the Royal Society of Chemistry
the CV measurements for NbAg2S//AC in a two-electrode
assembly at various scan rates between 3–100 mV s−1 in a 1 M
solution of KOH. The OP for NbAg2S//AC supercapattery was 0–
1.6 V due to the combined OP of AC (−1 to 0 V) and NbAg2S (0–
0.6 V). The rectangular form of CV graphs was evidence of the
capacitive nature of AC. The virtually rectangular form of CV
proles for NbAg2S//AC device at 0–0.5 V potential indicates
a capacitive attitude. Little redox peaks that indicated faradaic
reactions appeared at the potential from 0.5 V to 1.6 V. At higher
scans, the CV form does not alter, demonstrating the overall
stability and higher rate capability of the NbAg2S//AC device.
Similarly, GCD was carried out in an electrolyte of 1 M KOHwith
OP of 0 V to 1.6 V. The results of the GCD calculations were
displayed in Fig. 8(d). The almost triangular shapes of the GCD
curves with the small highland region support our assumption
of the formation of supercapattery. The GCD curves indicate the
EDLC and pseudo-capacitive behavior. The specic capacity of
the NbAg2S//AC hybrid device was also determined from CV and
GCD, as indicated in Fig. 9(a and b). The capacity of the
NbAg2S//AC hybrid device calculated from CV was 112.8 C g−1,
while 142 C g−1 from GCD. When the current density reached
2 A g−1, the capacity reduces to 25.06 C g−1. This device was
offered for 5000 charging/discharging cycles for
RSC Adv., 2023, 13, 12634–12645 | 12641
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Fig. 8 (a) Systematic image of NbAg2S//AC supercapattery. (b) CV comparison of AC and NbAg2S. (c) CV curves for NbAg2S//AC supercapattery
at different scans. (d) GCD curves for NbAg2S//AC supercapattery at different scan rates.

Fig. 9 (a and b) Specific capacity of NbAg2S//AC supercapattery through CV and GCD. (c and d) Charge/Discharge time and coulombic effi-
ciency/capacity retention measured for NbAg2S//AC supercapattery after 5000 cycles.

12642 | RSC Adv., 2023, 13, 12634–12645 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) b-Fitting computed for NbAg2S//AC supercapattery. (b)
Energy density and power density computed for NbAg2S//AC
supercapattery.

Table 2 Represents the comparison of Ed and Pd of NbAg2S//AC
supercapattery with past work

Energy density
(W h kg−1)

Power density
(W kg−1) Previous study

10.01 520 AgCuS core/shell83

18.4 254.5 Ni–Co–S nano-sheets84

28.22 596 2D vanadium disulde/
black phosphorus hybrids85

25.71 8.73 CoZnS/Cu2O3 nanoarrays
86

25.71 8.73 Cobalt zinc sulde/copper oxide
nanoarrays86

19.63 340 Ag–MoS/WS2 (ref. 87)
43.06 750 This work
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a supercapattery lifecycle test. Fig. 9(c and d) indicates stability
performance aer 5000 cycles. The charge/discharge time was
shown in Fig. 9(c) against 5000 cycles. The blue curve in Fig. 9(d)
© 2023 The Author(s). Published by the Royal Society of Chemistry
depicts the capacity retention of this device aer 5000 cycles,
which is still 93%. While the red curve in Fig. 9(d) indicates that
coulombic efficiency which was 96.35% aer 5000 cycles. The b-
tting was also computed to support our hypothesis of super-
capattery development. The charge storage in the NbAg2S//AC
device was essentially determined using b values. Fig. 10(a)
displays the estimated b-values of the NbAg2S//AC device at
several potentials. The b-values range for a battery lies between
0–0.5, while that of a supercapacitor was 0.8–1.0, and that of
a supercapattery was between 0.5–0.8.79 The calculated b-values,
therefore, fall within the range of supercapattery, as shown in
Fig. 10(a). Thus the storage mechanism in the NbAg2S//AC
device was a fusion of both capacitive and faradaic reactions.
Eqn (3) and (4) were used to calculate energy and power
densities. At 1.0 A g−1 current density, the supercapattery
(NbAg2S//AC) delivers 43.06 W h kg−1 energy while upholding
a power density of 750 W kg−1. Fig. 10(b) compares the energy
density to the previously reported work. Table 2 represented the
comparison of this work with previous reports. We also calcu-
lated the capacitive and diffusive part in the ESI portion
(Fig. S1†).

The combination of NbS and Ag2S had a 50/50 weight ratio
(NbAg2S) offering good potential for future applications in
(ESD) energy storage devices.

4. Conclusion

The hydrothermal technique was used in this study to synthe-
size NbS, Ag2S, and NbAg2S for supercapattery applications.
SEM and XRD were used to study the physical structure and
surface morphology of the NbS, Ag2S, and NbAg2S. The NbAg2S
showed higher values of the specic capacity as compared to
NiS and Ag2S due to greater surface area and high electronic
mobility. The composite NbAg2S had a capacity of 654 C g−1 at
1.0 A g−1 current. The NbAg2S was also used as anode material
in a supercapattery (NbAg2S//AC). The capacity of 142 C g−1 at
1.0 A g−1 was achieved in a two-electrode assembly for the
NbAg2S//AC device. The supercapattery NbAg2S//AC provided an
energy density of 43.06 W h kg−1 at 750 W kg−1 power. Aer
5000 cycles of charging and discharging, the coulombic effi-
ciency of the NbAg2S//AC hybrid device was 96%. The NbAg2S as
an electrodematerial for asymmetric devices will perform better
in the future.
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