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The present study deal with the fabrication of low cost nanocomposite based electrodes

based on Nickel foam binder free substrate for supercapacitor applications. The compo-

sition of nanocomposite is molybdenum sulphide nanoparticle/graphene coated on mes-

oporous manganese oxide. The first step is to involve the preparation of mesoporous

manganese oxide by non-ionic surfactant assisted method. In the second stage is to de-

posit the reduced graphene on mesoporous manganese oxide in the presence of ultrasonic

irradiation followed by addition of known quantity of commercial MoS2 nanopowder

(particle size below 90 nm). The manganese oxide based nanocomposite is showing porous

architecture with graphene sheet formation together with MoS2 nanoparticle deposition.

N2 adsorption-desorption Isotherm curves for MoS2 nanoparticle (NP) modified graphene

oxide/meso-MnO2 and pure meso-MnO2 displayed type IV isotherm with improved surface

area values. The reduced graphene oxide (graphene) and MoS2 exist in the form of glassy

flaky morphology as well as tubular/needle shapes are obtained after the deposition pro-

cess in the final nanocomposite. The orderly arranged and anchored nano-sized meso-

porous manganese oxide nanocomposites are showed increased specific capacitance (up to

527, 727 and 1160 F/g) and continuous cyclic stability.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Pseudo-capacitor based metal oxide based nanocomposites

are used to fabricate porous structure nanocomposite
R.J. Ramalingam).

ons LLC. Published by Els
deposited carbon materials for conductive and pseudo-

capacitor applications. Design the surfaces of conductive

materials with pseudo capacitor materials such as RuO2, IrO2,

NiO, Co3O4, and conducting polymers, enhances their elec-

trochemical performance by altering the redox properties
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[1e5,15]. Compared to other electro catalyst and related

pseudo capacitor materials, MnO2 is a promising electrode

material in terms of cost and pollution free as well as easy to

prepare in large scale. The big advantage of using manganese

oxide is having high theoretical specific capacitance (~1100 F

g�1) [6e9]. The different oxidation states of manganese (Mn)

ions are main cause for their wide variety of electrochemical

applications [8,9]. One of the most practical approaches to

improve the usage of manganese oxide involves utilization of

large-surface area nanocarbon-based materials, such as sin-

gle and multi walled carbon nanotubes and graphene like

materials to support on manganese oxide and increase its

electrochemical activity [10e15]. Graphene, reduced graphene

oxides are exhibit effective chemical stability, high electrical

conductivity, as well as excellent mechanical properties that

are comparable with or even better than carbon nanotubes

[16,17]. In reality, improved surface area and conductive sup-

ports not only improve the electrical conductivity of MnO2-

based electrodes but also increase their surface activity and it

promotes electron transfer. The ions in the manganese oxide

lattice has also involve in transport process. The orderly ar-

ranged and tightly anchored nano-sizeMnOx on graphene has

also shows enhanced specific capacitance up to 365 F/g and

continuous cyclic stability [18e21]. The manganese oxide

particles that were mixed and deposited on the surface of

graphene contribute increase in the porosity and enhanced

specific capacitance. Hence, the power and energy densities of

graphene-based devices are much higher than that of MnO2

nanorod/graphene composites [22]. To improve further the

capacitive performance of nanocomposite based super-

capacitor device fabrication, some investigations have been

focused on increasing their conductivity and capacitance by

incorporate or deposit ametal nanoparticle. Li and co-workers

demonstrated the fabrication of a novel flexible nano-

architecture by coating ultrathin MnO2 films on highly elec-

trically conductive Zn2SnO4 nanowires grown radially on

carbon microfibers and it shows the good result, such as

specific capacitance of 642.4 F/g (with respect to pristine

MnO2) was achieved in 1 M Na2SO4 aqueous solution [23]. The

above increased performance is attributable to the formation

of ideal electron pathways for the rapid chargeedischarge

reaction in the presence of highly conductive hollow Ni den-

drites. Graphene like other two dimensional nanosheets, such

as layered metal dichalcogenides, have also attracted exten-

sive research efforts [24]. MoS2 has a layered structure con-

sisting of three covalently bonded atomic sandwiches like 35

layer of SeMoeS [25]. However, the capacitive performance of

such composites depends strongly on changes in the local

electronic and chemical environments of the active element

during the electrochemical charge/discharge process. Noble

metal ion incorporated (Au and Pt) in MnOx ternary catalyst is

recently utilized as anode catalyst in formic acid fuel cell [26].

As a result of using nano-gold and nano MnOx particle in fuel

cell application, it shows enhanced efficiency for fuel cell ef-

ficiency compared to using Pt/GC electrode. Costa-serra et al.

[27], recently reported the cobalt doped birnessite and todor-

okite like manganese oxide porous tunnel structured mate-

rials for production of hydrogen by steam reforming of

ethanol. The steam reforming in catalytic fixed bed reactor

results in high selectivity (70e100%) towards hydrogen
production. Sami Ullah et al. [28] reported the study of

hydrogen uptake by manganese oxide deposited on multi-

walled carbon nanotube composite catalyst by insitu prepa-

ration method. Nano MnOx catalyst enhances the hydrogen

uptake by hydrogen spillover mechanism using catalyst

nanoparticle. From the above recently reported study shows

clearly the importance of adding nanoparticle doped MnOx is

playing the important catalytic role in enhancing the reaction

and improves the efficiency of the electrode materials. The

main objective of the present work is to develop highly active

modified Nickel foam based electrodes for supercapacitor

applications based on non-toxic MnOx based nanocomposite

Nickel foam. In the present work, mesoporous manganese

oxide is first synthesized by non-ionic surfactant assisted

method. The mesoporous MnO2 is further mixed with gra-

phene oxide to prepare the r-GO (reduced graphene oxide or

graphene on MnOx. Then the known quantity of MoS2 nano-

particle is further added with above prepared nanocomposite

to make final form of modified nanocomposite. The porosity

structure morphology, and other physico-chemical charac-

terization of the prepared nanocompositematerials have been

studied. The as prepared nanocomposite is pressed on nafion

substrate to prepare the modified electrode for characterize

the electrochemical property to study the specific

capacitance.
Materials and method

Sulphuric acid and potassium iodide were bought from Merck

India. Nafion perfluorinated resin solution used for working

electrode preparation was obtained from SigmaeAldrich. All

the reagents used in the process were of analytical grades.

Nickel foam (width: 5 cm, pore number: 110 PPI, Thickness:

1.5 ± 0.5 mm, Density: 480 ± 30 g/m2) used as substrate were

obtained from Winfay Group Company Limited, Shanghai,

China. All essential chemicals (manganese sulphate, ammo-

nium persulphate, and alkali), Molybdenum sulphide nano-

powder (particle size of 90 nm) and graphene oxide

suspension (1000 ppm) are obtained from Sigma Aldrich and

used without further purification. X-ray diffraction (XRD)

(Miniflex 600), TEM images are recorded at acceleration

voltage of 200 kV (JEOL-JEM-2100F, Japan). BET surface area

analysis and Nitrogen adsorption desorption analysis carried

out using NOVA 2200e (Quantachrome instruments, USA).

Mesoporous manganese oxide is prepared by non-ionic

surfactant assisted precipitation method. The synthesized

mesoporous MnO2 is used as a base material to prepare the

nanocomposite. Commercially available graphene oxide and

MoS2 nanoparticle (<90 nm) are deposited on as prepared

porous MnO2 to make the nanocomposite. First is to prepare

the meso-MnOx is as follow, precipitation was carried out

using MnSO4, TritonX-100 as a non-ionic surfactant, ammo-

nium persulphate (NH4S2O8) as the oxidizing agent, and

ammonia as directing agent. In the First step, 2mL of Triton X-

100 was dissolved in a minimum amount of deionized water

(240 mL) and stirred continuously for 60 min, followed by the

addition of 50mL of 0.1MMnSO4 dissolved in deionizedwater.

Then, 50 mL of 0.1 M NH4S2O8 was added to MnSO4 solution

and stirred vigorously for 60 min. After complete mixing,
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required quantity of ammonia solution was added drop wise

and stirred vigorously until the completion of precipitation.

After 12 h of continuous stirring, the solution was filtered and

dried at 120 �C to remove volatile impurities. The dried meso-

MnO2 was calcined at 400 �C for 3 h, for complete removal of

the surfactant and was used as a support.

Preparation of MoS2/graphene/meso-MnO2 nanocomposite

The nanocomposite materials are prepared by ultra-

sonication assisted method. Firstly the 100 mL of graphene

oxide (GO) suspension (1000 ppm) ismixedwith abovemethod

prepared 1.0 g of mesoporous manganese oxide (MnOx) in

25 mL of ethanol solution. The above mixed solution ultra-

sonicated for 15 min with 20% of amplitude power under ul-

trasonic irradiation. In the second step, Appropriate amount

of MoS2 added to GO/MnOx. In the present study four different

quantity of MoS2 added to the fixed quantity of graphene

oxide and meso-MnOx MoS2 nanopowder was mixed with

above prepared suspension of reduced graphene oxide/meso-

MnO2 to make the four types of nanocomposite electrode

materials. The above prepared nanocomposite designated as

MoSGMn-1, (0.1g MoS2) MoSGMn-2 (0.075g MoS2), MoSGMn-3

(0.05g MoS2), MoSGMn-4 (0.015 MoS2).

Electrochemical activity and supercapacitor characterization

Electrochemical measurements were carried using a PAR-

STAT 4000 electrochemical impedance analyzer in three

electrode system. Ag/AgCl and platinumwire was used as the

reference and counter electrode respectively. The working

electrode is MoS2/graphene/meso-MnO2 nanocomposite

powder coated over nickel foam substrate. The nickel foam is

of length 6 cm and width 1 cm and the area of loading active

materials is 1 cm2 (1 cm� 1 cm). Theworking electrodeswere
Fig. 1 e X-ray diffraction pattern of (a) MoSGMn-1 (0.1g of MoS2/G

(b) comparative XRD pattern of reported pristine meso-MnO2 an
prepared by mixing MoS2/graphene/meso-MnO2 nano-

composite powder 95 wt.% and 5 wt.% nafion to form a paste

followed by drying at 80 �C in an oven for 2 h. The mass of the

electrode material was found to be approximately 5 mg. The

electrolyte was a mixture of 1M H2SO4 with 0.5 M KI. Nafion

perfluorinated resin solution used for working electrode

preparation was obtained from SigmaeAldrich. All the re-

agents used in the process were of analytical grades. Nickel

foam (width: 5 cm, pore number: 110 PPI, Thickness:

1.5 ± 0.5 mm, Density: 480 ± 30 g/m2) used as binder free

substrate were obtained from Winfay Group Company

Limited, Shanghai, China.
Results and discussion

Powder X-ray diffraction pattern of as prepared samples are

shown in Fig. 1. The major intense peaks are indexed and

referred with standard powder diffraction data. The as-

prepared mesoporous MnOx matching well with JCPDS file

number 24-0508 for the meso-MnO2 phase of manganese

oxide; the d-spacing values and crystalline hkl values are

similar to the reported literature values of meso-MnO2 pre-

pared by other route prepared method. Fig. 1a shows the XRD

pattern of as prepared MoSGMn-1 and MoSGMn-3. Fig. 1b

shows the comparative XRD images of mesoporous manga-

nese oxide with different phases. In the present method pre-

pared mesoporous MnO2 based nanocomposite materials are

showing mixed mesoporous MnOx contains both MnOx and

Mn2O3 and the d-space values are matched with XRD phase of

reported meso manganese oxide (Fig. 1b) [26]. The pore

structure and mesoporous nature of the as prepared MoS2/

graphene/MnO2 nanocomposites are studied and confirmed

by N2 adsorption-desorption study. Fig. 2(aed) shows the

Transmission electron micrographs of MOSGMn-1, porous
O/meso-MnO2), MoSGMn-3 (0.05 g of MoS2/GO/meso-MnO2)

d Mn2O3.
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Fig. 2 e A (aed) TEM images of MoS2-GO/meso-MnO2 (MoSGMn-1) at different magnification 2(eef) TEM images of MoS2-GO/

meso-MnO2 (MoSGMn-3) at different magnification. B (a & b) TEM images of MoSGMN-2 at higher magnification (50 nm), the

different color arrow mark shows the presence of MoS2 nanoparticle (red arrow) in spherical shape and dark color tubes are

belong to MnOx. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 3 e N2 adoption-desorption curves for synthesized (i)

Bulk MnO2 and (ii) MoSGMn-1 (iii) MoSGMn-2.

Fig. 4 e a. Cyclic voltammetry curves for MoSGMn-1 electrode i

curves for MoSGMn-1 electrode at different current densities, c.

10 MHz to 1 kHz at an AC voltage of 5 mV.
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manganese oxide exist in the form of aggregated flaky

morphology and tubular shape exist due the MnOx, the same

kind of tubler structure reported in our previous report of

silver doped meso-MnOx catalyst [4]. The addition of GO

suspension to meso-MnOx in presence of ethanol and ultra-

sonic radiation results in the transformation of GO into Gra-

phene, which is clearly shown flashy morphology in the TEM

images of Fig. 2A (b&C) and Fig. 2B shown the flaky

morphology andMoS2 nanoparticle existence in term of arrow

mark {Fig. 2B (a&b)}. The reduced graphene oxide and MoS2
exist in the form of glassy flaky morphology in the final

nanocomposite. In some places, the tubular structure of

manganese oxide aggregated with reduced graphene oxide

and nanoparticle of MoS2 forms the flower shapemorphology.

Fig. 2e,f shows the TEM images of MoSGMn-3, tubular shape

morphology is very visible at 50 nm scale and also nano-

particle deposited on glassy morphology of reduced graphene

oxide deposited mesoporous MnO2. Fig. 3 shows the N2

adoption-desorption curves for synthesized meso-MnO2 and

MoS2 nanoparticle modified r-GO-meso-MnO2 and their

respective pore radius measurement. N2 adsorption-
n different scan rates, b. Galvanostatic charge discharge

Nyquist plot for MoSGMn-1 within the frequency range of

https://doi.org/10.1016/j.ijhydene.2018.07.061
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Fig. 5 e a. Cyclic voltammetry curves for MoSGMn-2 electrode in different scan rates, b. Galvanostatic charge discharge

curves for MoSGMn-2 electrode at different current densities, c. Nyquist plot for MoSGMn-2 within the frequency range of

10 MHz to 1 kHz at an AC voltage of 5 mV.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 1 7 1 2 1e1 7 1 3 117126
desorption Isotherm curves for MoS2 nanoparticle modified

graphene oxide/meso-MnO2 and pure meso-MnO2 displayed

type IV isotherm, generally Type VI and V type isotherm ob-

tained for mesoporous oxide materials, wherein, the H3 hys-

teresis loop mostly agreed to the presence of aggregated

tubular shaped nanofibers [30]. The BET surface area analysis

carried out for meso-MnO2 and MoSGMn-1 before coating on

nickel foam, the surface area of meso-MnO2 is obtained

around 65 m2/g with pore volume of 3.4 � 10�2 cc/g and in the

case of MoSGMn-1 is 56m2/g with reduction in pore volume of

2.9 � 10�2 cc/g. N2-adsorption-desorption curve in Fig. 3 con-

firms the formation of mesoporous architecture for our

method prepared parent meso-MnO2. In the present method

prepared composite electrode materials consist of MoS2
nanoparticle (less than 2% quantity) with reduced graphene

oxide (fixed amount) deposited on meso-MnO2. In our exper-

iment the different quantity (1e2 wt%) of MoS2 nanoparticle
deposited on fixed amount of r-Graphene oxide (10 wt%) on

meso-MnO2 (80%). The major compound is meso-MnO2 for all

fabricated Nickel foam electrode for supercapacitor applica-

tions. In the present study, we fabricated the working elec-

trode based on Nickel foam coated with active modified above

prepared nanocomposite materials and used as modified

working electrode for all electrochemical studies and imped-

ance analysis.

Fig. 10A shows the schematic representation Nickel foam

based working electrode setup for electrochemical charac-

teristics in the form of half-cell. Fig. 10B shows proposed

Nickel foam based electrochemical setup for supercapacitor

device fabrication The as prepared 5 mg of active materials

is pasted at the one end of Nickel foam shown in drawing

and followed by pressed with help of pressing equipment {10

Mp pressure} for 15 s for the purpose of strong physical

binding between Nickel foam and prepared nanocomposite.

https://doi.org/10.1016/j.ijhydene.2018.07.061
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Fig. 6 e a. Cyclic voltammetry curves for MoSGMn-3 electrode in different scan rates, b. Galvanostatic charge discharge

curves for MoSGMn-3 electrode at different current densities, c. Nyquist plot for MoSGMn-3 within the frequency range of

10 MHz to 1 kHz at an AC voltage of 5 mV.
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The very less quantity of nafion used to add into active

material to make paste for feasible electron transport and

good conductivity. After preseing the mixture with Nickel

foam forms the strong binding together for electrochemical

study.

Nickel foam is commercially available porous conductive

and flexible substrate. It's can be used as flexible electrode for

device fabrication and easy to replace with the any electro-

chemical system.Nickel foamhasmore advantages compared

to conventional galssy carbon electrode for electrochemical

study includes super capacitor study. Addition of 5 wt% nafion

is very small quantity compared to bulk substance (active

nanocomposite) and nafion addition due to improves the

electron conductivity/feasible the ionic transport in electro-

chemical process not only for binding to the substrate. Hot

pressing procedure is used to bind the active material to the
Nickel foam substrate for easy fabrication of working

electrode.

Cyclic voltammetry (CV) technique were used to analyze

the electrochemical characteristics of MoS2/graphene/meso-

MnO2 nanocompositematerials at different scan rates ranging

from 1 to 500mV/s in 1MH2SO4 composedwith 0.5 M KI as the

electrolyte medium (Figs. 4ae7a). In all the scan rates CV

curves showed leaf like structure without any redox peaks

indicating that electrode material possess good electrical

double-layer capacitance [30]. The specific capacitance of the

electrode materials is calculated using the following equation

and given in Table 1

Csp ¼ 1
vmðV � V0Þ

ZV

V0

IðVÞdV (1)

https://doi.org/10.1016/j.ijhydene.2018.07.061
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Fig. 7 e a. Cyclic voltammetry curves for MoSGMn-4 electrode in different scan rates, b. Galvanostatic charge discharge

curves for MoSGMn-4 electrode at different current densities, c. Nyquist plot for MoSGMn-1 within the frequency range of

10 MHz to 1 kHz at an AC voltage of 5 mV.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 3 ( 2 0 1 8 ) 1 7 1 2 1e1 7 1 3 117128
where, Csp is the specific capacitance (F/g), is a current

response in accordance with the sweep voltage (A), v is the

potential scan rate (V/s), V-Vo is the potential window (V) and

m is the mass of the electrode in grams [29]. The specific

capacitance of MoSGMn-1 to MoSGMn-4 at 1 mV/s is

1160,727,527 and 188 F/g respectively. The higher specific

capacitance for MoSGMn-1&2 may be due to three things; (1)

From the morphological studies nano needle like structure of

the electrodematerial considerably offer shorter ion diffusion

channels during the charging/discharging process [30]. Sec-

ondly interconnected structure of the conducting graphene

sheets will improve the electron transport over the less con-

ducting MOS2 and lastly specific surface area provided by

mesoporous MnO2 will be higher in the case of MoSGMn-1

samples. Specific capacitance is decreased with increase in

the scan rate in both the samples. At low scan rates ions will

get enough time to diffuse into the inner pores of the
electrodes. Consequently more ions are adsorbed on the

electrode surface and this leads to better capacitive behavior.

Galvanostatic charge discharge (GCD) measurements at 5,

10 and 20 A/g were performed to verify the super capacitive

performance of MoS2/graphene/meso-MnO2 nanocomposite

materials (Figs. 4be7b). In the GCD studies symmetrical

triangular curve always indicates excellent capacitance be-

haviors, good electro chemical stability and improved cycle

life. From Figs. 6b and 7b; it is clear that both electrodes show

excellent charge discharge properties similar to ideal electric

double layer capacitor. Cyclic stability is another major factor

which defines the performance of a super capacitor. Here both

the electrodes exhibited cyclic stability upto 1000 cycles.

Specific capacitance values for MoSGMn-1 electrode and

MoSGMn-3 electrodes remains 94.7% and 92.6% and respec-

tively, of the initial value even after 1000 cycles (Fig. 8).

Columbic efficiency is defined as ratio between charge and

https://doi.org/10.1016/j.ijhydene.2018.07.061
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Fig. 8 e Specific capacitance Vs Cycle number for MoSGMn-

1 electrode and MoSGMn-2 electrode.
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discharge of electron transport with respect to charge/

discharge time, in the present method prepared materials is

showing Galvano static charge/discharge current is constant

upon elapsed time interval for all the four type of nano-

composite electorates (MoSGMn-1 to MoSGMn-4). Even at

lower current density, it almost showing above 95% of

columbic efficiency and shown in Figs. 4b,6b and7b.

Electrochemical impedance spectroscopies (EIS) were done

within the frequency range of 10 mHz to 1 kHz at an AC

voltage of 5 mV (Figs. 4ce7c). There are three main regions in

the Nyquist plot of MoS2/r-graphene oxide/meso-MnO2

nanocomposite electrode. Firstly a large semicircle in the high

frequency region which defines the electronic resistance of
Fig. 9 e Schematic representation of preparation strategy for M

electrode materials coated Nickel foam working electrode for su

(a) shows the meso MnO2 and (b) composite form of meso-MnO
electrode materials including the solution resistance and

charge transfer resistance. The difference of solution resis-

tance and charge transfer resistance will gives equivalent

series resistance of the electrode material. Slope of the line

creates an angle with the semicircle in the middle frequency

region in the Nyquist plot. This region gives us information

about the diffusion of electrolyte ions in the pores of the

electrode. And the linear line at the low frequency region

depicts the capacitive behavior of the MoS2/graphene/meso-

MnO2 nanocomposite materials. To get more information

about the charge transfer mechanism, impedance spectra is

fitted into an equivalent circuit (Figs. 4de7d) and the param-

eters are given in Table 2. Rs is the solution resistance which

contains both ohmic resistance of the electrolyte and also the

internal resistance of the electrodematerials. HereMoSGMn-1

and MoSGMn-2 electrodes have Rs values 1.48 U, 3.28 U

respectively, which is due to resistance of H2SO4-KI electrolyte

medium. Lower value of charge transfer resistance (Rct) al-

ways paired with better charge discharge performance and

also good capacitance. The results obtained in the GCD mea-

surement, matches with good specific capacitance of

MoSGMn-2 in cyclic voltammetry studies.

Small contribution of Warburg impedance (W) shows that

diffusion of electrolyte ions into the porous network of the

electrodematerials is superior. Knee frequency is also given in

Table 2. It is the maximum frequency at which capacitive

behaviors of an electrode material is dominant. Due to low

ESR value MoSGMn-2 exhibits higher knee frequency of

109.91 Hz comparing to MoSGMn-1. Table 1 shows the specific

capacitance of the different amount of MoS2 nanoparticle

addition on composite of graphene manganese oxide derived

from cyclic voltammetry studies. Table 2 explains the

impedance analysis values of themodified electrodematerials
oS2 nanoparticle modified r-Go-meso MnO2 modified

percapacitor device development inset pictures shows the

2.
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Fig. 10 e (A) Show the schematic representation Nickel foam based working electrode setup for electrochemical

characteristics in the form of half cell (B) Proposed Nickel foam based electrochemical setup for Supercapacitor device

fabrication.

Table 1 e Specific capacitance (F/g) from CV studies at
different scan rates.

Scan rate
(V/s)

Specific Capacitance (F/g)

Sample
Code

MoSGMn-4 MoSGMn-3 MoSGMn-2 MoSGMn-1

0.001 V/s 188 527 727 1160

0.005 V/s 35 134 93 520

0.01 V/s 5.80 76 14.8 208

0.05 V/s 9.70 27 5.4 91

0.1 V/s 5.19 17 4.1 50

0.5 V/s 1.37 5 1.63 37

Table 2 e Impedance Spectroscopy and equivalent circuit
parameters.

Sample Rs

(U)
Rct

(U)
ESR
(U)

W
(U)

Knee frequency
f k (Hz)

MoSGMn-1 (0.10) 3.28 20.82 17.53 8.15 79.43

MoSGMn-2 (0.075) 2.2 6.71 4.51 4.77 25.12

MoSGMn-3 (0.05) 1.40 16.08 14.67 5.65 109.91

MoSGMn-4 (0.015) 2.1 12.40 0.29 1.67 0.316
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with respect to the equivalent circuit shown in Figs. 4de7d.

Lower value of charge transfer resistance (Rct) always paired

with better charge discharge performance and also good

capacitance [31e37]. The schematic representation of modi-

fied electrode materials fabrication based on Nickel foam was

shown in Fig. 9. The active compound is strongly binded at the

one end of Nickel foam. The schematic representation of

proposed binder free supercapacitor device fabrication based

on modified MoS2/Graphene/meso-MnO2 composite shown in

Fig. 9a. Themethod of preparation strategy formodifiedmeso-

MnO2 electrode materials is shown in Fig. 9b.

Fig. 10A shows the half cell and Fig. 10B shows the Nickel

foam based flexible supercapacitor device fabrication mech-

anism with as prepared MnOx based nanocomposite mate-

rials. All these electrochemical studies confirm that the

optimized loadings between 0.1g top 0.05g of MoS2 nano-

particle addition on graphene/meso-MnOx nanocomposite

materials are excellent electrode materials for high perfor-

mance supercapacitor device fabrication in terms of

enhanced specific capacitance values after the addition of

MoS2 nanoparticle. The different amount of MoS2 nano-

particle addition from 0.01, 0.05, 0.075 and 0.10 are showing

gradual increase in the capacitance values for modified

nanocomposite electrode. This unique well-designed binder

free Nickel foam based modified meso-MnOx electrode ex-

hibits a high specific capacitance, good rate capability and

https://doi.org/10.1016/j.ijhydene.2018.07.061
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excellent cycling stability for future renewable energy [33,34].

In future study is to exploit the detailed characterization of

our route prepared MoS2 nanoparticle added graphene/MnOx

composite electrodes by Raman and X-ray photoelectron

spectroscopy.
Conclusion

A MoS2/Graphene/MnOx nanocomposite electrode material

based on Nickel foam substrate are successfully fabricated by

non-conventional method, XRD and BET study confirms the

formation mixed phase of MnO2 and Mn2O3 phase with

mesoporous architecture. TEM images confirm the aggregated

spherical nanoparticle deposition on tubular MnOx with

galssy flaky graphene morphology. The higher specific

capacitance obtained for MoSGMn-1 and 2 (Tables 1 and 2).

MoSGMn-1, MoSGMn-2, MoSGMn-3 andMoSGMn-4 electrodes

have Rs values 3.28 U, 1.4 U, 2.1 U and 2.2 U respectively which

is due to resistance of H2SO4-KI electrolyte medium. Lower

value of charge transfer resistance (Rct) always paired with

better charge discharge performance and also good capaci-

tance. The specific capacitance of the prepared materials

studied by CV, GCD and Impendence method and compared

together. Here this results matches with good specific capac-

itance of MoSGMn-1&2 in all studies. Knee frequency is also

given in Table 2. It is the maximum frequency at which

capacitive behaviors of an electrodematerial is dominant. Due

to low ESR value MoSGMn-3 exhibits higher knee frequency of

109.91 Hz compared to MoSGMn-1&2. All these electro-

chemical studies confirm that MoS2/graphene/meso-MnOx

nanocompositematerials are excellent electrodematerials for

high performance supercapacitors fabrication.
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