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Homogeneous ultrathin nanoflakes of MoS2 thin films have been successfully developed by simple and low

cost room temperature chemical bath deposition (CBD)methodwhich further applied as electrodematerial

for high-performance supercapacitors. The surface morphological analysis revealed uniform growth of

MoS2 nanoflakes on whole substrate surface. Structural analysis confirms the formation of rhombohedral

crystal structure of MoS2. The electrochemical performances were tested by cyclic voltammetry,

galvanostatic charge/discharge and electrochemical impedance techniques. Different electrolytes were

tested in order to find suitable electrolyte for MoS2 thin films. In addition, the effect of electrolyte

concentrations on supercapacitive properties of MoS2 thin film was investigated. Thus, MoS2 ultrathin

nanoflakes electrode exhibits excellent electrochemical performances with maximum specific

capacitance of 576 F g�1 at 5 mV s�1 and good cycling stability of 82% over 3000 cycles.

Introduction

In recent years, supercapacitors have become a new research

hot spot in the eld of energy storage due to their high levels of

electrical power, large specic energy, fast charging–discharg-

ing rates and environmental protection.1,2 As rechargeable

power sources, supercapacitors also known as electrical double

layer capacitor (EDLC) with excellent power and energy densi-

ties, have gathered increasing attention for applications that

demand high operating power levels, such as consumer elec-

tronics, memory back-up systems, industrial power, energy

management, public transportation, and military devices.3,4 In

this regard, different batteries and high performance capacitors

are the focus of the scientic community.5 According to the

charge storage mechanisms, supercapacitors can be divided

into two types. One is pseudocapacitor which is a surface redox

reaction, usually includes transitionmetal oxides or hydroxides,

conducting polymers, poly-oxometalates as electrode mate-

rials.6,7 The other is electric double layer capacitors (EDLCs)

which is based on charge separation at the electrode/electrolyte

interface, mainly carbon based materials such as carbon

nanospheres, carbon nanotubes and graphene.8,9

Recently, pseudo-capacitive nanomaterials (metal oxides

and conducting polymers) and carbon nanotubes nano-

composites materials have attracted great attention based on

the combination of the excellent properties of both the indi-

vidual materials and their synergistic effects for electrode

materials.10–15 Among the electrode materials, metal suldes are

also known to be electrochemically active materials for super-

capacitor applications, but to date very few metal suldes, such

as WS2, MoS2, CoS, NiS, SnS and ZnS, have been employed to

fabricate supercapacitor electrodes due to their high conduc-

tivities.2,16–22 Among the metal suldes, molybdenum disulde

(MoS2) has a layered structure like graphite with strong inter-

layer covalent bonds separated by weak van der Waals

forces.23,24 Due to its high surface area, electrical conductivity

and sheet-like morphology, it can exhibit better capacitive

properties. As compared to metal oxides and graphite, MoS2
could be better electrode for supercapacitor applications

because of its higher intrinsic fast ionic conductivity than

oxides and higher theoretical capacity than graphite.25–27 Many

of the metal oxides as well as carbon materials having ultrathin

nanostructures have been used for supercapacitor

application.28–30

A very few reports on MoS2 are available for supercapacitors

application. Krishnamoorthy et al.16 reported sphere like

nanostructures with capacitance of 106 F g�1 at the scan rate of

5 mV s�1. Also Ilanchezhiyan et al.17 reported spherically clus-

tered MoS2 nanostructures for electrode applications with the

maximum specic capacitance of 122 F g�1. Ramadoss et al.18

studied the electrochemical behavior of hydrothermally

synthesized mesoporous MoS2 nanostructure in KCl and

Na2SO4 electrolyte. Apart from this, many of the researchers
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have been reported the composite of C/MoS2, MoS2–graphene,

2D MoS2 on reduced graphene oxide, MoS2–multiwalled carbon

nanotubes with the excellent supercapacitor properties.25,31–33

However, present investigation reports very simple chemical

bath deposition (CBD) method for synthesis of MoS2 nanoakes

for supercapacitor application, which is not reported as per our

knowledge. This CBD method is very simple, inexpensive and

can be used for large area deposition.

In this paper, we report synthesis of MoS2 ultrathin nano-

akes by CBD at room temperature directly on stainless steel

substrate which are further used as electrode material for

supercapacitor. The electrochemical performances of as

deposited MoS2 thin lm were studied in different electrolytes

and different electrolyte concentrations through cyclic voltam-

metry, charge–discharge studies, and electrochemical imped-

ance measurements. The electrochemical properties suggest

that, MoS2 nanoakes electrode exhibits excellent specic

capacitance of 576 F g�1 at 5 mV s�1 with good cycling stability

of 82% over 3000 cycles.

Materials and method
Materials used

Ammonium molybdate (LOBA chemie), sulfuric acid extra pure

98% (LOBA chemie) and sodium sulde akes puried (Merck),

stainless steel substrate (305 grade) have been used.

Preparation of MoS2 thin lm

MoS2 thin lms were deposited by chemical bath deposition

method (CBD) at room temperature (RT, 300 K). Briey, 10 ml

aqueous solution of 1 mM ammonium molybdate

((NH4)6Mo7O24) was used as a source of molybdenum in 50 ml

beaker. Then, 0.5 ml of 1 M sulphuric acid (H2SO4) was added

into the above solution to make it acidic. Later, 10 ml aqueous

solution of 0.2 M sodium sulde (Na2S) was added into above

bath as sulphur source. The colour of solution changes to light

brown. Well cleaned stainless steel substrates were vertically

immersed in the bath at room temperature with constant stir-

ring. Aer some time, precipitation was started in the solution.

During precipitation, a heterogeneous reaction occurred and the

brown coloured MoS2 thin lm was deposited on the substrates.

Stainless steel substrate coated with MoS2 thin lm was taken

out aer 1 h from the bath, washed with double-distilled water,

dried in air and stored in an airtight container. The schematic

representation of MoS2 nanoakes is shown in Fig. 1.

Material characterization

Structural arrangement of molybdenum sulde (MoS2) lms was

carried out with an X-ray diffractometer (XRD) using Cu-Ka

radiation (l ¼ 1.54 Å) (System Ultima IV of Rigaku Corporation,

Japan). Chemical bonding were studied with Fourier transform

infrared (FTIR) spectra recorded on a JASCO 410 model. X-ray

photoelectron spectroscopy (XPS) was done by Electron Spectra

on for Chemical Analyzer (ESCA) VG Multilab2000, Thermo VG

Scientic UK. The lm surface morphology was observed

by Field emission scanning electron micrograph (FESEM).

Transmission electron microscopy (TEM) images were taken

with a JEOL JEM-2100 operated at 200 kV. Supercapacitor

formation and respective studies were carried out using the

Potentiostat/Galvanostat PARSTAT 4000 (Princeton Applied

Research, USA).

Electrochemical measurements were carried out using three

electrode cell congurations with MoS2 as the working elec-

trode, platinum as the counter electrode and Ag/AgCl as the

reference electrode with Na2SO4 as an electrolyte. The cyclic

voltammetry measurements of the MoS2 electrode were per-

formed at different scan rates in a potential window of �0.1 to

�0.8 V. The charge–discharge characterization was performed

at different specic current within a potential window of�0.1 to

�0.8 V. Electrochemical impedance measurements were carried

out between 0.01 Hz and 100 MHz with AC amplitude of 10 mV.

Result and discussion
Film formation and reaction mechanism

The thin lms formation by chemical bath deposition (CBD)

method is based on the principle of controlled precipitation.34

Film growth dominates in two different ways: (i) via ion-by-ion

condensation of materials and (ii) by the adsorption of colloidal

particles from the solution on the substrate. At the initial stage

H2SO4 reacts with (NH4)6Mo7O24 under room temperature chem-

ical bath deposition and formation of (NH4)2MoO4 takes place as

(NH4)6Mo7O24 + 4H2SO4 /

7(NH4)2MoO4 + 4(NH4)2SO4 + 4H2O (1)

At the second stage, Na2S decomposed into H2S with distilled

water as

Na2S + 2H2O / 2NaOH + H2S (2)

The produced H2S reacts with (NH4)2MoO4 under acidic

condition and brown colored MoS2 is formed as

4(NH4)2MoO4 + 3H2SO4 + 9H2S /

4MoS2 + 4(NH4)2SO4 + 12H2O (3)

Structural studies

XRD pattern of the MoS2 nanoakes thin lm on stainless steel

substrate is shown in Fig. 2(a). As projected in Fig. 2(a), the peak

Fig. 1 Schematic representation for formation of MoS2 nanoflakes.
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at 47.8� corresponds to the (107) plane, indexed to the rhom-

bohedral structure of MoS2 (JCPDS card no. 77-0341). The broad

and low intensity peak indicates the formation of nanocrystal-

line MoS2. The nanocrystalline nature of MoS2 is benecial for

supercapacitor application, as it allows easy and fast access for

intercalation/deintercalation of electrolyte ion in the active

electrode material.35 The peaks marked by triangle are associ-

ated to the stainless steel substrate.

The FT-IR measurement was carried out in order to obtain

the bending and stretching vibrations of functional group

present in the samples. As shown in Fig. 2(b), FTIR spectrum of

MoS2, the peaks observed at about 600 cm�1 are assigned to

Mo–S vibration.33 The peak corresponding to 1106 cm�1 is may

be S–O (sulde oxide) asymmetric stretching. Moreover, a broad

absorption band at about 3254 cm�1 and 1621 cm�1 appear in

the FTIR spectra are assigned to stretching vibrations of the

O–H bonds which can be assigned to intercalated water.36

The XPS was used to nd the composition of the as-prepared

MoS2 lm. Fig. 2(c and d) are the survey scan of MoS2 thin lm

which exhibits characteristic peaks of Mo 3d and S 2p with their

corresponding binding energies. Fig. 2(c) Mo 3d spectrum

shows two strong peaks sited at 232.9 and 235.8 eV, which are

attributed to the doublet of Mo 3d5/2 and Mo 3d3/2 spin orbitals,

respectively, and conrmed the formation of MoS2.
32 Similarly,

Fig. 2(d) S 2p spectrum exhibited peaks at 164.6 and 170.2 eV,

which correspond to the S 2p3/2 and S 2p1/2 orbitals of the

divalent sulde ions (S2�) respectively.37

Surface morphological study

For electrochemical supercapacitor application, the surface

morphology of an active electrode material has a great

importance, as the electrochemical reactions occur at or near

the surface of electrode. Fig. 3(a and b) demonstrates the

surface morphology of MoS2 thin lm at two different magni-

cations. The surface of chemically deposited MoS2 thin lm

reveals that formation of nanoakes. The nanoakes

morphology is advantageous for efficient ion/electron transport

and for better accommodating the volume variation.38 The

compositions of the chemically prepared MoS2 samples on

stainless steel substrate were analysed by energy dispersive X-

ray analysis (EDAX). Fig. 3(c) shows the EDAX image of the

MoS2 nanoakes. EDAX analysis conrmed that the MoS2
nanoakes structure is composed of Mo and S. The energy of

Mo and S elements are obtained within the range of 2 to 2.6 keV

which is similar to previously reported mesoporous MoS2
nanostructure.18 The all other peaks obtained in EDAX pattern

are the contribution of stainless steel substrate.

TEM images of MoS2 sample is shown in Fig. 3(d). The TEM

analysis clearly indicates the formation of clusters of ultrathin

nanoakes, interconnected and with sizes in the range 2–3 nm;

these are in good agreement with the results from the SEM

images. Such ultrathin nanoakes provided easy access for

electrolyte ions, which is very useful for supercapacitors. The

corresponding SAED pattern Fig. 3(e) shows diffuse rings,

indicating that the akes are polycrystalline.

Electrochemical studies

The capacitive performances of the MoS2 thin lm electrodes

were evaluated by cyclic voltammetry (CV). In order to nd

suitable electrolyte for better electrochemical behavior, the CV

curves of MoS2 thin lm were recorded in 0.5 M Na2SO3, KCl,

K2SO4, NaOH, KOH, Na2S, Na2SO4 electrolytes at scan rate of

Fig. 2 (a) XRD pattern of MoS2 (b) FTIR spectra of MoS2 sample. (c and d) Core level XPS spectrums of MoS2 film for Mo 3d and S 2p.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 39159–39165 | 39161
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100 mV s�1 (see Fig. 4(a)). It can be observed that some of the

curves exhibit an almost rectangular and symmetric shape

which indicates non-faradaic charging (electrochemical double

layer capacitance). In Fig. 4(a), MoS2 thin lm electrode is

showing redox behavior in the NaOH and KOH electrolytes

which may be attributed to the redox reactions between strong

basic electrolytes and MoS2.

There are two possible predicted mechanisms. The rst one

is non-faradaic process might be due to the formation of

a double layer at the electrode/electrolyte interface during the

adsorption of protons or cations on the MoS2 thin lm.

(MoS2)surface + C+ (Na+ or K+) + e� 4 (MoS2 � C+)surface (4)

The second is based on the pseudocapacitive behavior due to

the faradaic charge transfer process. During the redox process

ions such as protons (H+) and/or alkali metal cations (Na+ and

K+) may diffuse into the interlayer of MoS2 structure.

MoS2 + C+ + e� 4 MoS � SC+ (5)

The values of specic capacitance of the as prepared elec-

trode was calculated from CV curves using a following equation

Cs ¼

ð

Vf

Vi

IðVÞdV

mn
�

Vf � Vi

� (6)

where, Cs is specic capacitance (F g�1), n is potential scan rate

(mV s�1), (Vf � Vi) is operational potential window, I is the

current response (mA) of the MoS2 electrode for unit area (1

cm2) dipped in electrolyte andm is deposited mass of MoS2 on 1

cm2 surface of stainless steel substrate. The mass deposited of

MoS2 was 0.58 mg cm�1 taken by sensitive microbalance.

Fig. 4(b) shows that variation of specic capacitance of MoS2
thin lm with electrolytes at 100 mV s�1 scan rate. It is seen

that, maximum specic capacitance of MoS2 electrode was 270

F g�1 observed in 0.5 M Na2SO4 electrolyte.

If it is going to be a contribution from the double layer,

where the charge is stored mainly in the electrolyte, the change

in the electrolyte concentration will have a direct effect on the

capacitance value.39 In order to check the suitable electrolyte

concentration for better capacitive properties, the concentra-

tion of electrolyte was changed from 0.1 to 1 M (Fig. 4(c)). The

effect of concentration of Na2SO4 electrolyte was studied by

keeping the scan rate and potential window constant (100 mV

s�1 and �0.1 to �0.8 V). In the present case, the current under

the curve increases as the Na2SO4 concentration is increased

from 0.1 M to 0.5 M; thereaer further increase in concentra-

tion peel off of the sample was observed. Fig. 4(d) shows the

Fig. 3 (a and b) FE-SEM images of MoS2 (c) EDAX pattern of MoS2 (d) TEM image of MoS2 sample (e) shows SAED pattern of MoS2.

Fig. 4 (a) CV curves of MoS2 at different electrolytes (b) variation of

specific capacitance with electrolytes (c) effect of Na2SO4 electrolyte

concentrations on CV curves at 100 mV s�1 scan rate (d) variation of

specific capacitance with different concentrations of Na2SO4.
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variation of specic capacitance with different electrolyte

concentrations. It is seen that, the maximum specic capaci-

tance of MoS2 electrode was 270 F g�1 observed at 0.5 M Na2SO4

electrolyte concentration. If the electrolyte concentration is

high, the ion transport within the electrode layer will be easier,

leading to an effective building-up for double layer. However, if

the electrolyte concentration is further increased, the ion

activity may be reduced due to less water hydration, resulting in

decreases ion mobility.40 Therefore, all further electrochemical

performances were carried out in 0.5 M Na2SO4 electrolyte.

The capacitive performances of the MoS2 electrodes were

evaluated at different scan rate (Fig. 5(a)) in 0.5 M Na2SO4. It is

seen, that all the curves exhibit almost rectangular and symmetric

shapes which indicates non-faradaic charging i.e. electrochemical

double layer capacitance. In addition, the CV curve area increases

with increasing scan rate from 1 to 200 mV s�1, which reveals the

capacitive behavior of the electrodes. Further, the shape of the CV

curves does not change evidently even at higher scan rates and

the total current increases with increasing potential scan rates,

which demonstrates a good rate property and excellent capacitive

behavior for the MoS2 thin lms electrode. In addition, it can be

seen that the broadening of CV curves shis in the positive

direction with increase in the scan rates, which might be due to

the internal resistance of the electrode. Fig. 5(b) shows the vari-

ation of specic capacitance with scan rates. Note that MoS2
nanoakes exhibited a maximum specic capacitance of 576 F

g�1 at a scan rate of 5mV s�1. Moreover, a decrease in capacitance

with increased scan rate is observed, which due to charge resistive

behavior of the electrode material at higher scan rate. Several

authors have investigated supercapacitive properties of MoS2 thin

lms. For example, Ilanchezhiyan et al.17 reported the value of

specic capacitance 122 F g�1 at 5mV s�1 scan rate in 1MNa2SO4

electrolyte for spherically clustered MoS2 nanostructures synthe-

sized by hydrothermal route, and Ramadoss et al.18 reported the

value of specic capacitance 403 F g�1 at 1 mV s�1 scan rate in

KCl electrolyte for mesoporous MoS2 nanostructure synthesized

by the hydrothermal route. The reason for high specic capaci-

tance in the present investigation might be unique, as the

nanoakes like architecture provided a less resistive behaviour at

lower scan rate. However, the previously reported specic

capacitances values are tabulated in Table 1 in comparison with

present one.16–18,41,42

Fig. 5(c) shows the galvanostatic charge–discharge (GCD)

curves of MoS2 electrode measured at different specic currents

(1.7, 3.5, 5.2 and 6.9 A g�1) in 0.5 M Na2SO4 electrolyte. It is seen

that, all the curves exhibit almost symmetric and triangular

shapes, indicating the capacitive behavior of the electrodes.

Fig. 5 (a) CV curves of MoS2 electrode at different scan rates in 0.5 M

Na2SO4 (b) specific capacitances of the MoS2 electrode at different

scan rates from 1 to 200 mV s�1 (c) galvanostatic charge–discharge

curves of the MoS2 electrode at different specific currents in 0.5 M

Na2SO4 (d) specific capacitance of MoS2 electrode at different specific

currents.

Table 1 The comparative chart of MoS2 electrode for supercapacitor application

Material Method Morphology Specic capacitance (F g�1) Retention Ref.

MoS2 Hydrothermal Sphere like 106 at 5 mV s�1 in 1 M Na2SO4 — 16

MoS2 Hydrothermal route Nanosphere 122 at 0.5 A g�1 in 1 M Na2SO4 — 17

MoS2 Hydrothermal route Mesoporous 376 and 403 at 1 mV s�1 in 1 M Na2SO4

and 1 M KCl
80% 2000 cycles 18

MoS2 Two step hydrothermal 3D ower like 168 at 1 A g�1 in 1 M KCl 92.6% 3000 cycles 41

MoS2 CBD Ultrathin nanoakes 576 at 5 mV s�1 in 0.5 M Na2SO4 82.2% 3000 cycles This work
MoS2 Hydrothermal Flower like 129.2 F g�1 at 1 A g�1 in 1 M Na2SO4 85.1% 500 cycles 42

MoS2 CVD Nanowall 100 F g�1 at 1 mV s�1 in 0.5 M H2SO4 — 39

Table 2 Electrochemical supercapacitive performances of MoS2 electrode

Specic current

(A g�1)

Discharge time

(s)

Specic capacitance

(F g�1)

Energy density

(W h kg�1)

Power density

(kW kg�1)

1.7 87 214.28 14.58 0.603
3.5 29 142.86 9.72 1.207

5.2 16 118.23 8.05 1.810

6.9 11 108.37 7.37 2.414

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 39159–39165 | 39163

Paper RSC Advances

P
u
b
li

sh
ed

 o
n
 1

2
 A

p
ri

l 
2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 5

/2
3
/2

0
1
9
 2

:1
3
:4

5
 A

M
. 

View Article Online

https://doi.org/10.1039/c6ra04441g


Initial voltage drop during discharge was attributed to internal

resistance of the MoS2material. Note that the initial voltage loss

was small even at the high current densities, indicating fast CV

response and low internal resistance in the supercapacitors.

The specic capacitance (Cs) can also be calculated from the

galvanostatic charge–discharge curves using a familiar

equation.

Cs ¼
I � Dt

m� DV
(7)

where, I is the discharge current (A), Dt is the discharge time (s),

m is the mass of the active material (g) and DV is the potential

window (V). The specic capacitances calculated are found to be

214, 142, 118 and 108 F g�1 in 0.5 M Na2SO4 solution, obtained

at current densities of 1.7, 3.5, 5.2 and 6.9 A g�1, respectively

(Fig. 5(d)). The obtained result implies that, the relatively good

specic capacitance retention ratio of the electrode at current

densities ranging from 1.7 to 6.9 A g�1.

Energy density (ED) and power density (PD) are the most

important parameters of an electrochemical supercapacitor

device which determine its operational efficiency and perfor-

mance. The ED and PD values of MoS2 nanoakes are derived

from the GCD curves at different specic currents according to

the following equations:

E ¼
0:5� Cs � DV

2

3:6
(8)

P ¼
E � 3600

Dt
(9)

where, Cs is specic capacitance, Dt is discharging time, DV is

the potential during charging and discharging cycles. The

specic capacitance, ED and PD values at different specic

currents are evaluated in Table 2 and are plotted in Ragone plot

(Fig. 6(a)). It is seen that, MoS2 electrode provides good energy

density as compared to the conventional capacitor and higher

power density than the batteries, which is requisite as

a supercapacitor.

In order to understand the fundamental behavior of the

supercapacitor electrode, electrochemical impedance spectros-

copy (EIS) studies has been performed at a frequency range of

0.01 Hz to 100 kHz in 0.5 M solution of Na2SO4. The EIS data

was analysed using Nyquist plots, which show the frequency

response of the electrode/electrolyte system and plotted as the

imaginary component (Z00) of the impedance against the real

component (Z0). Fig. 6(b) represents the EIS spectra with the

equivalent circuit of MoS2 electrodes which show one partially

undercrossed and low semicircle at the high frequency region

and straight lines at low frequency region.43 The observation of

very small equivalent series resistance (Rs) is about 8.50 U at the

intercept on real axis and diameter of the arc in the high

frequency range is likely attributed to the charge transfer

resistance (Rct) and is about 1.75 U. The presence of a straight

line nearly parallel to the imaginary axis revealed the ideal

capacitive behavior of the MoS2 electrode.

Long term cyclic stability is one of the important criterions

for the practical applications of supercapacitor devices. Fig. 6(c)

shows the cyclic tests of the MoS2 electrodes for 3000 cycles at

the scan rate of 100 mV s�1 measured using CV technique. It

clearly shows that the MoS2 material possesses capacitance

retention of about 82.25% even aer 3000 cycles. The enhanced

electrochemical performance of the MoS2 electrode is mainly

due to its nanoakes morphology, which provided the large

surface area, and an efficient ion and electron transport. This

study suggested the long term cyclic stability of MoS2 for

supercapacitor applications.

Fig. 6 (a) Ragone plot of MoS2 electrode (b) Nyquist plots for theMoS2
electrode with an equivalent circuit (c) retention stability of MoS2
electrode for 3000 cycles at 100 mV s�1 scan rate.
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Conclusions

We have successfully grown nanoakes like MoS2 architecture

by simple, cost effective and room temperature CBD method.

The physico-chemical characterizations have shown the

formation of rhombohedral, 3D-nanoakes like MoS2 thin

lms. This unique nanostructured MoS2 exhibited high specic

capacitance of about 576 F g�1 at 5 mV s�1 scan rate. Further-

more, high energy density of 14.58W h kg�1 as well as good long

term cycling stability of 82% over 3000 cycles. Thus these

encouraging results suggest that the MoS2 nanoakes can serve

as promising electrode materials for high performance

supercapacitors.
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