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The layered structures of tungsten disulfide (WS;) and molybdenum tungsten disulfide (MoWS,) are
considered as the most promising electrode materials for energy storage devices. Herein, MS
(magnetron sputtering) is required for the deposition of WS, and MoWS, on the surface of the current
collector to attain an optimized layer thickness. The structural morphology and topological behavior of
the sputtered material were examined via X-ray diffraction and atomic force microscopy. Three-
electrode assembly was used to start the electrochemical investigations to identify the most optimal and
effective sample among WS, and MoWS,. CV (cyclic voltammetry), GCD (galvanostatic charging
discharging), and EIS (electro-impedance spectroscopy) techniques were employed to analyze the
samples. After preparing WS, with optimized thickness as the superior performing sample, a hybrid
device was designed as WS,//AC (activated carbon). With a remarkable cyclic stability of 97% after 3000
continuous cycles, the hybrid supercapacitor generated a maximum energy density (E5) value of
425 W h kg™ and 4250 W kg™ of power density (P,). Besides, the capacitive and diffusive contribution
during the charge-discharge process and b-values were calculated by Dunn's model, which lay in the
0.5-1.0 range and the fabricated WS, hybrid device was found to have a hybrid nature. The outstanding
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1. Introduction

The energy demand and supply has exploded exponentially
during the last decade and now it is time to abandon fossil
fuels. Renewable energy is going to be the major energy
resource of the future; however, only its extraction would not
suffice as there is a dire need for advance storage technologies
for energy storage."” The two most important energy storage
technologies now meeting the energy demands of the modern
world are batteries and supercapacitors, but each come with its
own merits and demerits. Battery storage technology is
controlled by faradaic redox reactions occurring at the battery
electrodes by means of which high energy density can be
delivered.® Batteries, despite their promising features, face
dendrite formation upon high power extraction as well as
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outcomes of WS,//AC make it suitable for future energy storage applications.

sluggish charge kinetics, which largely inhibit its high-power
utilization.* In contrast, supercapacitors (SCs) of two types,
i.e., electric double layer capacitors (EDLCs) and pseudocapa-
citors retain the charges at the targeted electrode via electro-
static forces, which can be rapidly released when desired, thus
catering to high power applications.® Although SCs are an
integral component of numerous electronic devices but lack
high specific energy, which is a crucial factor for an energy
storage device.® Henceforth, the concept of merging the merits
of both batteries and SCs can be realized employing both
battery and capacitive grade electrodes into an individual device
named as “supercapattery” or “hybrid supercapacitors”.”

A hybrid device utilizes battery grade material for its anode
and carbonaceous materials (graphene, CNTs, AC, etc.) as the
negative terminal. The efficiency of electrochemical energy
storage system is highly reliant on the electrode material
utilized.® Thus, those materials with high porosity, large surface
area, numerous redox active sites, and stable crystal structure
are preferred.” Many materials are thoroughly investigated as
electrode materials for hybrid supercapacitor applications
including oxides, phosphides, phosphates, sulfides, and con-
ducting polymers.’®** However, the low conductivity and
stability of oxides, phosphates, and phosphides inhibit its
practical implementations.” In contrast, transition metal
sulfides (TMS) are an interesting contender material for energy

RSC Adv, 2023, 13, 15575-15585 | 15575


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra00847a&domain=pdf&date_stamp=2023-05-23
http://orcid.org/0000-0003-4985-0981

RSC Advances

storage applications as they have unique electrochemical
features. They have better charge storage capability and provide
more redox active sites, thus leading to superior electro-
chemical performance.®* TMS also has an enhanced electrical
conductivity relative to oxides and are less electronegative, thus
bringing flexibility to their use in various applications. Nand-
hini et al. synthesized NiS nanoparticles via hydrothermal
approach for supercapacitor applications.” NiS possess
a specific capacitance (Cg) of 964 F g~ * at a current density of
1 A g '. Multidimensional CoS/NiO architectures were utilized
by Yang and coworkers as supercapacitor electrode materials.
CoS/NiO provided a C; of 1620 F g~ ' at 1.0 A g~ ' current density
with a long-life cyclic stability.'® Heydari et al. synthesized CuS
nanohollow spheres for application in supercapacitors.'* The
synthesized material presented a maximum C; of 948 F g~ " at
1 A g~ " current density. Transition metal dichalcogenides have
also grabbed a significant position in the development of
advanced energy storage devices due their layered 2D structure.
Chen et al. reports graphene coupled with WS, for super-
capacitor applications. The prepared sample displayed
a maximum C; of 383.6 F g~ .2° Mohan et al. synthesized WS,
nanoflowers, whose fabricated symmetric supercapacitor
delivers a Cs of 119 F g~ " at 1 A g~ '.>* The stated literature
highlights the importance of investigating sulfides for hybrid
supercapacitor devices.

Herein, we analyzed the electrochemical response of tung-
sten di-sulfide (WS,) and molybdenum-tungsten di-sulfide
(MoWS,) magnetron sputtered on nickel foam with distinct
film thickness. 2D transition metal chalcogenides are fasci-
nating materials in terms of their layered structure and elec-
trochemical properties and hence structurally and
electrochemically elucidated in this current work. All the
prepared samples are first tested in the three-electrode cell
setup and then the most optimized performing sample is
combined with activated carbon (AC) to assemble a hybrid
supercapacitor device, which showed decent energy and power
densities. The theoretical approach is also applied to acquire an
understanding into the charge storage mechanism of the
fabricated device.

2. Experimental section

2.1. Deposition technique for WS, and MoWS,

Numerous deposition methods can be used to produce WS, and
MoWS, thin films. Through radio frequency sputtering (RFMS),
we were able to create WS, and MoWS, thin films in this case.
On NF substrate and glass slides, both MoWS, and WS, were
sputtered using an Ollital multitarget RF-DC (sputtering appa-
ratus) and using WS, and MoWS, targets procured from Stan-
ford Advanced Materials. Quartz crystal was used to detect an in
situ layer thickness by maintaining a substrate to a target
distance of 60 mm. Also, the predeposition precautions were
taken care of by maintaining a constant flow rate (50 SCCM) of
Argon gas in the chamber along with plasma cleaning and
presputtering of targets prior to deposition to eradicate any
impurity present. For WS, and MoWS,, separate samples
totaling four were created. WS, samples were designated as W1,
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W2, W3, and W4 for film thicknesses of 150, 250, 350, and
550 nm, respectively. MoWS, was designated as M1, M2, M3,
and M4 with film thicknesses of 217, 467, 733, and 1026 nm =+
4 nm, individually.

3. Results and discussion

3.1. Structural, microscopic, morphological, and surface
analysis

The X-ray diffraction patterns of WS, and MoWS, are depicted
in Fig. 1(a) and 2(a). The WS, X-ray diffraction pattern has
significant high intensity diffraction peaks at 26 of 28.92° (004),
39.32° (103), 43.48° (006), 49.16° (105), and 58.92° (008),
respectively. These peaks are typical of tungsten disulfide,
a substance having two unique structural phases, hexagonal
and rhombohedral, which are completely consistent with one
another and the ICDD database (PDF # 00-08-0237). In MoWS,-
amalgamated thin films, the higher significant peaks at 2¢
values of 39.8° and 56.02° along with the planes (103) and (106),
respectively, are linked with the MoWS, cubic structure ICDD
database (PDF # 002-0132). Fig. 1(b) and 2(b) depict the Raman
spectra of WS, and MoWS,, respectively. The Raman spectrum
of WS, features a second-order peak (2LA(M)) near the M-point
of the Brillouin zone center, and both the material samples have
first-order in-plane (E;,,) and out-of-plane (A;z) optical peaks.*
As shown in Fig. 1(c) and 2(c), SEM was adopted for analyzing
the surface morphology of WS, and MoWS, layered over nickel
foam (b). The SEM results at high-level magnification provides
a clear explanation of the porous structure of substrate, which is
completely coated in the sputtered material. In addition, EDX
(energy dispersive X-ray spectroscopy) was carried out to
perform an elemental assessment to determine the components
of sputtered WS, and MoWS, on the substrate. The humps/
peaks were checked for S, Mo, and W, which unquestionably
proves that WS, and MoWS, exists on Ni-foam, as expressed in
Fig. 1(d) and 2(d). Fig. 3(a)-(h) indicates the three-dimensional
topology of the films described on the surface of glass slide, as
measured by AFM for all the required samples.

3.2. Three-electrode electrochemical analysis

3.2.1. Cyclic voltammetry (CV). To start with the electro-
chemical analysis, three-electrode cell setup was assembled and
cyclic voltammetry of the WS, and MoS, samples was performed
in 1 M KOH electrolytic medium with Hg/HgO and platinum
wire as the reference and counter electrodes, respectively. The
CV of the WS, samples in Fig. 4(a)-(d) and MoWS, samples in
Fig. 6(a)-(d) were noted at different scanning rates (3-50 mV
s~1) with 0-0.7 V scanning potential window. From the vol-
tammograms of all the samples, it is clear that the samples
possess battery grade nature as redox peaks are present at
certain voltage values. The redox peaks indicate the existence of
faradaic reactions, which in forward scan denotes oxidation
reaction and in the negative scan shows reduction reactions.”
The design of CV curves of all the samples is a mixture of EDLC
and faradaic behavior, due to which the material has higher
stability over increasing scan rates and has symmetric curves.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) X-ray diffraction patterns of WS,. (b) Raman spectrum of WS,. (c) Scanning electron microscopy of magnetron-sputtered WS, on nickel

foam. (d) EDX spectrum of WS,.

An elevation in the peak currents can be observed at higher scan
rates along with peak broadening, which means that the
capacitive role is influential at higher scan rate values. This
phenomenon is regarded to the availability of limited time for
the ions to intercalate into the electrode; rather, they are
adsorbed on the surface. For all the samples, a shift in the peaks
toward higher potentials can also be observed, which is a char-
acteristic of the battery-grade nature material. At the electrodes,
the redox reactions may follow the following equations.

© 2023 The Author(s). Published by the Royal Society of Chemistry

WS, + OH™ — WS,0H + ¢~ 1)

)

In case of WS,, W2 has the largest peak currents and has larger
area under the curve, which means that it has the highest
specific capacity (Qs) (Fig. 5(a)). Among different samples of
MoWS,, M3 covers the largest area under the curve, making it
superior among others in term of charge storage, as can be seen

MoS, + OH™ — MoS,0H + e~
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in Fig. 7(a). Qs can be calculated from the cyclic voltammograms
using eqn (3) (ref. 24)

0 [ (3)

2mvy

where ‘[ x V dV” is the area included under the CV curve, * is
the synthesized materials’ mass, and ‘v’ is the scan rate. The
specific capacities achieved from the cyclic curves at the scan
rate of 3 mV s~ " were 427, 479, 326, and 320 C g * for the W1,
W2, W2, and W4 samples, respectively. For the samples M1, M2,

(a) XRD patterns of MoWS,. (b) Raman spectrum of MoWS,. (c) SEM of magnetron-sputtered MoWS; on nickel foam, (d) EDX spectrum of

M3, and M4, the calculated Qg were 230, 324, 361, and 192 C g’l,
respectively. The specific capacities highlight that sample W2 is
the best performing sample among all the tested samples, as
judged from the CV results. The overall best performance of W2
may be attributed to battery-dominant materials, such as WS,,
the electrolyte ions intercalate inside the surface of electrode
material to ample the redox reaction. Thus, here, W2 has
enough active sights to store the electrolyte ions, which even-
tually enhanced its electrochemical performance. By increasing
the thickness, the compact layer of WS, is formed, which blocks

7.8nm
0.0 nm

13nm

0nm

Fig. 3 AFM image of (a) W1, (b) W2, (c) W3, (d) W4, (e) M1, (f) M2, (g) M3, and (h) M4.

15578 | RSC Adv, 2023, 13, 15575-15585

© 2023 The Author(s). Published by the Royal Society of Chemistry



Paper

RSC Advances

(b

(a)

01 00 01 02 03 04 05 06 07 08
Potential (V) vs Hg/HgO

—
(2)
—

e (d

T 50

E

e 0

L

= w3

a -50 —3 mV/s
—10 mV/s
—30 mV/s

-100 —50 mV/s

01 00 01 02 03 04 05 06 07 08
Potential (V) vs Hg/HgO

100
= _
E 50 ‘éf 50
€ o0 € 0
‘G_l Q
= w1 ~ 50 w2
3 50 —_—mvs 3 —3 mV/s
—10 mV/s —10 mV/s
—30 mV/s -100 —30 MV/s
-100 —S50 MV/s —S0 mV/s
J -150 |

o 0.6 w1 006 w2
i‘ —0.5 Alg g —0.7 Alg
305 —1p 0.5 —14lg
¥ —3 Ay % —3 Al
» 0.4 —sAk 504 ——sAl
> >
Sos3 So3
® ©
£ 02 £02
% 0.1 % 0.1
(-9 [-9

0.0 0.0

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200
Time (s) Time (s)
,

O 0.6 w3 O 0.6 wa
% —0.5 Alg 5:0 —0.3 Alg
305 —1ak 05 ——14/g
T —3 ALy i“ —2Ag
w 0.4 —35 Alg » 0.4 w—3 Alg
> >
Sos3 Sos3
= =
5 0.2 202
5 c
+« 0.1 3 0.1
° °
(-9 (-9

0.0 0.0

0 200 400 600 800 1000 1200 0 500 1000 1500 2000
Time (s) Time (s)

) 150

01 00 01 02 03 04 05 06 07 0.8
Potential (V) vs Hg/HgO

S—

60
< 30
£
£ o0
o
- wa
330 —mifi
—10 mV/s
w—30 MV/s
-60 —0 mV/s
]
-0.1 0.0 01 0.2 03 04 05 06 0.7 038

Potential (V) vs Hg/HgO

-------—--------L--------------

Fig. 4 Cyclic voltammograms of (a) W1, (b) W2, (c) W3, (d) W4. Galvan

the path of ions to intercalate inside the surface of electrode
material, which may affect the energy storage performance of
WS,.

3.2.2. Galvanostatic charging discharging (GCD). After
obtaining an understanding about the kinetics of the as-

© 2023 The Author(s). Published by the Royal Society of Chemistry

ostatic curves of (e) W1, (f) W2, (g) W3, (h) W4.

synthesized samples, the GCD tests were initiated in the
potential window of 0-0.6 V at different current densities. The
potential window was set by keeping in view the CV results as
the maximum oxidation occurred in the 0.6 V region. The GCD
results of WS, are presented in Fig. 4(e)-(h) and that of MoS, are

RSC Adv, 2023, 13, 15575-15585 | 15579
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Fig. 5 Comparison of (a) cyclic voltammetry curves of the WS, samples. (b) GCD curves of WS, samples. (c) Specific capacities of WS, samples.

(d) EIS spectrum of WS, samples with equivalent circuit fitting.

expressed in Fig. 6(e)-(h). The galvanostatic charging/
discharging curves of all the samples are in complete accor-
dance with cyclic voltammetry results as a hump is clearly
observed in the charging-discharging curves, which shows the
continuation of redox reactions. The specific capacity of sample
W1-W4 and M1-M4 were calculated using eqn (4) (ref. 24)

I x At
Os =

(4)

where ‘I/mv’ is the current density and the discharging time is
specified by ‘A¢. The maximum specific capacities calculated
for the samples from the GCD results were 314, 346, 242, and
219 C g~ * for W1, W2, W3, and W4, respectively. For M1, M2,
M3, and M4, the maximum specific capacities calculated were
235, 252, 304, and 144.8 C g, respectively. The GCD results
also support the CV outcomes and shows that the same W2 is
the best performing sample among all other samples, as pre-
sented in Fig. 5(c) and 7(b).

3.2.3. Electron-impedance spectroscopy (EIS). Electronic
conductivity is one of the prime factors that influences the
electrochemical properties of a material. To get an idea about
the overall conductivity of WS, and MoS, samples, electro-
chemical impedance spectroscopy analysis was conducted in
the range of 0.1 Hz-100 kHz. The EIS spectra of WS, are

m

15580 | RSC Adv, 2023, 13, 15575-15585

presented in Fig. 5(d). In the elevated frequency region, the
semicircle in the EIS spectrum denotes the R, (charge transfer
resistance), which is the resistance faced by ions at the
electrode/electrolyte interface. In case of the WS, samples,
negligible R can be observed. The resistance offered to the
ions, while its diffusion through the electrolyte and its inter-
action with the electrode is described through ESR (equivalent
series resistance). The intersection of EIS spectrum with x-axis
can provide the ESR value. The ESR calculated for W1, W2, W3,
and W4 was 1.17, 0.88, 14.5, and 1.65 Q, respectively. Similarly,
looking at the EIS spectrum of the MoWS, sample in Fig. 7(c), it
can be noticed that the samples have negligible R... The ESR was
1.97, 2.20, 0.74, and 1.98 Q for M1, M2, M3, and M4, respec-
tively. The ESR also confirmed that W2 has convincing
outcomes and is most favorable to be integrated in a hybrid
supercapacitor assembly.

The overall best performance of WS, may be attributed to
battery-dominant materials such as WS,; the electrolyte ions
intercalate inside the surface of electrode material to complete
the redox reaction. Here, WS, may have enough active sites to
store the electrolyte ions, which eventually enhanced its elec-
trochemical performance. By increasing the thickness, the
compact layer of WS, is formed, which blocks the path of ions to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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intercalate inside the surface of electrode material, thus
affecting the energy storage performance of WS,.

3.3. Real device fabrication

To realize the functional implication of WS, as a high-
performance active electrode, a hybrid supercapacitive device
was engineered by amalgamating activated carbon and WS,
(sample W2) as the negative and positive electrode (WS,//AC),
respectively. The fabricated device was scrutinized for its elec-
trochemical properties in 1 M KOH. To obtain maximum results
from any hybrid device, charge balancing must be done, which
was done in this current work using eqn (5).>

Qs‘ X AV+

T ©)

my
m_

where, m, and m_ are the active material's mass on the anode
and cathode, respectively, Qs determines the specific capacity,
AVis the operating voltage, and Cj is the specific capacitance.
Fig. 8(a) compares the voltammograms of both AC carbon
and WS, in a three-electrode assembly. The working potential
window of AC was in the range of 0 V to —1 V and that of WS,
was in the range of 0-0.7 V. With that in view, the optimum
potential window for the CV analysis of the fabricated device
was set to 0 V-1.7 V. The cyclic voltammograms of the WS,//AC
device are displayed in Fig. 8(b), which shows that the device
has symmetric peaks with the simultaneous behavior of both
EDLC and battery. The symmetric curves of WS, are an indi-
cation that it possesses great rate capability and stability even
at higher scan rates. The GCD patterns of the fabricated device
are shown in Fig. 8(c). The curves represent the attributes of
a hybrid device and were recorded at various current (0.9-
5.0 A g~ ') densities between 0 V and —1.7 V. The highest
discharging rate was obtained at 0.9 A g~ '. The Q, calculated
for WS,//AC at 0.9 A g~ ' was 180 C g~ . Fig. 8(d) depicts the Q,
of the device extracted from the CV and GCD curves. The
stability of any energy storage is an important analysis that
determines whether the device can be implemented for prac-
tical purposes. In this regard, a stability test was run for 3000
GCD cycles, which showed that the fabricated device has an
exceptional cyclic stability with a capacity retention of 97%
(Fig. 8(f)). The energy density (E;) and specific power (P;) for
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WS,//AC were calculated using eqn (6) and eqn (7),
respectively.?®

Oy x AV
=536 (6)
E, x 3600
Ps = A )

The hybrid device showcased a maximum energy density and
P, of values 42.5 W h kg™ ' and 4250 W kg ', respectively
(Fig. 8(e)). Electro-impedance spectroscopy was also done for
the hybrid device before and after the stability test. It is visible
from Fig. 9(a) that the ESR reduced after the performing
stability test indicates the greater conductivity of the hybrid
device.

Apart from experimental analysis, theoretical models were
implied to simulate theoretical data that provided evidence that
WS,//AC has hybrid features. The power law, as mentioned in eqn
(8), was used to derive the b-values for the asymmetric device.””

(8)

Where 7’ represents the current, ‘v’ is the scan rate, and ‘a’ and
‘b’ variable parameters. It is well known that if the b-value of
a device is ~0.5, it bears battery-grade nature, whereas if it is
~1.0, then the capacitive nature is dominant. In the case of
WS,//AC, the b-values calculated were ~0.6-0.8, as can be seen
in Fig. 9(b). The capacitive and diffusion contribution during
the charging/discharging of the hybrid device is presented in
Fig. 10(a)~(c) at 3 mV s ', 50 mV s ', and 100 mV s ', with
Fig. 10(d) showing the percentage current contribution at
distinct scan rates. These data were extracted using Dunn's
model (eqn (9)).>* It is obvious from the results that WS,//AC has
characteristics of a hybrid device.

i=a’

i(V) = kv + ka? 9)

The decent electrochemical outcomes of WS, in both the
three-electrode system and hybrid device puts it in great posi-
tion to be further investigated for potential applications, espe-
cially for energy storage.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 (a) Comparative CV of activated carbon and WS,(W2) at 3mV s~ (b) CV of the WS,//AC hybrid device. (c) GCD plot of the WS,//AC hybrid
device at various current densities. (d) Specific capacities calculated from CV and GCD for the hybrid device. (e) Energy and power density plot of

WS,//AC. (d) Stability test of the hybrid supercapacitor.
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Conclusion

The electrochemical performance of binder-free WS, and
MoWS, electrodes is studied in this analysis. WS, and MoWS,
were magnetron-sputtered on nickel foam with different
thicknesses to achieve the optimized layer. Both the materials

15584 | RSC Adv, 2023, 13, 15575-15585

were structurally and morphologically characterized via XRD,
which revealed that WS, has two distinct structural phases,
hexagonal and rhombohedral. MoWS, has a cubic structure, as
is evident from the XRD pattern. The SEM images show that the
sputtered material entirely covered the nickel foam. Raman and
AFM studies were also performed to get insights into the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structural properties of both the materials. Electrochemical
tests were initiated in the three-electrode assembly through CV,
GCD, and EIS. Both WS, and MoWS, were identified as W2 (WS,
sample) and performed better relative to all other samples by
delivering the highest specific capacity of 479 C g"'. The man-
ufactured device assembled as W2//AC was fabricated, as
characterized through electrochemical analysis. The hybrid
device showed a specific capacity of 180 C g~ " at a current
density of 0.9 A g™, Also, the device displayed a long-life cyclic
stability by retaining 97% of its primary charge after 3000
charging-discharging cycles. The maximum E; and P, displayed
by the hybrid device was 42.5 W h kg™' and 4250 W kg !,
respectively. In addition, the b-values and capacitive-diffusive
contributions were elucidated using Dunn's model, which
affirmed that WS,//AC bears hybrid characteristics. The supe-
rior performance of binder-free transition-metal sulfide elec-
trodes makes them highly desirable for future energy storage
applications.
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