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Abstract
This paper essentially analyses graphene/Mo9Se11 nanocomposites routes to supercapacitor applications which is one 
of the prominent devices for high power storage. Graphene and  Mo9Se11 are coupled together by attrition followed 
by ultrasonification. The reduction of graphene oxide to graphene as well as the coupling of graphene with  Mo9Se11 
and the formation of their nanocomposites is confirmed through X-ray diffraction pattern, FTIR spectra and Raman 
spectra analysis of these materials. The surface morphology of the entire samples is imaged through SEM while their 
electrochemical performances are analysed by cyclic voltametry and electrochemical impedance spectroscopy. The 
nanocomposite, having three parts of  Mo9Se11 and one part of graphene, displayed the higher areal capacitance of 
438 mF at a scan rate of 5 mV s−1. Finally, the solution resistance and charge transfer resistance are obtained from EIS 
measurements and reported.

1 Introduction

Supercapacitors (SCs), also called ultracapacitors, elec-
trochemical capacitors, or electrical double-layer capaci-
tors, are considered to be one of the most promising power 
sources for many portable systems and automotive applica-
tions, due to their high power density, fast charge–discharge 
rates, simple mechanism, and long life cycle [1–6]. In this 
study, graphene/Mo9Se11 nanocomposites synthesis and 
their application to high performance energy storage devices 
is reported. Usually carbon based materials such as carbon 
nanotubes, carbon nanofibres and graphene [7–10] are used 
as electrode material in SCs [11, 12]. Also transition metal 
dichalgogenides have emerged as one of the prominent 

device for energy storage due to their unique crystal struc-
ture and material properties [13, 14].

Graphene is an atom-thick, two-dimensional (2D) 
material composed of a monolayer hexagonal sp2 hybrid-
ized carbon. Graphene with the maximum surface area 
of 2630 m2 g−1 and high intrinsic electrical conductiv-
ity is believed to be one of the most promising electrode 
materials for SCs. However, in practical applications, 
graphene usually suffer from agglomeration or restack-
ing due to strong van der Waals interactions, which leads 
to the loss of surface area and capacitance [15]. In this 
study, graphene is synthesized from graphene oxide (GO) 
by modified Hummer’s method to improve its properties. 
Usually transition metal dichalcogenides (TMDC) materi-
als are currently introduced into the interlayer of graphene 
to prevent agglomeration. TMDC, such as  MoSe2,  WSe2, 
MoS and WS have been recognized as the best electrode 
materials for SCs due to their capacitive behavior. How-
ever, their expensive nature and high toxicity severely 
limit their practical application in large scale synthesis 
[16, 17]. There are three possible methods to prepare 
GO namely Brodie, Hummer’s and Staudenmeier. Brodie 
prepared graphite oxide using fuming conc. nitric acid, 
while Staudenmaier modified this method by replacing 
the role of nitric acid using conc. sulphuric acid. How-
ever, both these long methods were further modified by 
Hummer using conc. sulphuric acid along with potassium 
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permanganate. Luo et al. [18] reported the GO and  MoSe2 
nanopowders preparation using hydrazine hydrate as 
a reducing agent in order to make it as anode material 
having long cycle life for Li-ion batteries. Ma et al. [19] 
reported the synthesis of hierarchical  MoSe2/C hybrid with 
enhanced electrochemical performance for SC application 
using hydrothermal method. In the present work, gra-
phene is synthesized via modified Hummer’s method and 
 Mo9Se11 is coupled together to form graphene/Mo9Se11 
nanocomposite so as to improve their electrochemical 
performance. Moreover these materials have many advan-
tages such as lightweight, high chemical resistance, high 
mechanical stability and ease of fabrication.

2  Experimental

2.1  Materials

Selenium metal powder (Se), sodium borohydride 
 (NaBH4), and sodium molybdate  (Na2MoO4⋅2H2O) was 
used for the synthesis of  Mo9Se11 nanoparticles. Graphite 
powder, conc. sulphuric acid  (H2SO4), pottasium perman-
ganate  (KMnO4), hydrogen peroxide  (H2O2), and hydro-
chloric acid (HCl) was used for the synthesis of graphene. 
All the chemicals were purchased from Merck and Hime-
dia. Throughout the experiment double distilled (DD) 
water was used.

2.2  Synthesis of graphene

Graphene was synthesized following modified Hummer’s 
method [20, 21]. 1 g of graphite powder was added to 20 ml 
of con. sulphuric acid solution, with stirring over a period 
of 2 h. Solid  KMnO4 (3 g) was added slowly to the above 
solution, with continuous stirring and a reaction tempera-
ture of less than 20 °C was maintained. The mixture was 
then stirred at 35–40 °C for 30 min, followed by stirring at 
65–80 °C for 30 min. The resulting solution was diluted by 
adding 25 ml of distilled water, and the mixture was heated 
at 90 °C for 30 min. The solution was dark brown in col-
our. On further stirring the dark brown color changed to 
black after 2 h. Then the mixture was further diluted by the 
addition of 75 ml of distilled water. 5 ml  H2O2 was added 
slowly to the above solution. The precipitate was washed 
by repeated centrifugation and filtration, first with 5% HCl 
aqueous solution and then with distilled water, until the pH 
of the solution became neutral. Finally 75 ml of DD water 
was added to the resulting precipitate and sonicated for 1 h. 
The final product GO was dried in an oven and the obtained 
powder is named as GO. 50 mg of GO was dispersed in 

100 ml of DD water, sonicated for 1 h to obtain graphene 
and labelled as G1.

2.3  Synthesis of  Mo9Se11

15.7 mM selenium metal powder and 0.2 g of sodium boro-
hydride were mixed in 50 ml of DD water under vigorous 
stirring until the solution became colourless. Precisely, 
5.455 mM sodium molybdate was added to the  NaBH4 and 
Se mixture, followed by continuous stirring until a red solu-
tion was obtained [20]. Then the mixture was washed and 
filtered in order to get the precipitate. The precipitate was 
dried in an oven and the obtained  Mo9Se11 nanoparticles are 
named as MO.

2.4  Synthesis of graphene/Mo9Se11 composites

In this study graphene/Mo9Se11 nanocomposites were syn-
thesised via precipitation method. The synthesised  Mo9Se11 
nanoparticles were coupled with as synthesised graphene 
nanoparticles by grinding followed by ultrasonication. 
Three parts of graphene (300 mg) and one part of  Mo9Se11 
(100 mg) by weight were taken and grinded for 1 h to mix 
thoroughly. Next these composites were ultrasonicated for 
1 h, centrifuged, dried at 80 °C for 1 h and named as MG1. 
Similarly the composites prepared with 200 mg of  Mo9Se11 
and 200 mg of graphene was named as MG2, while 1 part of 
graphene and three parts of  Mo9Se11 composite was named 
as MG3.

2.5  Characterization

The structural properties of graphene/Mo9Se11 nanopar-
ticles were characterized using XPERT-PRO diffractom-
eter system. The X-ray radiation used was that emitted by 
copper, having characteristic wavelength of 1.5406 Å for 
the Kα radiation. The presence of vibrational modes of 
various functional groups was identified from the Fourier 
Transform Infra Red (FTIR) spectral analysis. The infra-
red absorption spectra of the prepared samples were meas-
ured at room temperature in the range of 4000–400 cm−1 
using Perkin Elmer FTIR spectrometer. The presence of 
vibrational, rotational and other low frequency modes were 
analyzed from the Raman spectra recorded in EZRaman-N 
Series Raman Analyzer with an excitation wavelength of 
785 nm. The surface morphology studies were carried out 
using scanning electron microscope, JEOL Model JSM-
639OLV at a potential of 20 kV. The electrochemical meas-
urements were performed in a conventional three-electrode 
system using CH 1604E electrochemical workstation. 
Here, 1 M  H2SO4 was used as the electrolyte, while the 
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working electrodes were prepared by mixing the electro-
active material with polyvinyl alcohol and coated in an 
exactly 1 cm2 active area. A large surface area platinum 
mesh and Ag/AgCl electrode were used as the counter and 
reference electrodes respectively. The electrochemical per-
formance of the fabricated electrode was characterized by 
cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) measurements. The CV curves were 
recorded at various scan rates (5, 10, 50 and 100 mV s−1) 
in a potential window of 0.8 to − 0.5 V. The EIS measure-
ments were carried out in the frequency range of 0.1 Hz to 
100 kHz with an AC amplitude of 5 mV.

3  Results and discussion

Figure  1 displays the XRD patterns of GO, graphene, 
 Mo9Se11 and graphene/Mo9Se11 nanocomposites of three 
different compositions. GO shows an intense X-ray peak at 
9.6° assigned to (100) reflection and two weak and broad 
X-ray peak which corresponds to (104) and (203) reflec-
tions. The average crystallite size has been calculated using 
Scherrer formula [22] given by

where λ is wavelength of the X-ray source, β is full width at 
half maximum and θ is diffraction angle. The crystallite size 
calculated using the intense X-ray peak is 6 nm.

After reduction, although the GO peak at 9.6° is com-
pletely disappeared in graphene, a strong intense peak of gra-
phene appeared at 26.2° assigned to (410) reflection reveals 
the presence of water and oxygen containing group between 
the layers. The crystallite size of graphene is estimated as 
5 nm. The reduction in crystallite size confirms that oxygen 
level has been reduced in G1 compared to GO. The other 
X-ray peaks observed at 22.7°, 42.8° corresponds to (104) 
and (203) reflections respectively. On reduction of GO, the 
hydroxyl, carbonyl and epoxide groups are bonded together 
and changed from sp2 to sp3 bonds [23]. For  Mo9Se11, five 
weak X-ray peaks are observed in which the high intense 

(1)D = 0.9�∕� cos �

peak observed at 32.1° corresponds to (241) reflection and 
the crystallite size is 6 nm. The other peaks observed at 
35.6°, 25.7°, 54.7° and 45.5° corresponds to (242), (222), 
(462) and (244) reflections respectively. In nanocomposites, 
MG1 sample shows that graphene X-ray peak is predominant 
than  Mo9Se11, since graphene and  Mo9Se11 is mixed in the 
ratio of 3:1, whereas in MG2 and MG3 the intensity of the 
graphene peak get reduced. Further no other X-ray peaks are 
observed in MG1, MG2 and MG3 revealing the amorphous 
nature of the composites.

The FTIR spectra of all the sample is shown in Fig. 2. 
The functional groups present in GO are hydroxyl (–OH) 

Fig. 1  XRD patterns of GO, 
Graphene (G1),  Mo9Se11 (MO), 
graphene/Mo9Se11 nanocompos-
ites (MG1, MG2 and MG3)

Fig. 2  FTIR spectra of GO, graphene (G1),  Mo9Se11 (MO), graphene/
Mo9Se11 nanocomposites (MG1, MG2 and MG3)

Fig. 3  Raman spectra of graphene (G1),  Mo9Se11 (MO) and gra-
phene/Mo9Se11 nanocomposite (MG3)
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and epoxy (–C–O–C). For GO, the characteristic peak 
observed at 1562  cm−1 corresponds to C=C stretching 
mode. The other bands related to oxygen containing func-
tional groups such as epoxy and hydroxyl group seen at 1143 
and 2683 cm−1 indicate the presence of oxygen in GO. In 
graphene (G1), the intensities of the peaks corresponding to 
oxygen containing functional groups get decreased revealing 
the removal of oxygen content, while the peak at 1562 cm−1 
denote C=C stretching have increase in intensity compared 

to GO. In  Mo9Se11, Mo and Se peaks are observed at 879 
and 440 cm−1 respectively. The peaks seen at 1986 and 
1600 cm−1 denotes the presence of carbonyl and absorp-
tion of water molecule. In nanocomposites, MG1 shows 
broad bends at 1562 and 854 cm−1 which confirm the pres-
ence of both the end members of graphene and  Mo9Se11. 
In MG2, the strength of both the above peaks increased 
and it is attributed to the interaction between graphene and 
 Mo9Se11. In MG3, the intensity of  Mo9Se11 peak increases 

Fig. 4  SEM images of a graphene, b  Mo9Se11, and graphene/Mo9Se11 nanocomposites c (MG1), d MG2, e MG3
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whereas graphene peak get decreased. The variation of gra-
phene and  Mo9Se11 peak intensities confirmed the forma-
tion of chemical bonding between these two materials in 
the nanocomposites.

The Raman spectra of graphene,  Mo9Se11 and its nano-
composite MG3 are shown in Fig. 3. The characteristic 
peaks of graphene appeared at 1349 and 1593 cm−1 are 
assigned to D and G bands of graphene. The G band indi-
cates the vibration of the  sp2 carbon atom in the two-dimen-
sional hexagonal lattice, while the D band is related to the 
structural defects and disorder of the graphene [24].  Mo9Se11 
characteristic peak seen at 449 cm−1 denotes Mo, Se and O 
interactions.

In the nanocomposite MG3, the peak at 439, 1360 and 
1604 cm−1 corresponds to Mo–O–Se vibrations and D 
and G bands of graphene respectively. The peak corre-
spond to  Mo9Se11 get shifted towards the lower wavenum-
ber region while graphene peaks are shifted towards the 
higher wave number region. The peak seen in  Mo9Se11 at 
437 cm−1 is red shifted to 429 cm−1 in nanocomposites, 
whereas, the D and G bands of graphene at 1349 cm−1 is 
blue shifted to 1360 and 1598 cm−1 respectively in MG3. 
This is due to the structural disorder of the material. The 
Raman D and G bands are comparatively less intense in 
the nanocomposite compared to graphene, which reveals 
the decrease in crystallinity and it is in agreement with 
the XRD analysis.

Figure 4 shows the SEM images of graphene,  Mo9Se11 
and its nanocomposites measured at two different magnifi-
cations. The morphology revealed that graphene (G1) looks 
like in the form of “corn flakes” with odd shape and size. 
In  Mo9Se11, hard rock like surface is seen along with some 
rods on the surface of the particles. In MG1 nanocompos-
ite, graphene flakes are mostly seen than  Mo9Se11 rock like 
structure since graphene and  Mo9Se11 are mixed in the ratio 
of 3:1. In MG2, both flakes and rocks are clearly seen due to 
equal proportion. In MG3, flakes are uniformly distributed 
on the surface of rocks like structure. The porous structure 
seen in these material will allow electrolyte penetration, 

which is favourable for ion diffusion, charge transfer and 
capacitance increase.

Figure 5 shows the CV curve of graphene and  Mo9Se11 
measured at four different scan rates. The cyclic voltam-
mogram of all the samples measured at various scan rate 
shows that as the scan rate increases the peak gets shifted 
towards the higher potential region. The areal capacitance 
of the as-prepared electrode is calculated from the CV curve 
using the following equation:

where  Ca is the areal capacitance (F), I is the integrated 
area of the CV curve, dv/dt is the scan rate, S is the surface 
area of the electroactive material. In  Mo9Se11, the integrated 
area of the CV curves is higher compared to graphene. At 
5 mV s−1,  Mo9Se11 yields a better capacitance value of 
79.20 mF, whereas in graphene it is 1.028 mF only. When 
the scan rate decreases, the capacitance value increases and 
 Mo9Se11 yield a better capacitance value than graphene. A 
similar “electroactivation” process and increasing capaci-
tance retention trend has been previously been reported in 
the graphene and  MoS2-based materials [25–29].

Figure 6 shows the CV curve for graphene/Mo9Se11 nano-
composites. Among the three composites, the sample MG3 
shows the high capacitance value than MG1 and MG2. In 
MG3, a redox peak is observed at − 0.19 V, whereas in MG2 
and MG1, the redox peak is seen at 0.11 and 0.05 V respec-
tively. As the scan rate increases, the capacitance value 
decreases in all the three nanocomposites. However, at all 
the scan rates, the sample MG3 shows the higher capaci-
tance values. The sample MG3 has a higher integrated area 
in the CV curve compared to MG1 and MG2. MG3 dis-
played higher areal capacitance value of 438 and 255 mF 
at the scan rate of 5 and 10 mV s−1 respectively. In MG2 
and MG1 it has 7.32 and 3.32 mF respectively at 5 mV s−1 
scan rate. In MG3, as the scan rate increases the anodic 
peak get shifted towards the higher potential region, indi-
cating the distortion in the material. At higher scan rate, the 
areal capacitance decreases and around 50% of the initial 

(2)C
a
= I∕

[

dv∕dt
]

× S → (F)

Fig. 5  CV curve of a graphene 
and b  Mo9Se11
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capacitance is retained. The sample MG3 shows the high 
areal capacitance at low scan rates and it is a better nano-
composite for SC application.

In order to further understand the fundamental electro-
chemical behavior of the as-prepared materials, EIS analy-
ses were performed. In the Nyquist plot shown in Fig. 7, 
the x-intercept at the beginning of the semicircle represents 
the equivalent series resistance, including the electrolyte 

resistance, contact resistance at the interface between the 
electroactive material and substrate. The semicircle in 
the high frequency region is related to the charge transfer 
resistance  (Rct) at the electrode/electrolyte interface, and the 
inclined line at the beginning of semicircle corresponds to 
diffusive resistance of electrolyte ions inside the electrode 
materials [30, 31]. The solution resistance and the charge 
transfer resistance of the samples are given in Table 1 for 
comparison.

The corresponding equivalent circuit for all the samples 
is shown in Fig. 8. The sample MG3 shows the lowest  Rs 
and  Rct value which indicates the higher conductivity and 
better charge transport of electrolyte ions, compared to gra-
phene and  Mo9Se11. Also in CV measurements, MG3 has 

Fig. 6  CV curves of graphene/
Mo9Se11 nanocomposites: a 
MG1, b MG2 and c MG3

Fig. 7  Nyquist plot of graphene,  Mo9Se11 and its nanocomposites

Table 1  Solution and charge transfer resistance of the samples

S. no. Sample Rs Rct

1 Graphene 0.07671 563.7
2 Mo9Se11 0.0927 98.43
3 MG1 0.07354 484.4
4 MG2 0.08149 548.2
5 MG3 0.00598 133.6
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higher areal capacitance value of 438 at the scan rate of 5 
and 10 mV s−1 compared to other composites. It is a better 
material for SC.

4  Conclusions

In summary, we have successfully synthesized Graphene 
and  Mo9Se11 nanoparticles via modified Hummer’s 
method and precipitation method. Both materials are cou-
pled together by attrition for three different compositions 
to improve their properties and evaluated for SC applica-
tions. The XRD pattern reveals the reduction of GO to 
graphene with the presence of strong intense peak at 26.2° 
and it is well supported by Raman. The crystallite size of 
graphene,  Mo9Se11 and their nanocomposites are in the 
range of 5–6 nm. In case of nanocomposites, the existence 
of both graphene and  Mo9Se11 is confirmed from Raman 
and FTIR analysis. The surface morphology of the samples 
displayed the formation of rock like structure over which 
nano rods are seen. The enhanced electrochemical perfor-
mance of graphene/Mo9Se11 nanocomposites are attributed 
to the interaction between graphene and  Mo9Se11. Cyclic 
Voltammogram revealed that MG3 nanocomposite have 
a higher capacitance value of 438 mF at a scan rate of 
5 mV s−1. From impedance analysis, the solution resist-
ance and charge transfer resistance of all the materials 
are obtained. These results suggest that graphene/Mo9Se11 
nanocomposite has great potential for application in high 
performance SCs.
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