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H I G H L I G H T S

• MoS2 crumpled nanosheet synthesized directly on carbon fiber paper by hydrothermal synthesis.

• The synthesized material delivered the specific capacitance of 249 F g−1 at 2 A g−1

• It retained 41.3% of initial capacitance at 10 A g−1

• EIS showed very low ESR and very short relaxation time ∼0.36 s.
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A B S T R A C T

Crumpled MoS2 nanosheets were synthesized directly on carbon fiber paper (CFP) through hydrothermal pro-
cedure. Molybdenum sulfide precursor was first produced in the solution and then introduced into the autoclave.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images confirmed the uniform
growth of crumpled nanosheets on the CFP that were assigned to MoS2 according to X-ray photo electron
spectroscopy (XPS) and Raman spectroscopy results. Electrochemical measurements of the as deposited MoS2
crumpled nanosheets performed in 1M Na2SO4 evidenced a specific capacitance of 249 F g−1 at 2 A g−1 and the
good rate capability by retaining 41.3% of initial capacitance at 10 A g−1. Electrochemical Impedance spec-
troscopy measurements showed very low charge transfer resistance and very short relaxation time accounting for
the pseudocapacitive rectangular cyclic voltammetry (CV) and high rate capability.

1. Introduction

2D transition metal dichalcogenides, like MoS2, WS2, WSe2, and
MoSe2, have drawn considerable attention because of their layered
structure, similar to graphene [1–4], and owing to several properties
such as electronic, optical, and catalytic activity [5–8]. Among them,
MoS2 has been extensively studied for various applications, namely
dye-sensitized solar cell, supercapacitors, Li-ion batteries, hydrogen
evolution reaction, sensors amongst others [9–12].

Molybdenum sulfides usually consist of a mixture of two major
polytypes of similar structure: a trigonal prismatic phase, labelled as
2H, space group D3h and an octahedral one, labelled 1T, space group
Oh. The 2H phase is relatively stable, but its conductivity is low when
compared to the 1T phase, which is metastable and, due to its metallic
character, presents high conductivity [13–15]. MoS2 layered structure
is based on a hexagonal crystal in which Mo atom is six-fold

coordinated and hexagonally packed between two trigonally co-ordi-
nated sulphur atoms making S-Mo-S layers. These packed layers are
stacked together by weak Van der Waals interaction [16,17], which
allow for easy intercalation of cations throughout all available surface
[18]. Also, MoS2 possess higher intrinsic ionic conductivity than oxides
and almost three and half times higher specific capacity than that of
commercially available graphite anodes (372mA h g−1) [19,20]. The
high charge transportation ability of MoS2, combined with a large
specific surface area, because of its 2D layered structure, are crucial
factors for enhanced electrochemical response and application as su-
percapacitor electrodes. Moreover, charge storage in layered MoS2
happens through different ways, which include intersheet double layer
formation, facilitated by available open structure, intrasheet double
layer charge storage on individual atomic MoS2 layers via diffusion into
the basal edges, and faradaic charge transfer process occurring on Mo
metal centres, which are known for exhibiting multiple valence states
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ranging from +2 to +6 and rich chemistry [19,21,22].
Various synthesis routes have been developed for synthesizing MoS2

and its composites including chemical vapour deposition (CVD) [19],
mechanical and chemical exfoliation [15,23–26], hydrothermal
[27–32], magnetron sputtering [33], electrodeposition and electro-
chemical anodization [34,35], microwave assisted growth [36] and
solution based synthesis [20,37]. However, there are very few reports
on the direct synthesis of layered molybdenum sulfide on carbon-based
surfaces. Kien-Cuong Pham et al. electrodeposited MoS2 on graphene
carbon nanotube/carbon paper substrate in two step process; in the first
one graphene carbon nanotube hybrids were grown by CVD approach
and molybdenum sulfide was deposited on top of grown graphene
carbon nanotube hybrid on carbon paper in the second step. The overall
hybrid system showed specific capacitance of 414 F g−1 at 0.67 A g−1

versus 140 F g−1 at 0.67 A g−1, obtained for MoS2 deposited on carbon
paper [34]. Krishnamoorthy et al. sulfurized molybdenum foil using
thiourea as the sulphur source and the directly grown MoS2 displayed a
specific capacitance of 192.7 F g−1 at 1mA cm−2 [32]. Recently Lina
Wang [31] reported specific capacitances of 133 F g−1 at 1 A g−1 for
MoS2 grown on titanium plate substrates.

In this work MoS2 crumpled nanosheets were synthesized directly
on carbon fibre paper by a hydrothermal route. The CFP substrate was
chosen because of its advantageous properties such as high con-
ductivity, light weight and chemical inertness towards the electrolyte
[38,39]. This strategy eliminates the complex fabrication process of
supercapacitor electrodes, which normally includes making a slurry, by
mixing conducting carbon and binders with the active material, pasting,
drying etc. Moreover, this route that avoids the need of binders in-
creases the electrode conductivity and eliminates de-adhesion failures.
The synthesized material showed specific capacitance of 249 F g−1 at
2 A g−1 with good rate capability.

2. Experimental

2.1. MoS2 synthesis

The precursors taken for MoS2 synthesis were sodium molybdate
dihydrate (Na2MoO4.2H2O) sodium sulphide (Na2S) and sulfuric acid
(H2SO4). These chemicals were used as received without any further
purification.

Na2MoO4 (Mo source) and Na2S (sulphur source) were dissolved in
deionized water under vigorous stirring for 45min to achieve con-
centrations of 0.03M and 0.12M, respectively. The obtained electro-
lyte, containing MoO4

2− and excess of S2− ions presented a pH of 12.3.
Before hydrothermal synthesis, conversion of molybdate to thiomo-
lybdate was done in solution using 1MH2SO4. On adding slowly, the
acid to the electrolyte, a change in the color from colourless to yellow
was observed, associated with the release of H2S gas and, when pH
dropped to ∼8.5, the development of deep brown color was observed.
On further addition of the acidic solution the pH reached 7, and the
evolution of H2S gas increased significantly inducing simultaneous
conversion of MoO4

2− to MoS42− according to reaction (1):

+ + ↔ + + ↑− − + −MoO 6S 12H MoS 4H O 2H S4
2 2

4
2

2 2 (1)

The thiomolybdate solution was then transferred to an autoclave for
hydrothermal synthesis leading to the formation of MoS2 [40].

Carbon fiber paper (Toray®), used as substrate, supported with glass
slide dipped into the solution at some inclination to the teflon liner to
avoid the contact of carbon fiber paper to the teflon liner. The initial
mass of the CFP substrate was measured carefully before dipping into
the solution. The area of the substrate exposed to the electrolyte was
1× 1 cm2. Afterwards the autoclave was sealed properly and kept into
oven at 180 °C for 12 h. After normal cooling of the autoclave, the
substrate, with the deposited material on the exposed area, was rinsed
with DI water several times and kept for drying at room temperature for

24 h. After the proper dry, final mass of the substrate + deposit was
measured carefully.

2.1.1. Materials characterization
Surface morphology of the CFP substrate and of the deposited ma-

terial was investigated by field emission scanning electron microscopy
(FEG-SEM, JEOL 7001F) connected with energy dispersive spectro-
meter (EDS) for elemental mapping. To assess further structural in-
formation, transmission electron microscopy (TEM) was also performed
using a Hitachi H8100 200 kV microscope with thermionic emission
gun (LaB6), equipped with EDS, allowing elemental analysis of the
synthesized material. To avoid any change in the structure, sample
preparation was done with proper care. Some part of the sample was
scratched and the resulting powder was taken on the grid directly for
the investigation.

Phase and structural analysis of the deposited films was performed
by X-ray diffraction (XRD) using a Bruker AXS D8 Advance dif-
fractometer having Cu Kα radiation of 1.5418 Å. Vibrational modes of
the bonds of hydrothermally deposited samples were characterized by
Raman spectroscopy in the range of interest from 350 cm−1 to
430 cm−1.

XPS analysis was carried out to find out the chemical composition
and the corresponding oxidation states of the deposited material. XPS
spectra were acquired in constant analyser energy (CAE) mode (30 eV),
using an Al (non-monochromatic) anode and an accelerating voltage of
15 kV. Deconvolution of the XPS spectra was performed using Avantage
software and all spectra were referred to C 1s binding energy
(284.7 eV).

2.1.2. Electrochemical characterization
The electrochemical behaviour of the synthesized MoS2 films were

evaluated by cyclic voltammetry (CV), at scan rates ranging from 10 to
200mV s−1 and by galvanostatic charge-discharge measurement (GCD)
at varying current densities (ranging from 2 to 10 A g−1) in 1M Na2SO4

solution, using PGZ 100 potentiostat. Bare CFP was also investigated by
CV for comparison. Both CV and GCD were measured in the potential
window of −0.4 V to 0.25 V. Electrochemical impedance spectroscopy
(EIS) was performed to study the resistive response of fresh and cycled
sample. The experiments were carried out using a Gamry Femtostat, at
the OCP, applying a sinusoidal perturbation with 10mV of amplitude
(RMS) and frequencies ranging from 50 kHz to 5mHz.

All electrochemical measurements were performed in three elec-
trode set-up where platinum was used as counter electrode, standard
calomel electrode (SCE) as reference electrode and the deposited ma-
terial as working electrode.

3. Results and discussion

3.1. Physico chemical characterization

The surface morphology of bare CFP and deposited material on its
top is depicted in Fig. 1. In the case of bare substrate (Fig. 1a) it can be
clearly seen that CFP fibers, presenting a thickness in the range of
5–7 μm, are interconnected well to each other, contributing to the good
electronic conductivity of the substrate. It can also be observed that the
entangle CFP results into wide voids, which is expected to facilitate
diffusion of electrolyte. Fig. 1b shows the SEM image of hydrothermally
synthesized material, at low magnification, showing that the deposition
of material occurred uniformly all around the CFP fibers as evidenced in
the magnified image shown in the inset of Fig. 1b. In the SEM image
shown in Fig. 1c, the morphology of crumpled nanosheets is evidenced
as well as the uniform coverage of the CFP. Further analysis at a na-
nometric scale demonstrated that the crumpled nanosheets are very
thin and that the crumpled morphology results in the formation of wide
holes as evidenced in Fig. 1d. These morphological features could result
in increased surface area, enabling the accessibility of electrolyte to a
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larger area of the active material. EDS mapping performed at selected
area, Fig. 1e–g, evidenced uniform distribution of Mo and S that cov-
ered the CFP substrate.

To detail the structural morphology, TEM analysis was performed -
Fig. 2. The results confirmed the previous SEM observations and evi-
denced the growth of thin crumpled nanosheets uniformly over the CFP
fibers – Fig. 2a. The images at higher magnification (Fig. 2 b and c)
illustrate the formation of a very thin crumpled nanosheet structure,
having thickness in the range of ∼10 nm illustrated in Fig. 2c. The EDS
perfromed attached to TEM again confirmed the presence of Mo and S

in the deposited film (Fig. 2d).
XRD measurements were recorded for phase analysis by varying the

2Ө value from 10 to 80° (Fig. 3a). The deposited material corresponded
to the 2H-MoS2 hexagonal structure, with sharp peaks at 2Ө values of
14.75°, 32.44°, 35.86°, 44.1° and 58.2°, which can be assigned to (002),
(100), (102), (006) and (110) lattice planes, respectively. These peaks
are in good agreement with JCPDS card number-037-1492 and previous
reports [41,42]. Sharp peaks and absence of undesired reflections in-
dicated the good crystallinity and purity of the as prepared material.

Raman spectroscopy was employed to confirm the atomic structural
arrangement of MoS2. As shown in Fig. 3b, two characteristic Raman
active modes, E12g and A1g, can be observed at 379.6 cm−1 and
404.8 cm−1, respectively. The assigned peaks matched well with pre-
vious report for MoS2 nanosheets synthesized at pH 7 [41]. The in plane
E12g mode originates from opposite vibration of two S atoms with re-
spect to the Mo atom, while A1g mode arises from out of plane vibration
of only S atoms in opposite directions [43]. The peak position of A1g

mode directly relates to the thickness of MoS2 nanosheets; in fact, the
observed A1g Raman mode at 404.8 cm−1 was red shifted compared to
the bulk MoS2 Raman peak, which generally originates at 408 cm−1,
suggesting the formation of few-layered MoS2 nanosheets [32,43].

The chemical state of MoS2 was studied from X-ray photoelectron
spectroscopy (XPS). Fig. 3 (c) shows the high resolution XPS scan in Mo
3d, which is partially overlapped with the S 2s region. The deconvu-
lated peaks, having the binding energy of 232.51 eV and 229.21 eV can
be assigned to +4 oxidation state of Mo 3d3/2 and 3d5/2 in MoS2, re-
spectively [44–46]. Also the relatively low intense doublet at 236.11 eV
and 233.01 eV corresponds to +6 oxidation state of Mo 3d3/2 and 3d5/
2, respectively [47,48]; the peaks at 234.41 eV and 229.81 eV also
corresponds to +6 oxidation state of Mo 3d3/2 and 3d5/2. According to

10 μm 10 μm

100 nm

(a) (b)

(c)

100 nm

(d)

(e) (f) (g)Mo S

Fig. 1. SEM image of bare CFP (a); MoS2 on CFP at different magnifications (b–d), EDS mapping in selected area (e-g).

12.5 nm

(a) (b)

(c)
(d)

Fig. 2. TEM images (a–c); and EDS spectra of MoS2 (d).
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previous reports, the emergence of such +6 oxidation state may be
related to the formation of MoOxSy species, such as MoO1.0S2.0 [49,50].
The presence of oxides and oxysulfides peaks could be because of
partial air oxidation of the MoS2 surface [44]. The peak at 226.11 eV
corresponds to S 2s and confirms the presence of Sulphur [34]. The S2p
doublet in Fig. 3d, was deconvulated into 2 peaks, one located at
163.1 eV and another at 161.81 eV that correspond to apical S2− or
bridging S22− and basal plane S2− or terminal S22− respectively [45].
The small peak at 164.11 eV is from elemental sulphur [51]. The XPS
results suggest that the Mo4+ and S2− were the dominant states in the
deposited material.

The capacitive behaviour of the deposited sample was examined by
cyclic voltammetry and galvanostatic charge discharge measurements
as depicted in Fig. 4. The CV of bare CFP performed at 50mV s−1 is also
included for comparative purposes. It showed negligible current re-
sponse, indicating that the current response is due to MoS2. The CV
profiles for MoS2 measured at different scan rates (Fig. 4a) evidenced,
in all cases, a rectangular shape similar to the carbon-based materials
response, confirming the nearly ideal capacitive behaviour of the ma-
terial in this potential window. The absence of redox peaks indicate that
the current response is originated either from double layer formation or
from the occurrence of multiple surface successive reversible redox
reactions at the electrode/electrolyte interface, which involves sub-
stoichiometric variation in the electrode material due to electro-ad-
sorption of proton or cations known as pseudocapacitance [52]. Based
on literature, the two possible mechanisms (double layer formation and
faradaic processes) responsible for charge storage are described below
[19].

In case of double layer formation, protons or cations (in this case
Na+) denoted as C+ are adsorbed on the surface of nanosheets (equa-
tion (2)), according to:

+ + ↔ −+ + + − +(MoS ) C (H or Na ) e (MoS C )2 surface 2 surface (2)

and, in the case of fast reversible faradaic process, protons or alkali
cations may diffuse into the interlayer of MoS2 structure [19],

according to equation (3):

+ + ↔ −+ + + − +MoS C (H or Na ) e (MoS SC )2 (3)

Moreover, the increase in the anodic and cathodic current intensity
with the scan rate, as observed from the CV profiles, confirms the re-
versible electrochemical behaviour of the deposited material and its
good capacitive behaviour even at very high scan rates (200mV s−1).
This can be associated with the open structure of the material (attained
because of the crumpled nanosheets), which reduces diffusion control
at high scan rates.

Galvanostatic charge-discharge measurements were performed at
different current densities to calculate the specific capacitance, rate
capability and capacitance retention of the deposited material. As
shown in Fig. 4b, the linear profile of the charge-discharge curve evi-
dences the typical double layer and/or pseudocapacitive behaviour,
which is in agreement with the voltammetric response. The specific
capacitance of the material was calculated from the charge-discharge
data by using equation (4):

=C I Δt
ΔVs (4)

where, Cs is the specific capacitance (F g−1), I is the current density (A
g−1), Δt is the discharge time (s) and ΔV is the working potential
window. The specific capacitance values calculated for the different
current density are depicted in Fig. 4c. A maximum specific capacitance
of 249 F g−1 was obtained at current density of 2 A g−1. Moreover, the
deposited material showed good rate capability by retaining a specific
capacitance of 103 F g−1 at 10 A g−1 which is 41.3% of initial capaci-
tance.

To meet practical requirements, the cyclic stability of the material is
of prime importance. Galvanostatic charge-discharge measurements
were performed over 1000 cycles to acquire this information. The re-
sults are presented in Fig. 4d and evidenced a retention of 71% of the
initial capacitance after 1000 cycles.

Compared to data form literature (Table 1), the directly grown MoS2

(a) (b)

(c) (d)

Fig. 3. XRD (a), Raman (b) and XPS spectra of Mo 3d-S 2s regions (c) and S 2p regions (d) of MoS2.

K.K. Upadhyay et al. Materials Chemistry and Physics 216 (2018) 413–420

416



crumpled nanosheets on carbon fibres proposed in this work shows
enhanced electrochemical response as charge storage material. The
good specific capacitance, reasonable capacity fade and, particularly,
the good rate capability can be related to the morphology of the
crumpled nanosheets and their good connection with the CFP substrate,
which facilitates charge storage, reduces diffusion controlled processes
and ensures good electronic conductivity.

To characterize further the deposited materials, electrochemical
impedance spectroscopy (EIS) was carried out at the open circuit po-
tential for the MoS2 films before and after applying 1000 potential
cycles (aged material). The spectra are shown in Fig. 5, along with the
equivalent circuit proposed to fit the data, and the fitted values of the
material before cycling presented in Table 2.

The Nyquist plot gives information about the charge transfer re-
sistance at high frequency and capacitive behaviour at low frequency.

The absence of a semi-circle in the high frequency region, as can be
noticed from magnified plot shown in inset of Fig. 5a, and the very low
value of 0.002Ω cm2 obtained from fitting (Table 2) suggest negligible
charge transfer resistance.

CPEdl is the constant phase element representing the double layer
capacitance, which specifically occurs at the electrode/electrolyte in-
terface due to the separation of ionic and electronic charges. In the high
frequency region most of the capacitance generally arises from the
double layer formation. The admittance of the CPEdl obtained by fitting
was 1.1 μF cm−2 sα−1, being consistent with previous reports [59,60].

The emergence of Warburg behaviour denoted by Wo in the mid
frequency region represents the frequency dependent diffusion of ions.
A well-defined and short Warburg region portion, with phase angle of
around −45° (n=0.55), evidences the short and equal diffusion path
length of the ions in the electrolyte. Also the Warburg resistance value

Fig. 4. Cyclic voltammetry of deposited MoS2 at different scan rate (including the bare CFP performed at 50mV s−1) (a), galvanostatic charge-discharge mea-
surement at different current densities (b), specific capacitance vs. current density (c) and stability up to 1000 cycles (d).

Table 1
Synthesis procedure, specific capacitance and stability comparison of some previous reports.

Material Synthesis procedure Directly on substrate Specific Capacitance Stability Reference

MoS2 nanosheet Hydrothermal No 129.2 F g−1 at 1 A g−1 85.1% after 500 cycles [53]
Flower like MoS2 nanostructure Hydrothermal No 159 F g−1 at 2 A g- 92.6% after 3000 cycles [29]
MoS2 Sphere Hydrothermal No 92.85 F g−1 at 0.5 mA cm−2 93.8% after 1000 cycles [54]
MoS2 nanostructure Hydrothermal No 122 F g−1 at 0.5 A g−1 Not mentioned [55]
3D-tubular MoS2 Hydrothermal No 276 F g−1 at 0.5 A g−1 96% after 1000 cycles [56]
MoS2 nanosheet Ball milling-mechanical exfoliation No 89.02 F g−1 at 5 mV s−1 89.36% after 2500 cycles [57]
MoS2 nanoflowers Hydrothermal No 169 F g−1 at 1 A g−1 85.3% after 3000 cycles [58]
MoS2 film Magnetron sputtering Yes 33mF cm−2 at 25.47mA cm−2 97% after 5000 cycles [33]
MoS2 nanosheet Hydrothermal sulfurization of Mo substrate Yes 192.7 F g−1 at 1 mA g−1 98% after 1000 cycles [32]
MoS2 on titanium plate Hydrothermal Yes 133 F g−1 at 1 A g−1 93% after 1000 cycles [31]
MoSx on carbon paper Electrodeposition Yes 140 F g−1 at 0.67 A g−1 Not mentioned [34]
MoS2 crumpled nanosheet Hydrothermal Yes 249 F g−1 at 2 A g−1 71% after 1000 cycles This work
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of 0.94Ω cm2 was very low. The very low charge transfer resistance and
the decreased diffusion effect can be the reason for very fast reversible
redox reactions at the interface, which explains the rectangular CV, the
rectangular nature retention even at high scan rates and the linear
profiles of GCD plots.

At very low frequency, the capacitance generally originates from the
reversible redox process (pseudocapacitance) represented as CPEL in
the equivalent circuit. The admittance of CPEL, 15.9 μF cm−2 sα−1, was
obtained after fitting the EIS spectra, being significantly higher than the
CPEdl value obtained at higher frequencies. This was an expected result
since at low frequencies ions have sufficient time to diffuse throughout
the deposited film, which increases the active area available for the
redox processes. RL is the leakage resistance connected in parallel to the
CPEL and its value, presented in Table 2, is 6164Ω cm2 which is sig-
nificantly high. Low leakage resistances imply high leakage currents
that induces fast electrode discharge. The high leakage resistance ob-
tained for the deposited material points to low self-discharge tendency.
Also, the marked vertical curve having a n value of 0.88 and phase
angle around −84° (Fig. 5c), in the low frequency region, indicates an
almost ideal supercapacitor response [59,60].

EIS data has been used to study in detail the supercapacitive

behaviour of similar materials. Taberna et al. [61] have done a detailed
study on the capacitive and impeding behaviour of carbon based ma-
terials from EIS data. The complex formulation for capacitance de-
pendent on frequency is defined as:

C(ω) = C′(ω) + C"(ω) (5)

Where

′ =
−C ω Z ω

ω Z ω
( ) "( )

( ) 2 (6)

″ =
′

C ω Z ω
ω Z ω

( ) ( )
( ) 2 (7)

and

Z(ω) = Z′(ω) + Z"(ω) (8)

Where C′(ω) and C"(ω) are the real and imaginary part of the complex
capacitance, respectively and Z′(ω) and Z"(ω) are the frequency de-
pendent real and imaginary part of the impedance, respectively. The
C′(ω) and C"(ω) vs frequency of the deposited material is illustrated in
Fig. 5d.

In terms of physical meaning, the value of C′(ω) corresponds to the
capacitance of the electrode and depends on the electrode structure and
electrode/electrolyte interface. As it can be seen from the plot in
Fig. 5d, in the high frequency region the material displays poor capa-
citive behaviour meaning it behaves as resistor. As frequency goes
down, and when it reaches approximately 20 Hz, a sudden increase in
the capacitance can be noticed. For low frequencies capacitance un-
dergoes saturation after attaining a maximum. This behaviour can be
explained considering that at high frequencies electrolyte ions can only
have the access to the surface of the deposited material, whereas the
material inside deeper pores is not accessed. In contrast, at low fre-
quencies, electrolyte ions have sufficient time to penetrate deep inside
the pores of the film accessing more electrode surface thereby con-
tributing to the high capacitance value.

C"(ω) corresponds to the energy dissipation by an irreversible

(a) (b)

(c)

(d) (e)

(f)

Fig. 5. Electrochemical Impedance spectroscopy
(EIS) of deposited material; Nyquist plot (a) (inset
showing the magnified image and equivalent circuit
diagram, green line is the fitted curve of experimental
data), Bode plots (b, c); evolution of real part and
imaginary capacitance vs. frequency (d), Bode plots
comparing the material after 1 cycle and after 1000
cycles (e, f).

Table 2
Electrochemical impedance parameters obtained after fitting the experimental
data for the fresh sample before cycling.

Fitting parameters Value

Rs (Ω.cm2) 7.21
Rct (Ω.cm2) 0.002
CPEd1(μF.cm−2sα−1) 1.1
Warburg element,Wo (Ω.cm2) 0.94

n 0.55
n (at low frequency)
Rl(Ω.cm2) 15.9
CPEL(μF.cm−2sα−1) 0.88
χ2 Value 7.4 * 10−5
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process that can lead to a hysteresis, which also can be stated as di-
electric loss of the electrolyte ions due to rotation or movement of
molecules dependent on frequency. The variation of C"(ω) vs. frequency
is presented in Fig. 5d. The plot displays a maximum at particular
frequency f0. This frequency corresponds to dielectric relaxation time,
given by t0= 1/f0, and represents the supercapacitor factor of merit
[61]. The relaxation time calculated for the deposited material is 0.36 s
and this value indicates the minimum time needed to discharge all the
energy of the device with an efficiency higher than 50%. The short
relaxation time obtained for crumpled nanosheets MoS2 accounts for
the short diffusional path of ions and efficient charge-discharge ability
and is nearly in the same range, or even shorter, compared to other
reported materials such as activated carbon (0.7 s) [62], dried self-
stacked solvated graphene (0.43 s) [63], vertically oriented graphene
grown on nickel foam current collector (0.36 s) [64], MWCNT (0.7 s) or
AC (1 s) [65].

Impedance analysis was also performed after 1000 GCD cycles and
compared to the measurement on the as prepared material. The sub-
stantial increase in the resistance, particularly in low-mid frequency
region, and lowering of phase angle in the same frequency range, ob-
served from the spectra presented in Fig. 5e and f provides an ex-
planation for the cyclic degradation of the deposited material, possibly
because of dissolution or formation of non-reversible species.

4. Conclusions

In summary, MoS2 crumpled nanosheets were synthesized directly
on carbon fiber paper by hydrothermal procedure for supercapacitor
application. The material covered the entire carbon fiber surface and
XPS results suggested that Mo4+ and S2− were the dominant states in
the deposited material. MoS2 crumpled nanosheets showed very good
pseudocapacitive behaviour, attaining specific capacitance of 249 F g−1

at 2 A g−1 with a good rate capability. MoS2 crumpled nanosheets also
retained around 71% of initial capacitance after 1000 cycles.
Electrochemical impedance spectroscopy showed short relaxation time
of 0.36 s making it a promising electrode material for high power ap-
plications.
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