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MoS; is a well-known 2D transition metal dichalcogenide (TMD) with feasibility for energy storage
applications due to its eco-friendliness and high electroactive surface area. Electrodes based on MoS,
are typically made by either immobilizing its multiphase nanocomposites, having binders and conductive
fillers, or by directly growing the materials on current collectors. In this work, we follow and optimize
this latter approach by applying a hydrothermal route to directly synthesize MoS, nanostructures on
carbon cloth (MoS,@CC) hence enabling binder-free current collector electrodes. Raman spectroscopy
and electron microscopy analyses confirmed the formation of 2H MoS, nanosheets with hexagonal
structure. The as-prepared electrodes were used to assemble symmetric supercapacitor cells, whose
performance were tested in various types of electrolytes. Electrochemical measurements indicate that
both precursor concentration and growth time significantly affect the device performance. Under
optimized conditions, specific capacitance up to 226 F g™ (at 1 A g™t in 6 M KOH) was achieved, with
corresponding energy and power densities of 5.1 W h kg™ and 2.1 W kg™. The device showed good
stability, retaining 85% capacitance after 1000 cycles. Furthermore, the electrodes assessed in PYR14-

TFSI showed energy and power densities of up to 26.3 W h kg~* and 2.0 kW kg™, respectively, indicating
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Accepted 15th July 2024 their feasibility not only in aqueous but also in ionic liquid electrolytes. In addition, galvanostatic charge/

discharge measurements conducted on devices having footprint sizes from 1 cm? to 25 cm? show very
similar specific capacitances, which proves scalability and thus the practical relevance of the binder-free
electrodes demonstrated in this study.

DOI: 10.1039/d4na00368c

rsc.li/nanoscale-advances

MoS, can be synthesized by top-down methods such as
chemical/mechanical exfoliation,"® and bottom-up tech-

1. Introduction

Molybdenum disulfide (MoS,) is one of the most explored 2D
materials after graphene. MoS, exists in both metallic (1T
trigonal) and semiconducting (2H hexagonal and 3R rhombo-
hedral) forms, among which the 2H phase is the most stable.
The enormous variety of the so far synthesized material struc-
tures, the relatively easy insertion of small ions into the inter-
layer spacing, the abundant defect sites at the edges of layers,
the excellent in-plane carrier transport, and fascinating opto-
electronic properties make MoS, and its derivatives and
composites particularly attractive for applications in catalysis
and photocatalysis,* chemical and electrochemical sensors,?
photodetectors,* and transistors>® as well as batteries”® and
capacitors.” ™
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niques including chemical vapor deposition,**”** atomic layer
deposition,**?® pulsed laser deposition (PLD),*** and RF-
magnetron sputtering,®?* as well as wet chemical routes
under normal*® and hydrothermal conditions.”””® Among these
methods, hydrothermal growth is probably the most practical
for scale-up synthesis with high yield.?

Supercapacitor electrodes are usually prepared using the
conventional slurry method, which involves applying a paste
(having a typical composition of 80% active material, 10%
polymer binder, and 10% conductive filler) on the collectors by
means of spray coating,” doctor blading,* and printing or
painting.®* Recently, also more research has focused on elec-
trode design to improve the electrode material energy storage
performance.®** The use of inactive polymeric binders reduces
the performance of supercapacitors. Therefore, methods that
are suitable to directly grow or deposit the active materials on
the collectors (e.g., metal plates, porous metal foams, carbon
cloths) without using binders and additives are favorable
provided detachment/leaching of the active layer is avoided.***
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Accordingly, the recent trend is to directly synthesize MoS, on
conductive current collectors to be used as electrodes.***>

In this work, we report scalable synthesis of binder-free
MoS,-based supercapacitor electrodes and their practicality in
scaling up the device by directly synthesizing vertically aligned
MoS, nanosheets on highly conducting and flexible carbon
cloth (CC) current collectors using a hydrothermal route.
Symmetric supercapacitors based on the obtained MoS,@CC
structures were assembled and their electrochemical perfor-
mance was optimized by varying the precursor concentration
and growth time of the MoS, synthesis. The developed SCs
showed a specific capacitance of up to 226 F g~ ' with a retention
of 85% after 1000 cycles, suggesting feasibility for high-power
supercapacitor applications. To increase the voltage window,
the developed electrodes were also tested in a solvent-free ionic
liquid (L), 1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide (PYR14-TFSI) as well as in PYR14-
TFSI mixed in acetonitrile (ACN), and it was found that the
electrode in the IL/ACN mixture showed good electrochemical
performance with the highest measured energy and power
density of 26.3 W h kg ' and 2.0 kW kg, respectively. The
practical feasibility of scaling-up the developed supercapacitor
(SC) electrode was evaluated using sandwich-type SCs with
varying electrode sizes ranging from 1 cm” to 25 cm® The
specific capacitance of the scaled-up devices is consistent with
that of the 1 cm” device, affirming the developed electrode's
practical utility in high-performance supercapacitors.

2. Experimental
2.1 Materials

Sodium molybdate dihydrate (Na,MoO,-2H,0) and thiourea
(CH,4N,S) were obtained from Sigma Aldrich. Plain carbon cloth
(#1071, fiber diameter of 5-10 um) was purchased from the Fuel
Cell Store, USA. Other solvents of analytical grade were used
without further purification.

2.2 Surface treatment of carbon cloth

Bare carbon cloth is hard to wet in an aqueous solution due to
its hydrophobic nature. To obtain a hydrophilic surface and
uniform growth of MoS,, carbon cloth was subjected to
a surface treatment using a protocol similar to that of Zhang
et al.®* Pieces of CC were cut to a size of 5 x 5 cm?, then cleaned
with a mixture of ethanol and acetone (1:1 vol.) and rinsed in
DI water. The cleaned CCs were immersed in a mixture of cc.
H,S0,: HNO; (1:1 vol.) and subjected to an ultrasonic treat-
ment for 60 minutes. Finally, the surface-treated carbon cloth
was washed with DI water and then dried at 60 °C overnight.

2.3 Synthesis of MoS, on carbon cloth

MoS, nanosheets were grown on CC using a hydrothermal
technique from sodium molybdate dihydrate (Na,MoO,-2H,0)
and thiourea (CH,4N,S) as molybdenum and sulfur sources,
respectively.’>**4* The precursors were dissolved in 600 mL DI
water. The solution was magnetically stirred for 1 h and then
transferred into a 750 mL Teflon-lined vessel in an autoclave.
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After the CC was immersed in the solution, the vessel was closed
and heated to 200 °C. After synthesis, MoS, coated carbon cloth
(MoS,@CC) was washed with DI water followed by rinsing in
ethanol and drying at 60 °C overnight. To investigate the effect
of synthesis parameters, reaction time and precursor concen-
trations were varied, and samples were named based on
molybdenum precursor concentrations as MCO005 (0.005 M
sodium molybdate dihydrate and 0.025 M thiourea), MCO01
(0.01 M sodium molybdate dihydrate and 0.05 M thiourea), and
MCO02 (0.02 M sodium molybdate dihydrate and 0.1 M
thiourea).

2.4 Materials characterization

The crystal structure of the grown MoS, on CC was character-
ized by X-ray diffraction (XRD, Rigaku SmartLab 9 kW, Co
source) and Raman spectroscopy (Thermo Fisher Scientific A
DXR TM 2xi, A = 532 nm), whereas the morphology and
microstructure were assessed using field-emission scanning
electron microscopy (FESEM, Zeiss Ultra Plus) and trans-
mission electron microscopy (TEM, JEOL JEM-2200FS).

2.5 Electrochemical measurements

As-prepared MoS,@CC was punched into circular discs of 1 cm
in diameter and then symmetric supercapacitor cells were
assembled in a Swagelok cell together with a filter paper as the
separator. Three different electrolytes were used in the experi-
ments: (i) 6 M KOH (aq.), (ii) 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14-TFSI), and (iii)
a mixture of PYR14-TFSI and acetonitrile (ACN) with 1:1 mass
ratio. In scaling-up experiments, the supercapacitors were
assembled between stainless steel sheets of varying sizes and
clamped together. Electrochemical measurements including
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were carried
out using a VersaSTAT 3 instrument. The specific capacitances
of the SCs were calculated from the GCD curves as:

IA?
Con= 10 (1)
where Cq.y is the device capacitance, I is the current, At is the
discharge time, m is the total mass of active materials, and AV is
the voltage window. Note: the specific capacitance of a single
electrode is calculated as Cejec = 4Cqey- The energy density (E
in W h kg™") and power density (P in W kg™ ') of the SC are

calculated using eqn (2) and (3), respectively.****

~ CxAV? )
T 2x36
E
P = %3600 3)

where At is the discharge time in seconds.

3. Results and discussion

The three-dimensional fiber-like structured CC acts as
a template for the growth of MoS, nanosheets. Surface-treated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEM images of (a and b) bare CC and (c and d) acid-treated

CC was characterized with FESEM to analyze the surface
morphology of carbon fibers. The surface of bare CC was very
smooth, as shown in Fig. 1a, while some cracks were observed
in acid-treated CC (Fig. 1c). In addition, as suggested by
multiple studies for carbon fibers***® and nanotubes,*” treat-
ment with oxidizing acids results in the partial etching/cutting
of the carbonaceous structure*® as well as in the formation of
polar functional groups (such as -COOH, -OH, -C=0) turning
the originally hydrophobic character of the materials to

CC.

hydrophilic. Accordingly, the acid treatment helps to improve
the wettability of the surface by the precursor solution and
allows for uniform nucleation and growth of subsequently
anchored nanoparticles*” - MoS, nanosheets in our study.

Hydrothermal reaction of a precursor solution containing
Mo0,>~ and SO,>" leads to the formation of MoS, nanosheets.
During the process, CH4N,S decomposes partly into H,S,
whereas Na,MoO,-2H,0 into MoO; and reacts to eventually
form MoS, (eqn (4)-(6)):*
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Fig. 2 (a—c) XRD patterns and (d—f) Raman spectra of the MoS,@CC at different precursor concentrations for different reaction times.
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CH4N2S + 2H20 - 2NH3 + C02 + H2S (4)
N32M004'2H20 + H20 - MOO3 + 2NaOH + 2H20 (5)
9st + 4MOO3 + 2NaOH — 4MOS2 + Nast4 + IOHzo (6)

X-ray diffraction patterns of MoS,@CC electrodes (Fig. 2a—c)
confirm the formation of 2H MoS, nanosheets on carbon cloth.
The reflections could be indexed to the corresponding lattice
planes (002), (004), (100), (102), and (110) of 2H MoS, (JCPDS:
37-1492).

XRD peaks of carbon fiber are also observed in samples while
they disappear in sample MC02 deposited for 24 h (Fig. 2¢) due
to the presence of an increased amount of MoS, nanoflowers.
No other impurity peaks are observed in the samples, con-
firming the growth of pure MoS, nanosheets. From the Raman
spectra (Fig. 2d-f), the presence of two prominent vibration
modes E,," at around 379 cm ™' and A, at around 405 cm ™' in
all samples indicate in-plane and out-of-plane vibrations of two
S atoms in respect of the Mo atom, respectively, further
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confirming the growth of 2H MoS,.** No other impurity peaks
are observed in the Raman spectra either.

FESEM imaging was used to analyze the coverage and
uniformity of MoS, on carbon cloth. The concentrations of the
precursors and growth time affect the uniformity and mass
loading of MoS, on the surface of the carbon cloth template
(Fig. S1t). Therefore, by modifying the precursor concentrations
and growth time, it is possible to avoid the agglomeration of
MoS, on the carbon cloth while achieving sufficient mass
loading. Fig. 3a-d show the FESEM images of the MC02 elec-
trodes. Uniform growth of vertically aligned MoS, nanosheets
was observed on the surface in the 6 h experiment MCO02 elec-
trodes (Fig. 3a and b). Some spherical nanostructured micro-
scopic features (nanoflowers) are also present on the surface. As
the deposition time increases, more MoS, nanoflowers form on
the vertically grown MoS, (Fig. 3c and d), leading to their
agglomeration and entire population throughout the surface.
Therefore, the mass loading of the electrode varied significantly
depending on the synthesis parameters, from 5.1 g m™>

Fig. 3 FESEM images of MCO02 electrodes at different growth times of (a and b) 6 h, (c) 12 h, and (d) 24 h, and (e and f) TEM images of the

MCO02@6 h electrodes.
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(MC005@12 h) to 184.6 ¢ m > (MC02@24 h) on carbon cloth of
132 g m~? specific mass (Table S11). TEM imaging (Fig. 3e and f)
of the MCO02 electrode at a growth time of 6 h (MC02@6 h) also
confirms uniform growth of the vertically aligned MoS, with an
interlayer spacing of 0.63 nm.

The electrochemical performance of the electrodes was
analyzed using CV and GCD techniques. Fig. 4a illustrates the
electrochemical system of the SCs. The CV and GCD curves of
MCO005 and MCO1 electrodes are shown in Fig. S2.T The ob-
tained discharge time is low in MC005 and MCO1 devices.
Fig. 4b shows the CV curves (acquired at a scan rate of 50 mV
s™') of SCs made with the MCO02 electrodes. The quasi-
rectangular shapes of the CV curves indicate that the devices
have both pseudocapacitive (faradaic) and EDLC (non-faradaic)
features. In the faradaic process, electrolyte ions (K') are
intercalated into the MoS, layers and redox reactions occur (eqn

View Article Online
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(7)), whereas in the non-faradaic process, the formation of an
electric double layer takes place due to the adsorbed ions at the
electrode/electrolyte interface (eqn (8)) to facilitate charge
storage.>>>*

MoS, + K" + e~ < MoS — SK*
(MOSz)

(7)

+ K" +e <= (MoS, —K") (8)

surface surface

The area of the CV loops of MC02-based SCs decreases with
growth time (6 h, 12 h, and 24 h), which implies that the surplus
MosS, in the form of nanoflowers does not contribute signifi-
cantly to the charge storage, which can be explained by their
poor electrical contacts with the current collector. These results
align well with the GCD curves measured at a current density of
1 Ag " (Fig. 4c), showing a reduction of charge-discharge times
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Fig. 4 (a) Schematic of the electrochemical system, (b and c) CV at 50 mV s~ and GCD curves at 1 A g* of the MCO2 electrode based SC at
different reaction times (note: some error data points are visible in the CV data), (d) GCD curves of the MC02@6 h-based SC at different current
densities, (e) variation of specific capacitance versus current densities, (f) Nyquist plots of MC02 based SCs with different synthesis times, (g)
cycling stability of the MC02@6 h based SCs for 1000 cycles, at a current density of 5 A g~ (inset shows the GCD profiles of the 1%, 500" and
1000" cycles for MC02@6 h based SCs, at a current density of 5 A g™3).
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for the devices made of MCO2 electrodes synthesized at a growth
time of 12 and 24 h. The corresponding specific capacitances of
the devices were calculated to be 56.5 F g~ ", 48 Fg~ ', and 6.8 F
g ', respectively. (The specific capacitance of respective elec-
trodes is 4 times that of the device, i.e., 226 Fg ', 192 Fg ', and
27.2 F g~ ! for MCO2 electrodes at growth times of 6 h, 12 h and
24 h electrodes, respectively). Table S11 shows detailed infor-
mation about mass loading and electrochemical performance
of the assembled MoS,-based SCs. From these results we can
draw a conclusion that generally increasing the precursor
concentrations increases the mass loading and the electrode
performance whereas increasing the synthesis time increases
the mass loading but after a certain point will only add more
mass to the electrode without having contribution to charge and
energy storage. The electrochemical performance of the
MCO02@6 h-based SC was further analyzed in detail by system-
atically varying charge/discharge currents in GCD (Fig. 4d) and
voltage scan rates in CV measurements (Fig. S31). The device
exhibits good stability, and no noticeable deviation of the
shapes of the CV curves was observed. As displayed in Fig. 4e,
the specific capacitances calculated from the GCD curves
decreased with increased current densities (230 Fg ™", 226 Fg ',
206 Fg ', and 178 Fg ' at current densities of 0.5 Ag™ ', 1A g™,
2Ag ' and 5 A g ', respectively) because of slow ion adsorp-
tion and charge transfer at the electrode/electrolyte interface. It
is important to note that no obvious voltage drop was observed
at the start of discharge even at high specific current densities,
indicating the low equivalent series resistance of the device.
This makes our device unique among the reported binder-free
MoS;-based SCs* where high voltage drop was found to limit
their practical application. Table 1 lists the electrochemical
properties of reported binder free pristine MoS,-based SCs on
carbon cloth. It is worth noting that while this research is
focused on optimizing the synthesis of MoS, on carbon cloth
current collectors for supercapacitor electrodes using
a straightforward and cost-effective route, capacitances over 500
F g~ have been reported for MoS, based supercapacitors. The
performance of MoS, based electrodes can be further improved
with tailored aqueous electrolytes®**” as well as with the addi-
tion of further metal oxides/sulfides***® and also by applying
conductive polymers with pseudocapacitive properties® reach-
ing capacitances over 3000 F g~*.%°

EIS measurements were performed in the frequency range
from 100 mHz to 100 kHz, from which the equivalent series
resistances (ESR) and charge transfer resistances (R.) were
assessed according to the Nyquist plot (Fig. 4f). The ESR (total
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resistance of the current collector, electrolyte, and electrode
material) of the MC02@6 h based SC was found to be 0.45 Q.
The diameter of the semicircle on the real axis in the high-
frequency region gives a charge transfer resistance of 0.2 Q,
denoting extremely good ion conducting pathways provided by
MoS, nanosheets. The Warburg impedance (Zy), visible as the
slope in the low frequency region after the semicircle, generally
represents the diffusion of ions within the electrolyte. In SCs
based on longer synthesis times the overall resistances are very
similar (<1 Q), with only a small increase of resistances
compared to SCs with electrodes having lower MoS, loadings
(Fig. S47). The cycling stability of the MC02@6 h-based SC was
assessed using GCD measurements at a current density of
5 A g~ ' (Fig. 4g). No noticeable voltage drops were found even
after 500 or 1000 cycles at the start of the discharge cycles (inset
of Fig. 4f), and the capacitance retention was 85% after 1000
charge/discharge cycles.

The electrochemical performance of the optimized electrode
was further assessed by using an ionic liquid (IL), specifically 1-
butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
imide (PYR14-TFSI) as an electrolyte. ILs are considered prom-
ising electrolytes for energy storage applications because of
their non-volatility, thermal stability, and wide electrochemical
window, approximately 3.5 V.*® However, ILs exhibit higher
viscosity compared to other organic electrolytes, which can
reduce their ionic conductivity. Recent research has shown that
adding solvents like acetonitrile (ACN) to ILs can decrease their
viscosity, thus improving ionic conductivity.***” The electro-
chemical performance of Swagelok-type cells assembled with
the optimized electrodes (i.e. MC02@6 h) was evaluated in both
solvent-free PYR14-TFSI IL and a mixture of acetonitrile and
PYR14-TFSI in a 1:1 mass ratio at a voltage window of 3 V.
Fig. 5a shows the CV curves of the MC02@6 h electrode-based
SC at a scan rate of 50 mV s~ '. A CV with an enlarged area
was observed for the SC when using a mixture of ACN and
PYR14-TFSI electrolyte, in comparison to using PYR14-TFSI IL
alone. The CV and GCD curves for the MC02@6 h based SC in
PYR14-TFSI are presented in Fig. S5.7 The specific capacitance
of the SCs was measured from the GCD curves (Fig. 5b) using
eqn (1). The specific capacitances of the SC with PYR14-TFSI
and the mixture of ACN and PYR14-TFSI were obtained as
10.6 F ¢~ " and 23.8 F g~ ' at a current density of 0.1 A g™,
respectively (the specific capacitances of the electrodes are 42.4
F g! and 95.2 F g, respectively). The enhancement in
capacitance is primarily attributed to the reduced viscosity of
the ILs upon solvent addition, compared to the viscosity of

Table 1 Hydrothermally grown binder-free MoS, SC electrodes on carbon cloth

Electrolyte Specific electrode capacitance (A g ") Retention/cycles Ref.

1M H,S0, 5500 Fg '@1Ag" 75%/8000 55
PVA-H,SO, 3.8Fcm >@ 1 mAcm 2 83.3%/10 000 45

0.5 M H,S0, 170Fg '@ 1Ag" — 42

1 M Na,SO, 151.1 Fg ' @ 10 mA cm 2 86.1%/2000 41

1 M (NH,),SO, 1010Fg '@1Ag"! 98%/10 000 56

2 M LiCl 1.4Fecm?@9mVs* 75%/2000 57

6 M KOH 226Fg '@1Ag " 85%/1000 This work
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Fig.5 (a) CV curves and (b) GCD curves of the MC02@6 h electrode based SC in IL and the mixture of IL and ACN at 0.1 A g~%, (c) CVs at various
scan rates (d) GCD at different current densities for the MC02@6 h electrode based SC in the mixture of IL and ACN electrolyte, (e) Ragone plot of
MC02@6 h based SCs in aqueous electrolyte and PYR14-TFSI and PYR14-TFSI + ACN ILs and (f) GCD curves of MC02@6 h electrode-based SCs
with different electrode sizes ranging from 1 cm? to 25 cm? measured at 1 A gfl.

solvent-free ILs. The detailed electrochemical performance of
the MC02@6 h-based SC, utilizing a mixture of IL and ACN, was
further analyzed. Fig. 5c shows the CV curves of the device at
various scan rates ranging from 10 mV s~ to 500 mV s~ ', while
Fig. 5d shows the GCD profiles at different current densities.
The SC exhibited specific capacitances of 23.8 Fg~*,20.1F g™ ",
19.5 F g ', 16.7 F g”', and 12.3 F g ' at current densities of
0.1Ag ", 03Ag ,05Ag ", 1Ag " and 2 Ag ", respectively
(correspondingly, the specific capacitances calculated for the
electrodes themselves were 95.2 F g™, 80.4 Fg ™', 78 Fg ™, 66.8
F g ' and 49.2 F g, respectively) which are similar to the
values reported for MoS, electrodes in ILs (Table 2).

Even with the addition of a solvent to ILs, there is an observed
increase in voltage drop as the current density rises, with
a significant voltage drop of approximately 1.2 V noted at a high
current density of 2 A g, attributed to the slow kinetic properties

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the ILs. Fig. 5e shows the comparison of the Ragone plots for
the SCs using KOH, PYR14-TFSI, and PYR14-TFSI + ACN as elec-
trolytes. The highest measured energy density and power density
of KOH are obtained as 5.1 W h kg™ and 2.1 kW kg™, respec-
tively. The PYR14-TFSI + ACN -based SC shows the highest energy
density of 26.3 W h kg™' and power density of 2 kW kg%,
respectively, which is higher than that of the solvent-free PYR14-
TFSI-based SC. These results indicate that the optimized elec-
trode is also effective with an ionic liquid electrolyte, although it
performs better at lower current densities. The lower capacitances
measured with ILs compared to KOH can be explained by their
larger ions that are unable to intercalate into the MoS, structure.
Therefore, without modification of the electrode material, for
example by making a MoS,-graphene composite,** energy and
power densities cannot reach the highest values reported for MoS,
based SC electrodes based on aqueous electrolytes.*
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Table 2 Literature reports on MoS, based electrodes in IL electrolytes

Electrode materials Electrolyte Device capacitance Energy density =~ Power density ~ Ref.
Intercalated 1T-MoS, EMIM-BF,/MeCN 250 Fem ® (~32F¢g™") 110Whdm™® 11kwdm™>® 53
Asymmetric MoS,/CNTs-MnO,  PVDF-HFP/EMIM-BF,/EMIM-TFSI ~ ~50 F g~ * 124Whkeg! ~10 kW kg™ 61

MoS; and MoS, nanosheets TEA-BF, +ACN 39.9F g 207Whkg™"  1.9kwkg " 62
Micro-holed MoS, EMIM-BF, + ACN 469.5 Fem ° 80.5Whdm™> ~35kwdm™> 63
Exfoliated MoS,-graphene EMIM-BF, + ACN ~650 F em™ 5649 Whkg' 6.1kwkg’ 64
MOoS,-RGO BMIM-BF, ~54Fg! 022Whdm™® — 65
MoS,/CC PYR14-TFSI 106 Fg* 123 Wh kg™ 1.5 kW kg * This work
MoS,/CC PYR14-TFSI + ACN 23.8F g " 263Whkg '  2.0kwkg! This work

The feasibility of scaling up the optimized MC02@6 h elec-
trode was assessed by assembling sandwich-type super-
capacitors of varying footprint areas from 1 cm? to 25 cm?. GCD
curves of these devices (Fig. 5f), recorded at a current density of
1 A g, exhibit very similar profiles, and calculated specific
device capacitances of 69 F g~ ', 63 Fg ', 64Fg ', 66 Fg ', and
67 Fg~ ' for 1 cm?, 2 cm?, 5 cm?, 9 cm” and 25 cm?, respectively.
(The corresponding specific capacitances calculated for the
electrodes are 276 Fg ', 252 Fg ', 256 Fg ', 264 Fg ' and 268
F g ). The negligible deviations of data may be attributed to
variations in mass loadings. Accordingly, our experiments
suggest that the devices can be effectively scaled up to manu-
facture robust supercapacitors for use in large-scale applica-
tions. It is also worth noting that the mechanical flexibility of
the electrodes (Fig. S6T) could potentially enable the
manufacturing of bendable supercapacitors similar to those
reported earlier with the use of solid-state electrolytes.**¢*7°

4. Conclusions

The present work demonstrated the in situ growth of vertically
aligned MoS, nanosheets on carbon cloth for high-power
supercapacitors using a simple hydrothermal technique. Elec-
trochemical studies infer that the growth time has a significant
effect on device performance most likely due to the lack of
intimate electrical contacts of MoS, nanoflowers (which popu-
late the collector surface after 12 and 24 h synthesis) with the
carbon cloth. Therefore, it is important to find the correct
synthesis parameters especially the growth time, as too long
growth adds only an inactive mass of material to the electrode.
The binder-free MoS, based electrodes grown at a reaction time
of 6 h exhibited the highest specific capacitance of 226 F g ' at
a current density of 1 A g~ '. The device showed good stability
and capacitance retention of 85% after 1000 charge/discharge
cycles. Moreover, the optimized electrode (MC02@6 h) was
also effective in an ionic liquid electrolyte providing energy and
power densities of 26.3 W h kg™ " and 2.0 kW kg™, respectively.
The consistent specific capacitance achieved for devices in all
scaled-up device sizes indicates the electrode viability for large-
scale supercapacitor (SC) applications.

Data availability

Data for this article, including the figure data, are available at data
repository Zenodo at https://doi.org/10.5281/zenodo.12667716.

4654 | Nanoscale Adv., 2024, 6, 4647-4656

Author contributions

Jasna Mannayil: conceptualization, methodology, investigation,
visualization, writing - original draft preparation, writing -
reviewing and editing. Olli Pitkdnen: conceptualization, meth-
odology, visualization, writing - reviewing and editing. Minna
Mannerkorpi: methodology, investigation. Krisztian Kordas:
conceptualization, supervision, writing — reviewing and editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was funded by the European Union’s Horizon Europe
(2021) research and innovation programme under the Marie
Sklodowska-Curie grant agreement no. 101064532. The authors
acknowledge the Centre for Material Analysis and Biocenter at
the University of Oulu for the materials characterization. We
also thank the Academy of Finland (project 316825, Nigella) and
the University of Oulu (project ROAR, Kvantum Institute) for the
support.

References

1 D. Sahoo, B. Kumar, J. Sinha, S. Ghosh, S. S. Roy and
B. Kaviraj, Sci. Rep., 2020, 10, 10759.

2 S. B. Saseendran, A. Ashok and A. A. s, Int. J. Hydrogen Energy,
2022, 47, 9579-9592.

3 R. Kumar, W. Zheng, X. Liu, J. Zhang and M. Kumar, Adv.
Mater. Technol., 2020, 5, 1901062.

4 T. Jarvinen, S.-H. H. Shokouh, S. Sainio, O. Pitkdnen and
K. Kordas, Nanoscale Adv., 2022, 4, 3243-3249.

5F. O. V. Gomes, A. Pokle, M. Marinkovic, T. Balster,
R. Anselmann, V. Nicolosi and V. Wagner, Solid-State
Electron., 2019, 158, 75-84.

6 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Nat. Nanotechnol., 2011, 6, 147-150.

7 B. Zhao, Z. Wang, Y. Gao, L. Chen, M. Lu, Z. Jiao, Y. Jiang,
Y. Ding and L. Cheng, Appl. Surf. Sci., 2016, 390, 209-215.

8 X. Zheng, Y. Zhu, Y. Sun and Q. Jiao, J. Power Sources, 2018,
395, 318-327.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.5281/zenodo.12667716
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00368c

Open Access Article. Published on 18 July 2024. Downloaded on 3/21/2026 4:09:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

9 M. Jasna, M. Muraleedharan Pillaij A. Abhilash,
P. S. Midhun, S. Jayalekshmi and M. K. Jayaraj, Carbon
Trends, 2022, 7, 100154.

10 P. Kour, Deeksha and K. Yadav, J. Alloys Compd., 2022, 922,
166194.

11 B. Xie, Y. Chen, M. Yu, T. Sun, L. Lu, T. Xie, Y. Zhang and
Y. Wu, Carbon, 2016, 99, 35-42.

12 Z. A. Sheikh, P. K. Katkar, H. Kim, S. Rehman, K. Khan,
V. D. Chavan, R. Jose, M. F. Khan and D. Kim, J. Energy
Storage, 2023, 71, 107997.

13 J. Cherusseri, N. Choudhary, K. S. Kumar, Y. Jung and
J. Thomas, Nanoscale Horiz., 2019, 4, 840-858.

14 M. A. Lukowski, A. S. Daniel, F. Meng, A. Forticaux, L. Li and
S. Jin, J. Am. Chem. Soc., 2013, 135, 10274-10277.

15 J. N. Coleman, M. Lotya, A. O'Neill, S. D. Bergin, P. J. King,
U. Khan, K. Young, A. Gaucher, S. De, R. J. Smith,
I. V. Shvets, S. K. Arora, G. Stanton, H.-Y. Kim, K. Lee,
G. T. Kim, G. S. Duesberg, T. Hallam, ]J. J. Boland,
J. J. Wang, ]J. F. Donegan, J. C. Grunlan, G. Moriarty,
A. Shmeliov, R. ]J. Nicholls, J. M. Perkins, E. M. Grieveson,
K. Theuwissen, D. W. McComb, P. D. Nellist and
V. Nicolosi, Science, 2011, 331, 568-571.

16 H. Li, J. Wu, Z. Yin and H. Zhang, Acc. Chem. Res., 2014, 47,
1067-1075.

17 X. Wang, H. Feng, Y. Wu and L. Jiao, J. Am. Chem. Soc., 2013,
135, 5304-5307.

18 Y. Zhan, Z. Liu, S. Najmaei, P. M. Ajayan and J. Lou, Small,
2012, 8, 966-971.

19 M. Mattinen, T. Hatanpdd, T. Sarnet, K. Mizohata,
K. Meinander, P. J. King, L. Khriachtchev, ]J. Riisédnen,
M. Ritala and M. Leskeld, Adv. Mater. Interfaces, 2017, 4,
1700123.

20 M. Mattinen, M. Leskeld and M. Ritala, Adv. Mater. Interfaces,
2021, 8, 2001677.

21 G. Pradhan and A. K. Sharma, Mater. Res. Bull., 2018, 102,
406-411.

22 P. S. Midhun, K. R. Kumar and M. K. Jayaraj, Thin Solid
Films, 2023, 782, 140030.

23 S. Hussain, M. A. Shehzad, D. Vikraman, M. F. Khan,
J. Singh, D.-C. Choi, Y. Seo, J. Eom, W.-G. Lee and ]. Jung,
Nanoscale, 2016, 8, 4340-4347.

24 H. Samassekou, A. Alkabsh, M. Wasala, M. Eaton, A. Walber,
A. Walker, O. Pitkdnen, K. Kordas, S. Talapatra, T. Jayasekera
and D. Mazumdar, 2D Mater., 2017, 4, 021002.

25 V.]. C. Rigi, M. K. Jayaraj and K. J. Saji, Appl. Surf. Sci., 2020,
529, 147158.

26 S. V. P. Vattikuti, C. Byon and Ch. V. Reddy, Superiattices
Microstruct., 2015, 85, 124-132.

27 W.-J. Li, E-W. Shi, J.-M. Ko, Z. Chen, H. Ogino and
T. Fukuda, J. Cryst. Growth, 2003, 250, 418-422.

28 R. Fan, X. Chen and Z. Chen, Chem. Lett., 2000, 29, 920-921.

29 M. A. Garakani, S. Bellani, V. Pellegrini, R. Oropesa-Nufiez,
A. E. D. R. Castillo, S. Abouali, L. Najafi, B. Martin-Garcia,
A. Ansaldo, P. Bondavalli, C. Demirci, V. Romano,
E. Mantero, L. Marasco, M. Prato, G. Bracciale and
F. Bonaccorso, Energy Storage Mater., 2021, 34, 1-11.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

30 F. Markoulidis, A. Dawe and C. Lekakou, J Appl
Electrochem., 2021, 51, 373-385.

31 A. Tanwilaisiri, Y. Xu, R. Zhang, D. Harrison, J. Fyson and
M. Areir, J. Energy Storage, 2018, 16, 1-7.

32 X. Yan, Q. Guo, W. Huang, Y. Xiong, S. Jing, X. Zhang,
F. Huang and X. Ge, Carbon Neutralization, 2023, 2, 300-309.

33 Z.-X. Huang, X.-L. Zhang, X.-X. Zhao, Y.-L. Heng, T. Wang,
H. Geng and X.-L. Wu, Sci. China Mater., 2023, 66, 79-87.

34 M.-Y. Wang, X.-X. Zhao, J.-Z. Guo, X.-J. Nie, Z.-Y. Gu, X. Yang
and X.-L. Wu, GEE, 2022, 7, 763-771.

35 L. Li, J. Xu, J. Lei, J. Zhang, F. McLarnon, Z. Wei, N. Li and
F. Pan, J. Mater. Chem. A, 2015, 3, 1953-1960.

36 C. Chen, H. Deng, C. Wang, W. Luo, D. Huang and T. Jin,
ACS Omega, 2021, 6, 19616-19622.

37 S.Ye, ]. Feng and P. Wu, ACS Appl. Mater. Interfaces, 2013, 5,
7122-7129.

38 L. Zhang, K. N. Hui, K. San Hui and H. Lee, J. Power Sources,
2016, 318, 76-85.

39 M. K. Francis, G. Gautham Kumar, P. B. Bhargav, C. Balaji
and N. Ahmed, J. Energy Storage, 2023, 71, 108054.

40 A. S. Neetika, V. K. Malik and R. Chandra, Int. J. Hydrogen
Energy, 2018, 43, 11141-11149.

41 C. Zhou, J. Wang, X. Yan, X. Yuan, D. Wang, Y. Zhu and
X. Cheng, Ceram. Int., 2019, 45, 21534-21543.

42 S. B. Saseendran, A. Ashok and A. S. Asha, J. Alloys Compd.,
2023, 968, 172131.

43 G. Zhang, S. Sun, D. Yang, J.-P. Dodelet and E. Sacher,
Carbon, 2008, 46, 196-205.

44 R. Rohith, M. Manuraj, R. L. Jafri and R. B. Rakhi, Mater.
Today: Proc., 2022, 50, 1-6.

45 X. Pi, X. Sun, R. Wang, C. Chen, S. Wu, F. Zhan, ]J. Zhong,
Q. Wang and K. Ken Ostrikov, J. Colloid Interface Sci., 2023,
629, 227-237.

46 Z. Wu, C. U. Pittman and S. D. Gardner, Carbon, 1995, 33,
597-605.

47 K. Kordas, T. Mustonen, G. Toth, H. Jantunen, M. Lajunen,
C. Soldano, S. Talapatra, S. Kar, R. Vajtai and P. M. Ajayan,
Small, 2006, 2, 1021-1025.

48 J. Liu, A. G. Rinzler, H. Dai, J. H. Hafner, R. K. Bradley,
P. J. Boul, A. Lu, T. Iverson, K. Shelimov, C. B. Huffman,
F. Rodriguez-Macias, Y.-S. Shon, T. R. Lee, D. T. Colbert
and R. E. Smalley, Science, 1998, 280, 1253-1256.

49 S. Tiwari and ]. Bijwe, Proc. Technol., 2014, 14, 505-512.

50 L. Chacko, A. K. Swetha, R. Anjana, M. K. Jayaraj and
P. M. Aneesh, Mater. Res. Express, 2016, 3, 116102.

51 T. M. Masikhwa, M. J. Madito, A. Bello, J. K. Dangbegnon
and N. Manyala, J. Colloid Interface Sci., 2017, 488, 155-165.

52 S. S. Karade, D. P. Dubal and B. R. Sankapal, RSC Adv., 2016,
6, 39159-39165.

53 M. Acerce, D. Voiry and M. Chhowalla, Nat. Nanotechnol.,
2015, 10, 313-318.

54 S. Patil, A. Harle, S. Sathaye and K. Patil, CrystEngComm,
2014, 16, 10845-10855.

55 Z. Yan, J. Zhao, Q. Gao and H. Lei, Dalton Trans., 2021, 50,
11954-11964.

56 M. Sufyan Javed, X. Zhang, S. Ali, S. Shoaib Ahmad Shah,
A. Ahmad, 1. Hussain, S. Hussain, S. Khan,

Nanoscale Adv., 2024, 6, 4647-4656 | 4655


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00368c

Open Access Article. Published on 18 July 2024. Downloaded on 3/21/2026 4:09:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

M. Ouladsmane, S. M. Tag EIDin, W. U. Arifeen and W. Han,
J. Chem. Eng., 2023, 471, 144486.

57 C. Wang, Z. Jiang, J. Li, W. Xu, J. Wan, Y. Wang, X. Gu,
N. V. Rao Nulakani, L. Huang and C. Hu, J. Phys. Chem. C,
2020, 124, 9665-9672.

58 C. Su, J. Xiang, F. Wen, L. Song, C. Mu, D. Xu, C. Hao and
Z. Liu, Electrochim. Acta, 2016, 212, 941-949.

59 H. Zhang, G. Qin, Y. Lin, D. Zhang, H. Liao, Z. Li, J. Tian and
Q. Wu, Electrochim. Acta, 2018, 264, 91-100.

60 N. Joseph, P. M. Shafi and A. C. Bose, Energy Fuels, 2020, 34,
6558-6597.

61 J. Zhang, J. Sun, Y. Hu, D. Wang and Y. Cui, J. Alloys Compd.,
2019, 780, 276-283.

62 P.  Pazhamalai, K. Krishnamoorthy, S. Sahoo,
V. K. Mariappan and S.-J. Kim, Inorg. Chem. Front., 2019, 6,
2387-2395.

63 C.Yang, P. Wang, Z. Xiong, X. Wu, H. Chen, J. Xiao, G. Zhou,
L. Liang, G. Hou, D. Lj, J. Z. Liu, H--M. Cheng and L. Qiu,
Energy Storage Mater., 2023, 60, 102843.

4656 | Nanoscale Adv, 2024, 6, 4647-4656

View Article Online

Paper

64 H.Jeon, J.-M. Jeong, H. G. Kang, H.-J. Kim, J. Park, D. H. Kim,
Y. M. Jung, S. Y. Hwang, Y.-K. Han and B. G. Choi, Adv.
Energy Mater., 2018, 8, 1800227.

65 M. Serrapede, P. Zaccagnini, P. Rivolo, S. Bianco, C. F. Pirri,
M. Zampato, S. Carminati and A. Lamberti, J. Energy Storage,
2023, 73, 109180.

66 A. R. Neale, C. Schiitter, P. Wilde, P. Goodrich, C. Hardacre,
S. Passerini, A. Balducci and J. Jacquemin, J. Chem. Eng.
Data, 2017, 62, 376-390.

67 V. V. Chaban, I. V. Voroshylova, O. N. Kalugin and
O. V. Prezhdo, J. Phys. Chem. B, 2012, 116, 7719-7727.

68 M. S. Javed, S. Dai, M. Wang, D. Guo, L. Chen, X. Wang,
C. Hu and Y. Xi, J. Power Sources, 2015, 285, 63-69.

69 J. T. Carvalho, A. Correia, N. J. A. Cordeiro, J. Coelho,
S. A. Lourenco, E. Fortunato, R. Martins and L. Pereira, npj
2D Mater. Appl., 2024, 8, 1-9.

70 E. Gilshtein, C. Flox, F. S. M. Ali, B. Mehrabimatin,
F. S. Fedorov, S. Lin, X. Zhao, A. G. Nasibulin and
T. Kallio, J. Energy Storage, 2020, 30, 101505.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00368c

	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c

	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c
	Optimization and scalability assessment of supercapacitor electrodes based on hydrothermally grown MoS2 on carbon clothElectronic supplementary information (ESI) available: Fig.nbspS1tnqh_x2013S6 and Table S1. See DOI: https://doi.org/10.1039/d4na00368c


