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A B S T R A C T   

In this study, a novel, Co3O4 nanoparticle decorated MoS2 nanoflower (MoS2/Co3O4) has been fabricated via a 
facile hydrothermal method by taking different concentrations of Co3O4 (0, 1, 2, 4, and 6%). The FE-SEM images 
represent a three-dimensional flower-like structure for MoS2 and MoS2/Co3O4. The different structural param-
eters of the nanoflowers were estimated from the XRD analysis. TEM analysis revealed that the inter-planar 
spacing of the nanostructure varied with the concentration of the Co3O4 nanoparticles. The Raman spectros-
copy of MoS2/Co3O4 nanoflower showed a distinct low-shift of the first-order Raman peaks suggesting n-type 
doping due to the incorporation of Co3O4. The specific capacitance as high as 220.72 mFcm-2 at 0.14 mAcm-2 

together with high energy density and superior cycling stability (87% capacitance retention after 10,000 charge/ 
discharge cycles) were obtained for the MoS2/Co3O4 (4%) nanocomposite from the electrochemical analysis. This 
improved specific capacitance of MoS2/Co3O4 can be attributed to the higher surface area, defect-rich structure, 
and lower charge transfer resistance of the prepared sample. The MoS2/Co3O4 nanostructure with improved 
specific capacitance and higher stability synthesized from a simple, low-cost process will pave the way to the 
production of efficient and economic energy storage devices.   

1. Introduction 

With the rapid development of human civilization and the elevation 
of the world economy, the demand for energy conversion from renew-
able sources and their storage has become a great concern [1–3]. Among 
the available alternatives, supercapacitors, a new type of electro-
chemical capacitor have gained significant research attention as a 
promising energy storage device because of their high power density, 
fast charge/discharge efficiency, great cycling stability, and 
cost-efficiency compared to the conventional batteries [2–5]. The per-
formance of supercapacitors relies greatly on the properties of electrode 
materials. Recently nanostructured transition metal dichalcogenides 
(TMD) has gained significant research attention as a potential source for 
supercapacitor electrodes because of their exceptional electronic and 
structural properties [6]. Among them, molybdenum disulfide (MoS2) 
has considered as the most promising candidate as electrode materials 

due to its larger surface area, better hydrophilicity, higher electrical 
conductivity, higher intrinsic fast ionic conductivity, together with 
oxidation states in layered structure [7–15,16–19]. The 
two-dimensional layered structure of MoS2 consists of a unit S-Mo-S 
atomic tri-layer where metal Mo and chalcogens S are strongly bound 
together by a covalent bond and layers of S-Mo-S are held together by 
weak van der Waals forces [20,21]. Which facilitates the easy interca-
lation of ions from the electrolyte into the interlayer of MoS2 without 
distortion of crystal structures. 

Nevertheless, the poor conductivity, inherent restacking property, 
unstable solid-electrolyte interface, and sponging reaction linked to 
electrolyte decomposition of the MoS2 results in low capacitance and 
cyclic stability that may hinder its application as an electrode material 
[22–24]. 

One of the popular ways to improve the capacitive performance of 
the MoS2 based composite electrode is to incorporate metal oxide 
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nanoparticles in it. A variety of nanoparticles such as TiO2, NiO, Co3O4, 
MnO2, V2O5 have been introduced into the MoS2 structure to improve its 
capacitance and stability [25–27]. Among them, cobalt oxide (Co3O4) 
nanoparticles, with ultra-high theoretical specific capacitance, high 
redox activity, and environmentally benign nature can be considered as 
one of the most promising alternatives as a secondary material for MoS2 
based supercapacitor [27–30]. 

Liang et al. [31] have fabricated a MoS2–Co3O4 composite via 
anchoring Co3O4 particles onto the surface of MoS2 nanosheets. Wang 
et al. [32] synthesize a Co3O4/C@MoS2 core-shell structured material, 
where MoS2 possess nanosheets like morphology, via a two-step calci-
nation and solvothermal method by using ZIF-67 and (NH4)2MoS4 as the 
precursors of Co3O4/C and MoS2, respectively which show a significant 
increase in the capacitive performance compared with Co3O4 alone. 
Wang et al. [33] fabricated Co3O4 covered by a metallic MoS2 nanosheet 
for lithium storage. Lou et al. [34] prepared Co3O4 decorated ultrathin 
MoS2 nanosheet as an anode material for lithium-ion batteries. How-
ever, supercapacitors produced from MoS2 nanosheets can restack dur-
ing the charge/discharge process which results in poor electronic 
conductivity due to the high surface energy of 2D MoS2 [35–39]. 
Additionally, the synthesis of MoS2 nanosheets or core-shell structure is 
time-consuming and involves low-yield process. On that account, a 
stable nanostructure of MoS2, for example, lamellar MoS2 nanoflower 
prepared by a simple, low-cost, and high yield fabrication technique 
such as hydrothermal synthesis process may address those issues. Elec-
trode prepared from flower-like nanostructured materials are more 
favorable to rally the energy storage capacity and extended the cycle life 
as it provides a large surface area and more channels to absorb the ions 
from the electrolyte [40]. Furthermore, the defect-rich surface of this 
electrode obtained from the decoration of nanoparticles may provide 
more active sites for the diffusion of ions from electrolytes [41]. 

In this work, we represent a facile method to prepare a novel Co3O4 
nanoparticle decorated MoS2 nanoflowers (MoS2/Co3O4) via a simple 
hydrothermal route. The effect of the concentrations of Co3O4 nano-
particles on the different physical properties of the MoS2/Co3O4 com-
posite has been studied. The field mission scanning electron microscopy 
(FE-SEM) reveals that the MoS2 and MoS2/Co3O4 nanocomposites 
represent three-dimensional flower-like features consists of a number of 
nanostructured petals. The structural properties of the MoS2/Co3O4 
nanocomposites were investigated by transmission electron microscopy 
(TEM), X-ray diffraction (XRD) analysis, and Raman analysis. Benefiting 
from three-dimensional nanostructure, high surface area together with 
defect rich structure and synergistic effect the as-prepared MoS2/Co3O4 
provide improved electrochemical performance. Specific capacitance as 
high as 220.72 mFcm-2 was obtained for the MoS2/Co3O4 nano-
composite at a current density of 0.14 mAcm-2 together with remarkable 
energy and power density. The MoS2/Co3O4 provides excellent cycling 
stability, a 87% capacitance retention after 10,000 charge/discharge 
cycles at a current density of 2.83 mAcm-2. The high performance of the 
MoS2/Co3O4 electrode can be ascribed to the defect-rich structure, 
expanded interlayer, higher specific surface area, and improved elec-
trical conductivity. We believe, this study may pave a prominent way to 
design and fabricate high-performance energy storage devices. 

2. Experimental section 

2.1. Materials 

All the chemical reagents used in this study are of analytical grade 
and used as received without further purification. Sodium molybdate 
dehydrate (Na2MoO4⋅2H2O), and Dimethyl sulfoxide (C2H6OS) were 
obtained from Merck, Mumbai, India. Thiourea (CH4N2S), Urea 
(CH₄N₂O), polyvinyl alcohol (C2H4O) x and Sodium sulfate (Na2SO4) 
were obtained from Research Lab, India, and Cobalt nitrate hexahydrate 
(Co(NO₃)₂⋅6H₂O) was obtained from SRL, India. 

2.2. Synthesis of MoS2 nanoflowers 

A facile hydrothermal synthesis technique was employed to prepare 
the MoS2 nanoflower. Sodium molybdate dihydrate (Na2MoO4⋅2H2O) 
and thiourea (CH4N2S) were used as the source for Mo and S, respec-
tively. At first, sodium molybdate dihydrate and thiourea were dissolved 
in 120 ml distilled water followed by vigorous stirring yielding a clear 
solution, and was then poured into a 200 ml Teflon lined autoclave. The 
autoclave was then transferred to an oven at 200 ºC for 24 h. The pre-
cipitate was centrifuged followed by washing with DI water and ethanol. 
The resultant black powder was dried for several hours at 60 ºC to get 
MoS2 nanoflower. Fig. 1 depcted the different steps involved in the 
synthesis of MoS2 nanoflower by hydrothermal technique. 

2.3. Preparation of Co3O4 nanoparticles 

Hydrothermal synthesis technique was also used to prepare Co3O4 
nanoparticles. An appropriate amount of Cobalt nitrate hexahydrate (Co 
(NO3)2⋅6H2O) and urea (CH₄N₂O) were dissolved in 140 ml DI water and 
followed by vigorous stirring until a homogenous and clear solution is 
formed. The solution was then poured into a Teflon-lined autoclave and 
transferred to an oven at 200 ºC for 72 h. The precipitate was centri-
fuged, and washed by DI water and ethanol. The resultant black-pink 
solid powder was dried for several hours at 60 ºC yielding the desired 
nanoparticles. 

2.4. Preparation of MoS2/Co3O4 

To prepare 1 wt.% Co3O4 decorated MoS2 nanocomposite appro-
priate amount of Co3O4 nanoparticle was transferred to 50 ml distilled 
water followed by 2 h of sonication using probe sonicator. 70 ml solution 
of Sodium molybdate dihydrate (Na2MoO4⋅2H2O) and thiourea 
(CH4N2S) were vigorously stirred and sonicated in 50 ml of Co3O4 so-
lution followed by vigorous stirring for several hours. The solution was 
then poured into a Teflon-lined autoclave and heated at 200 ºC for 24 h 
in an oven. The as-obtained black precipitate was washed several times 
by DI water and ethanol. The resultant materials were then dried at 80 ºC 
for several hours to get desired materials. In this study, different con-
centrations of Co3O4 nanoparticles such as 1, 2, 4, and 6 wt.% was used 
and the resulting composite materials are termed as MoS2/Co3O4 (1%), 
MoS2/Co3O4 (2%), MoS2/Co3O4 (4%), and MoS2/Co3O4 (6%), 
respectively. 

2.5. Electrode preparation 

The working electrodes were prepared by depositing the slurry of 
active material mixed with PVA as binder and Dimethyl sulfoxide 
(C2H6OS) as solvent. To prepare the slurry the active materials were 
mixed with Polyvinyl alcohol (PVA) (5% of active material) and 
Dimethyl sulfoxide. PVA contains numerous hydroxyl groups that can 
form strong hydrogen bonds with both active materials and the current 
collector and are considered a very good choice as a binder for high- 
capacity anodes. Furthermore, PVA is water-soluble and the hydro-
philic PVA may increase the wettability and increase the capacitance of 
the electrode [42,43]. All of these mixtures were sonicated for 1 h and 
then deposited on a glassy carbon electrode. Afterward, the working 
electrodes were dried for several hours at 70 ◦C. 

2.6. Characterizations 

The surface morphology of the samples was studied by field emission 
scanning electron microscopy (FE-SEM) (JSM 7600, Jeol). The micro-
morphology of MoS2/Co3O4 composites was also characterized by high- 
resolution transmission electron microscopy (HR-TEM) using a JEOL, 
JEM 2100 F transmission electron microscope. For the TEM sample 
preparation, a small amount of materials was dispersed in 2 mL ethanol 
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and sonicated for 20 min. Then a drop of the sonicated sample was put 
on a 3 mm Cu grid with carbon coating. The sample was allowed to dry 
before inserting it into the microscope. The structural parameters of the 
MoS2 nanoflower and MoS2/Co3O4 composites were studied using the X- 
ray diffraction (XRD) technique. XRD data was taken using an X-ray 
diffractometer (3040XPert PRO, Philips) using CuKα radiation (λ =
1.5406 Å). Raman analysis was performed at room temperature using a 
785 nm diode laser (Power ≤ 5 mW) as an excitation source (HORIVA 
MacroRam) to study the vibrational structure of the synthesized 
nanoflowers. 

The electrochemical performance of the MoS2 and MoS2/Co3O4 
composites were studied by Cyclic Voltammetry (CV), Galvanostatic 
Charge Discharge (GCD), and Electrochemical Impedance Spectroscopy 
(EIS) using a CS310 electrochemical workstation (corrtest, china). The 
electrochemical measurements were performed in a conventional three- 
electrode cell setup: glassy carbon electrode, platinum plate (1 cm × 1 
cm) as the counter electrode, Ag/AgCl reference electrode was used as 
the reference electrode, and 0.5 M Na2SO4 solution was used as the 
electrolyte. 

3. Result and discussion 

3.1. Scanning electron microscopy 

To explore the morphological features of the as-prepared materials, 
FE-SEM was performed. Fig. 2(a) shows the FE-SEM images of pure 
MoS2 having three-dimensional flower-like features with a number of 
nanosized petals in it and therefore described as nanoflower [44]. The 
FE-SEM images at higher magnification (Fig. 2b) shows that the thick-
ness of the petals of the nanoflower are of several nm and are aligned 
together with a common inner center, forming a spherical flower shape 
with an average diameter of 2–5 µm [45–47]. Fig. 2(c) shows the 
FE-SEM images of Co3O4 nanoparticles. The Co3O4 nanostructured 
materials appear to be in a pyramidal shape with a diameter of 20–200 
nm Fig. 1. 

Fig. 3 shows the FE-SEM images of the MoS2/Co3O4 composites with 
various concentrations of Co3O4. At low concentrations, the Co3O4 
nanoparticles are found to be sprinkled both outside and inside of the 
MoS2 nanoflowers. In Fig. 3a,b, the Co3O4 nanoparticles were found in 
the gap between the petals of MoS2 nanoflower for a Co3O4 

Fig. 1. Schematic diagram depicting the different steps involved in the preparation of MoS2 nanoflowers.  

Fig. 2. FE-SEM images of MoS2 nanoflowers at (a) the low magnification and (b) the high magnification. (c) FE-SEM image of Co3O4 nanoparticles.  
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concentration of 1 and 2%. The size and morphology of the Co3O4 
nanoparticles reduce and possess cube-like morphology in the MoS2/ 
Co3O4 (1%) composites. The smaller size of the dispersed Co3O4 nano-
particles in the composite may be attributed to the ultrasonication 
process and additional hydrothermal reaction that it goes through dur-
ing composite preparation. With the increase of the concentration of 
Co3O4, aggregation between the MoS2 layers is observed (Fig. 3c), 
maybe, due to the cross-link between MoS2 layers by incorporated 
Co3O4 and the agglomeration nature of Co3O4 nanoparticles [48]. 

The elemental composition of the materials was identified using 

energy dispersive x-ray analysis (EDX). The EDX spectra for the MoS2 
and MoS2/Co3O4 nanomaterials were demonstrated in supplementary 
Fig. SF1(a–e). The corresponding atomic percentages of the composi-
tional elements in the nanomaterials are presented in supplementary 
Table ST1 showing the presence of Mo, S, and Co in the MoS2/Co3O4 
composite nanomaterials. 

3.2. Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to study the 

Fig. 3. FE-SEM images of (a) MoS2/Co3O4 (1%) (b) MoS2/Co3O4 (2%) (c) MoS2/Co3O4 (4%) and (d) MoS2/Co3O4 (6%) nanocomposites.  

Fig. 4. (a) TEM image of MoS2 nanoflower. HR-TEM images of (b) pure MoS2, (c) MoS2/Co3O4 (1%), (d) MoS2/Co3O4 (2%), (e) MoS2/Co3O4 (4%) and (f) MoS2/ 
Co3O4 (6%). Inset of (b–f) shows the corresponding SAED pattern. 
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micromorphology and analyze the structure of the MoS2 nanoflower and 
MoS2/Co3O4 composites. Fig. 4(a) shows the TEM image of pure MoS2 
nanoflower and is made up of an assembly of few-layer petals. The petals 
are found to be curled and overlapped because of nanosized thickness 
[49,50]. The lattice fringes of the MoS2 and MoS2/Co3O4 composites 
were observed using their corresponding HR-TEM images (Fig. 4(b–f)). 
Fig. 4(b) shows the lattice fringes for MoS2 nanoflower having a lattice 
spacing of 0.628 nm and also indexed to the (002) planes corresponding 
to the hexagonal phase, which is large compared to the standard value of 
0.615 nm (JCPDS card number 37–1492). This expansion in interplanar 
spacing can be attributed to the defect-rich structure of MoS2 nano-
flower. The crystalline boundaries can be evolved by defect for strain 
relief which leads to the expansion of lattice [51,52]. The widening of 
lattice fringes evident the existence of crystal defects [53]. Fig. 4(c–f) 
shows the HRTEM images of MoS2/Co3O4 composites and the lattice 
spacing corresponds to the (002) planes of MoS2 are found to 0.630 nm, 
0.631 nm, 0.633 nm, and 0.629 nm for 1%, 2%, 4% and 6% of Co3O4, 
respectively. The incorporation of Co3O4 nanoparticles was found to 
increase the lattice spacing of the composite. The widening of the lattice 
spacing can be attributed to the production of defects in the MoS2 crystal 
structure due to the incorporation of Co3O4. These defects can evolve the 
crystal boundaries due to strain relief resulting in lattice expansion. 
When introduced between the interplanar spacing of the nanoflowers 
Co3O4 nanoparticles create defects on the lattice of MoS2 and thereby 
increase the interplanar spacing [54]. The inset of Fig. 4(b–f) represents 
the selected area electron diffraction (SAED) pattern of pure MoS2 and 
the composites. The SAED patterns represent several diffuse rings for the 
MoS2/Co3O4 suggesting the polycrystalline nature of the composites 
[49]. 

3.3. X-ray diffraction 

The crystalline structure of MoS2 and MoS2/Co3O4 composites were 
studied by XRD. Fig. 5 shows the XRD patterns for MoS2 nanoflower and 
MoS2/Co3O4 composites. The observed XRD peaks for pristine MoS2 
nanoflower match with the JCPDS card number 37–1492 and the 
diffraction peaks are located at 2θ values of 13.99, 33.14, 39.46, 40.8 
and 58.77 correspond to the (002), (100), (103), (105) and (110) re-
flections of the hexagonal structure of semi-conductive 2H-MoS2 (a = b 
= 0.316 nm, c = 1.229 nm), respectively [55–57]. The (002) plane 
corresponds to the periodicity in the c-axis of MoS2, suggesting the 
well-stacked layered structure and good crystallinity of MoS2 [55,58, 
59]. Additionally, a shift in the (002) plane towards a smaller value of 2θ 
was found for MoS2 nanoflower as compared to that of the bulk MoS2 
suggesting an expansion along the c-axis [60–61]. The presence of 

structural defects in the crystals may hinder the stacking of the MoS2 
layers and increase the inter-planer distance. No additional peaks 
correspond to the diffraction peaks of Co3O4 were observed in the XRD 
pattern of MoS2/Co3O4 composites, this is maybe due to the low content 
of Co3O4 [62]. Furthermore, a reduction in the intensity of the diffrac-
tion peaks is observed due to the addition of Co3O4. Such a reduction in 
the intensity of the diffraction plane indicates deterioration of the 
crystallinity of MoS2 due to lattice distortion, defective structures, and 
distinct pressure stress provided by the Co3O4 nanoparticles [60,63]. 

With the incorporation of Co3O4 nanoparticles, the diffraction peaks 
slightly shift towards the higher 2θ values. This suggests that a reduction 
in the volume of the lattice cell occurred due to the addition of Co3O4. 
The lessening in the cell volume can be attributed to the larger ionic 
radius of Co3+ and Co2+ ion as compared to that of Mo4+ ion of MoS2 
[61]. 

The crystallite size (L) of the sample was measured from the (002) 
peak by using the Scherrer formula [64], 

L =
0.94λ
βcosθ 

where, λ is the wavelength of the x-ray used, θ is the diffraction angle 
and β is the full width at half-maximum of the diffraction peak. 

Dislocation density (δ) and microstrain (ε) of the MoS2/Co3O4 
composites were calculated using the equations [65], 

δ =
1
L2  

ε =
β

4tanθ  

The structural parameters of the as-prepared MoS2 and MoS2/Co3O4 
nanocomposites are demonstrated in Table 1. Fig. 6 shows the variation 
of the structural parameter with the concentration Co3O4 in MoS2. From 
Table 1, the estimated crystallite size of all the samples was found to be 
varied between 4.75 and 5.81 nm. The shrinkage of crystallite size at low 
concentration of Co3O4 nanoparticle in MoS2 lattice can be attributed to 
the agglomeration of MoS2 nanoflower due to the cross-linking of MoS2 
layers by Co3O4 nanoparticles [66]. Further increment of the concen-
tration of Co3O4 might hinder the growth of MoS2 crystals along with the 
c- axis caused the increment of crystallite size [66,67]. Additionally, an 
augmentation in the full width at half maxima (β) of the (002) diffrac-
tion peak is also observed as the amount of Co3O4 increases suggesting a 
reduction in crystallite size due to the incorporation of the nanoparticles 
[68–70]. The microstrain and crystallite size broadened the diffraction 
line without affecting the peak position. Broadening of the diffraction 
line caused by microstrain due to the displacement of atoms with respect 
to the reference lattice ascribed as lattice defects. Generation of micro-
strain attribute to the crystal imperfection, vacancies, and dislocation. 
The variation of microstrain due to the incorporation of nanoparticles is 
demonstrated in Fig. 6. It was found that microstrain is increasing with 
the concentration of Co3O4 up to 4% and a further increase in the con-
centration diminishes the microstrain, resulting in the increment of 
crystallite size [71]. The dislocation density represents the amount of 
imperfection in the prepared samples. It can be seen that the dislocation 
density and microstrain of the nanocomposites tend to increase and are 
much larger than that of pure MoS2, which indicates that the incorpo-
ration of Co3O4 in the MoS2 nanoflower causes lattice distortion. This 
lattice distortion results in the expansion of interlayer distance which 
could facilitate the fast electron transportation from the surface to the 
electrode [61]. 

Lattice constant has been calculated using the equation [72]: 

1
d2 =

4
3

h2 + k2 + hk
a2 +

l2

c2 

where d is the atomic plane spacing, (h, k, l) represents the miller 
indices, and (a, b, c) are lattice constants. Estimated values of the lattice Fig. 5. XRD pattern of Pristine MoS2 and as prepared MoS2/Co3O4 composites.  
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constant are represented in Table 1 and are in good agreement with 
standard data [73]. The lattice constant a show a smaller reduction from 
standard data resulting in a smaller cell volume. The deteriorated 
crystallite size, lattice distortion, crystal defects, and dislocation density 
thus produced together with the variation in the D-spacing may improve 
the surface area, new active sites, and intercalation/deintercalation ki-
netics of the charge carriers during the charging/discharging process 
[74–76]. 

3.4. Raman spectroscopy 

Raman spectroscopy was used to investigate the phase and compo-
sition of the MoS2 and MoS2/Co3O4 nanocomposites. Fig. 7 shows 
Raman spectra of MoS2 nanoflower and prepared nanomaterials where 
two main characteristic peaks of pristine MoS2 correspond to the E1

2g 
(~374.149 cm-1) and A1g (~402.934 cm-1) occur from the vibrational 
modes of MoS2. The two S atoms vibrate in-plane and in opposite di-
rections compared to the Mo atom and originate the E1

2g phonon mode 

[77]. Whereas the A1g phonon mode is introduced due to the 
out-of-plane vibration of the S atoms in opposite directions along the 
c-axis [78]. Additionally, no extra peaks were observed in the Raman 
spectrum of MoS2/Co3O4 composites suggesting that incorporation of 
Co3O4 does not create any chemical bonds at the contact interface. It has 
been reported that the relatively broader as well as the weaker intensity 
of E1

2g peak suggest that the crystal structure of MoS2 may contain 
substantial defects sites [79–80]. With the increase of the concentration 
of Co3O4, the E1

2g and A1g peaks became weaker and broader which 
indicates that the increment of the defects and reduction of crystallinity 
which agreed better with the XRD analysis. Besides the frequency of the 
A1g mode found to increase with the concentration of Co3O4 [81,82]. 

It was found that the Co3O4 nanoparticles affect the vibration of the 
S-Mo-S bond and the effect is more pronounced for the A1g peak (out-of- 
plane vibration). Recent studies showed that a softening of the A1g 
phonon mode occurs due to the n-type doping which results in a 
downshift of the intensity and peak frequency difference between the 
A1g and E1

2g modes, on the other hand, p-type doping causes an upshift 

Table 1 
Diffraction parameters of pure MoS2 and MoS2/Co3O4 composites obtained from XRD analysis.  

Samples β x 102 (radian) L (nm) a = b (Å) C (Å) Lattice Strain (%) Micro Strain ε × 10–3 Dislocation Density δ × 10–3 (nm-2) 

Pure MoS2 2.51 5.81 3.094 12.66 2.15 51.20 29.63 
MoS2/Co3O4 (1%) 2.58 5.65 3.097 12.44 1.96 51.73 31.28 
MoS2/Co3O4 (2%) 2.67 5.47 3.094 12.63 2.00 54.29 33.44 
MoS2/Co3O4 (4%) 3.07 4.75 3.091 12.60 1.62 62.32 44.25 
MoS2/Co3O4 (6%) 2.56 5.69 3.088 12.59 1.96 52.05 30.87  

Fig. 6. Variation of XRD parameters as a function of Co3O4 Concentration.  
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of the Raman-active modes in opposite direction [83]. After incorpo-
ration of Co3O4 nanoparticles, a distinct low shift has been observed for 
the as-prepared composites suggesting n-type doping of the nano-
composite which results from the strong electron-phonon coupling in 
the A1g phonon mode [83]. Due to the symmetry of lattice (structural 
distortion of A1g mode does not affect the MoS2 symmetry) A1g optics 
mode couples more strongly with electrons than the E1

2g optics mode as 
a result all the electronic states have a non-zero value for the pertur-
bation of A1g mode which gives a large electron-phonon coupling [83]. 
For the incorporation of 4% and 6% Co3O4, an upshift of the observed 
A1g mode is suggesting a decrement of the doping rate with the increase 
of the concentration Co3O4. Furthermore, the ratio of the relative in-
tensity of the two-active mode (A1g/E1

2g) decreases with the increase of 
the concentration of Co3O4. The A1g/E1

2g peak intensity ratio is found to 
be decreased from 1.1092 (for pristine MoS2) to 0.8260 (MoS2/Co3O4 
(6%)). Such a decrease in A1g/E1

2g peak intensity ratio suggests a 
distinct n-type doping caused by Co3O4 decoration [83–85]. 

3.5. Electrochemical performance analysis 

Materials can store charges via two possible mechanisms. The first 
one is based on the faradic charge transfer mechanism, namely, “Pseu-
docapacitive”, during which the alkali metal cation from the electrolyte 
(here Na+) will diffuse between the layers of MoS2 and intercalate with 
it: 

MoS2 + Na+ + e− →MoS − SNa 

The second charge storage mechanism is due to a non-faradic process 
in which the charges accumulate on the electrode/electrolyte interface, 
forming an electrical double layer. In this mechanism, the charge is 
stored on the surface or near it: 

MoS2 + Na+ + e− →MoS2 − Na  

3.5.1. Cyclic voltammetry 
To investigate the charge storage mechanism of the MoS2/Co3O4 

nanocomposites cyclic voltammetry (CV) was performed at various scan 
rates in 0.5 M Na2SO4 solution within a potential window between − 0.3 

V and 0.6 V ranging from 5 mVs-1 to 100 mVs-1 and is represented in 
Fig. 8. Quasi-rectangular CV curves were obtained for all the different 
samples. Such a deviation from the ideal rectangular shape indicates 
that the charge storage is dominated by the pseudocapacitive mecha-
nism [86]. Furthermore, it was also observed that the area enclosed by 
the CV curve increase with the increase of scan rate, the current shows 
an increasing tendency indicating fast ion transportation and good 
capacitance retention of the prepared samples. The deviation rectan-
gular shape of the CV curve at higher scan rates may attribute to the 
short-time limited movement of the electrolyte ions at the electrode 
surface [41]. 

3.5.2. Galvanostatic charging-discharging 
The supercapacitive properties of the material can also be measured 

using galvanostatic charging-discharging (GCD) profile. GCD curve 
provides better quantitative insight than that of CV curve of the mate-
rials. The GCD curve deviated from the typical symmetrical triangular 
shape indicates the pseudocapacitive contribution. 

Fig. 9(a–e) shows the galvanostatic charging-discharging curves of 
pristine MoS2 and as prepared composites at current densities of 0.14, 
0.21, 0.28, 0.42, 0.70, 1.13 and 1.41 mAcm-2 where it can be seen that 
the discharge times of as-prepared samples is decreasing with current 
density. It can also be seen that the discharge time is decreasing with 
higher current density due to the low penetration of ions into the inner 
region of pores due to the fast potential changes [87]. 

Fig. 10(a) shows the CV curves for all the different samples at a scan 
rate of 30 mV/s. This figure shows that the area under the CV curve is 
increasing with the concentration of Co3O4. The MoS2/Co3O4 (4%) 
nanocomposite was found to have the larger integrated area under the 
CV curve suggesting that the capacitive performance of this composite is 
better than that of the other samples. Further increment of the Co3O4 
content caused a decrement of the integrated area under the CV curve. 
Fig. 10(b) illustrate the GCD plots for MoS2, and MoS2/Co3O4 with 
various concentration of Co3O4 at a current density of 0.14 mAcm-2. The 
GCD curves were found to be deviated from the symmetric triangular 
shape and is an indication of the pseudocapacitive charge storage 
mechanism. The pseudocapacitive behavior may originate from the 

Fig. 7. Raman Spectra of pristine MoS2 and MoS2/Co3O4 composites.  
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intercalation between MoS2 and the Na+ ions in the electrolyte. The 
empty orbitals of MoS2 intercalate with the ions and the ions can diffuse 
between the MoS2 layers [88]. From Fig. 10(b) it was also found that the 
discharge time increases with the amount of Co3O4 content and the 
highest discharging time was achieved for the MoS2/Co3O4 (4%) 
nanocomposite. 

The specific capacitance (Cs) of MoS2 and MoS2/Co3O4 nano-
composites were estimated from the GCD curves by using the formula 
[25]: 

Cs =
2IΔt
sΔV  

where I is the discharge current, Δt is the discharging time, s is the area 
of the active material and ΔV is the potential window. The estimated 
value of the Cs for all the samples are tabulated in Table 2. From Table 2 
it is evident that the MoS2/Co3O4 (4%) nanocomposite yields the highest 
value of specific capacitance (220.72 mFcm-2 at a current density of 
0.14 mAcm-2). The specific capacitance of the nanocomposite was found 
to be decreased with the increase of current density. Such a variation in 
specific capacitance is more common as at low current density electro-
lyte ions diffuse to all active sites of the electrode more efficiently which 
gives rise to the complete insertion/extraction reaction and results in a 

superior capacitance [88]. At higher current density the diffusion of ions 
occurs on the surface of the electrode and charge transportation is 
relatively low which leads to the lower capacitance [89]. The energy 
density (E) and power density (P) of MoS2 and MoS2/Co3O4 nano-
composites were calculated using the formula [25]: 

E =
CsΔV2

2
(6)  

P =
E

2Δt
(7) 

where Cs is the specific capacitance, ΔV is the potential window, Δt is 
the discharging time. The energy density and power density for the MoS2 
and MoS2/Co3O4 nanocomposite are presented in Table 2. It was found 
that the MoS2/Co3O4 (4%) composite is delivering the highest value for 
both the energy density and power density. 

Energy and power density of MoS2 and MoS2/Co3O4 (4%) have also 
been calculated using two-electrode setups. Supplementary Fig. SF2 (a) 
shows the CV curves for MoS2 and MoS2/Co3O4 (4%) composite at a scan 
rate of 20 mVs-1 in a potential range from 0 to 1.2 V. CV curves have 
been deviated from the typical rectangular CV curve due to the pseu-
docapacitive behavior. Fig. SF2 (b) shows the GCD curve of MoS2 and 
MoS2/Co3O4 (4%) at 0.15 mAcm-2 obtained using the two-electrode set 

Fig. 8. Cyclic voltammetry curves of (a) MoS2, (b) MoS2/Co3O4 (1%), (c) MoS2/Co3O4 (2%), (d) MoS2/Co3O4 (4%) and (e) MoS2/Co3O4 (6%) composites at different 
scan rates. 
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up. The as-obtained non-liner GCD curve further confirm the pseudo-
capacitive performance [86]. The specific capacitance of MoS2 and 
MoS2/Co3O4 (4%) have been calculated from this GCD curve and are 
found to be 33.25 mFcm-2 for MoS2 which increased to 47.50 mFcm-2 for 
MoS2/Co3O4 (4%) which deliver an energy density of 2.38 mWhcm-2 

and at a power density of 45 mWcm-2. For pure MoS2 an energy density 
of 1.66 mWhcm-2 at power density of 45 mWcm-2. These aforemen-
tioned result of MoS2/Co3O4 (4%) further indicates that it can serve as 
one of the most promising electrode materials for supercapacitors. 

3.5.3. Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) analysis is a pre-

dominant method to elucidate the resistive behavior of the electrode 
that helps to investigate the charge-storage mechanism of the electro-
chemical system. Fig. 11 shows the Nyquist plot for MoS2 and the MoS2/ 
Co3O4 nanocomposites and are depicted by plotting Z′′(the imaginary 
impedance) as a function of Z′ (the real impedance) in the frequency 
range of 0.1 Hz to 100 kHz. In general, three characteristics regions can 

be observed in the Nyquist plot: (1) an inclined line along the imaginary 
axis at the low-frequency region, represents the capacitive behavior 
which may interpret as the double-layer capacitive region. (2) A partial 
semi-circle in the high-frequency region represents the blocking 
behavior of the electrode and behaves as a pure resistor. (3) Middle- 
frequency range of the Nyquist plot represents the diffusion of ions in 
the electrode from the electrolyte and the effect of porosity and thick-
ness of the electrode on the diffusion of the ions. An AC equivalent 
circuit (named as Randles circuit depicted in the inset of Fig. 11 [90]), 
modeled as the frequency-based electrical behavior of the device and 
was used to explain the faradic process of the device. The Nyquist plots 
show a semicircle in the high-frequency region together with an inclined 
line in the low-frequency region for all the samples. The intercept of the 
semicircle to the imaginary axis reveals the equivalent series resistance, 
Rs (also known as solution resistance), which represents the ohmic 
resistance of the electrolyte and the internal resistance of the electrode. 
The diameter of the semicircle corresponds to the impedance of the 
electrode/electrolyte interface (Rel) and the charge-transfer resistance 

Fig. 9. Galvanostatic charging- discharging curves of (a) MoS2, (b) MoS2/Co3O4 (1%), (c) MoS2/Co3O4 (2%), (d) MoS2/Co3O4 (4%) and (e) MoS2/Co3O4 (6%) 
composites at different current densities. 
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(Rct) that occurred during the faradic process, which, illustrates the rate 
of redox reactions of the electrode and electrolyte that emerge at the 
interface. The constant phase element (CPE), is a capacitive element 
used in the equivalent circuit for the better fitting of the curve. CPE is 
attributed to the nonideal capacitive behavior of the electrochemical 
system. The diffusion of the Na+ions into the porous structure of the 
electrode represented by the Warburg element (Wo) results from the 
frequency dependence of the diffusion process. Warburg region in the 
Nyquist plot is represented by 45◦ region in the Nyquist plot. The 
semicircle of the high-frequency zone corresponds to the charge transfer 
resistance at the electrode and electrolyte interface and the linear 
portion of the low-frequency zone stands for pure capacitive manners 
[91–94]. Table 3 represents the values of different components of the 

equivalent circuit obtained from the best fit of the experimental data 
using ZView software. From Table 3 it is observed that all the samples 
had a similar series resistance Rs. However, the charge-transfer resis-
tance reduces due to the concentration of Co3O4. In particular, the 
MoS2/Co3O4 (4%) nanocomposite showed the smallest charge transfer 
resistance (Rct = 2.18 KΩ) which is only 4.01% of pristine MoS2 (Rct =

8.73 KΩ) and smaller than that of any other composite materials. This 
result suggests that MoS2/Co3O4 (4%) nanocomposite is the electrically 
more conductive among all the as-prepared electrodes and allows fast 
electron-conducting ability at the electrode surface [91]. As a result, the 
contact resistance and charge transfer resistance got reduced that favor 
the rapid Na+ ions insertion/extraction and fast charge transfer at the 
electrode-electrolyte interface resulting in the significant increase of the 
capacitance value for the MoS2/Co3O4 (4%) nanocomposite. Moreover, 
the low-frequency zone of the Nyquist plot suggests an ideal capacitance 
with a result of a higher rate of diffusion and mass transfer. 

Fig. 10. (a) Cyclic voltammetry measurements at 30 mV/s, (b) Constant-current charge-discharge voltage profiles at 0.14 mAcm-2 for MoS2 and as-prepared MoS2/ 
Co3O4 composites. 

Table 2 
Specific capacitance, Energy Density and Power Density of MoS2 and MoS2/ 
Co3O4 composites at a current density of 0.14 mAcm-2.  

Sample Areal Capacitance 
(mF/cm2) 

Energy Density 
(μWhcm-2) 

Power Density 
(μWcm-2) 

Pure MoS2 93.62 10.53 127.30 
MoS2/Co3O4 

(1%) 
168.14 18.91 127.32 

MoS2/Co3O4 

(2%) 
177.66 19.99 127.16 

MoS2/Co3O4 

(4%) 
220.72 24.83 127.33 

MoS2/Co3O4 

(6%) 
124.14 13.96 127.32  

Fig. 11. Modeled Nyquist plots for MoS2 and as prepared MoS2/Co3O4 composites. Inset shows the equivalent circuit diagram of Randle’s model.  

Table 3 
EIS fitting parameters of pristine MoS2 and MoS2/Co3O4 composites.  

Sample Rs (Ω) Rel (Ω) Rct (KΩ) 

MoS2 5.02 19.82 8.73 
MoS2/Co3O4 (1%) 5.49 11.47 4.16 
MoS2/Co3O4 (2%) 6.92 18.90 3.99 
MoS2/Co3O4 (4%) 6.08 15.89 2.18 
MoS2/Co3O4 (6%) 5.50 18.57 3.25  
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3.5.4. Electrode stability analysis 
The Nyquist plots of the MoS2/Co3O4 (4%) nanocomposite (sample 

with best capacitive performance) were taken after 10,000 cycles of 
operation and compared with that of the 1st run and are presented in 
Fig. 12(a). The radius of the semi-circle of the impedance spectrum after 
10,000 cycles of electrode material is found to be smaller than that of the 
1st cycle. The obtained value of different components of the equivalent 
circuit is listed in Table 4, and the values of the Rs, Rel, and Rct obtained 
from the 10,000 cycles were found to be smaller than that of the 1st 
cycle. This result suggests that after 10,000 cycles of operation this 
electrode attain reduction of the internal resistance as well as become 
more electrically conductive and possess fast electron-conducting ability 
at the interface [91]. Such a reduction in internal resistance can be 
attributed to the electrochemical activation of active material, reduced 
agglomeration of active material during cycling, and batter interface 
[94,95]. Investigation of cyclic stability of the MoS2/Co3O4 (4%) com-
posite is presented in Fig. 12(b) which represents an 87% retention of 
the capacitance values after 10,000 charge/discharge cycle at a current 
density of 2.83 mAcm-2. For the first few hundred cycles the retention 
decreased near to ~90% and then start to increase after the 1200 cycles 
and with consistency reached up to 96–98% after the first 1500 cycles 
and then started to decrease gradually and reached 87% of the initial 
capacity after 10,000 cycles. Initially, the coulombic efficiency was 
found to be 113% and reaches 104% after 10,000 cycles which suggests 
the superior stability of the MoS2/Co3O4 (4%) composite. This excellent 
cycling stability and the coulombic efficiency of the MoS2/Co3O4 (4%) 
nanocomposite may arise from the stable structure of the prepared 
electrode increased and because of the improvement of the diffusion of 
ions in the pores of the materials and possible increment of the wetta-
bility of the material over time [95]. 

3.5.5. Electrochemical behavior of MoS2/Co3O4 (4%) as electrode 
From the electrochemical analysis, it was found that the capacitance 

of the MoS2 nanoflower increases with the increment of Co3O4 content 
suggesting that the Co3O4 nanoparticles play a significant role in the 
electrochemical performance. This suggests that the introduction of 
Co3O4 enhance the transfer of ions and electron of electrolyte to the 
interface of the electrode [34]. Furthermore, the MoS2/Co3O4 (4%) 
electrode exhibits the best capacitive performance as it provides the 
highest value of specific capacitance together with large energy and 
power. Among the different samples, MoS2/Co3O4 (4%) represents the 
lowest Rct (2.18 KΩ) value compared to that of the pristine MoS2 and 
other MoS2/Co3O4 electrode suggesting better electrochemical activity, 
rapid electron transportation, and diffusion of ions in the electrode 
resulting in the supercilious electrochemical performance of 

MoS2/Co3O4 (4%) [32,96,97]. This batter result from MoS2/Co3O4 
nanocomposite may arise from the synergistic effect of MoS2 and Co3O4 
together with the improved surface area, larger interplanar spacing, 
dislocation density and defect rich composite structure. The defect-rich 
structure results from the incorporation of Co3O4 nanoparticles between 
the interplanar spacing of MoS2 nanoflowers creates an interlink 
connection between the lattice of MoS2 which can improve the electrical 
conductivity and the expended interplanar spacing which may offer 
more open channels for the diffusion of ions and electron to the elec-
trode interface. The lower concentration of Co3O4 (1% and 2%) limits 
the transfer of electrons and ions of electrolyte to the electrode surface. 
The increased concentration of Co3O4 facilitates the improved interca-
lation of ions and electrons and increased electronic conductivity but 
further increment of Co3O4 concentration (6%) hinders the diffusion of 
ions and electrons diminish the performance of the electrode [32,98, 
99]. The changes in the crystallite size of the MoS2/Co3O4 due to the 
incorporation of Co3O4 may also help to improve the capacitance 
nanocomposite by reducing the crystallite size. The MoS2/Co3O4 (4%) 
nanocomposites possess the smallest crystallite size that offers the 
largest surface area which provides more active surface sites for elec-
trochemical reactions. Further increment of Co3O4 enhances the crys-
tallite size gives lower surface area limits the reaction sites [58,100]. In 
addition, the changes in capacitance value may attribute to the higher 
dislocation density the higher current response of the samples [101]. 
The dislocation density of the prepared samples was found to be 
increased with the concentration of Co3O4 and MoS2/Co3O4 (4%) 
nanocomposite shows the highest value of dislocation density which 
also results in the improvement of the capacitance value. 

From the above discussion, it is evident that the MoS2/Co3O4 (4%) 
offers the best performance in terms of capacitance and stability and can 
be a suitable choice for the supercapacitor electrode. Table 5 represent 
the specific capacitance of MoS2 based electrode obtained from mate-
rials with different surface morphology [26,58,95,99,101–107]. From 
this table, it is clear that the specific capacitance of MoS2/Co3O4 (4%) 
electrode obtained from this work is better compared to that of the re-
ported values. This batter results may attribute to the increased surface 
area of the nanoflower-shaped nanocrystallite structure that provides 

Fig. 12. (a) Modeled Nyquist plots for the MoS2/Co3O4 (4%) sample before and after 10,000 cycle of operation. Inset image show the equivalent circuit diagram of 
Randle’s model. (b) Capacitive retention and Columbic efficiency of the MoS2/Co3O4 (4%) sample over 10,000cycle of operation. 

Table 4 
EIS fitting parameters of MoS2/Co3O4 (4%) composites obtained from the 1st 
and 10,000th cycle.  

Cycle Rs (Ω) Rel(Ω) Rct (KΩ) 

1 5.30 10.04 2.20 
10,000 4.74 9.54 0.45  
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more active sites as well as better conductivity and defect-rich structure. 
We believe that this outstanding result is a consequence of the syner-
gistic effect of MoS2 and Co3O4 nanoparticles, defect-rich structure, 
better electrical conductivity, and small crystallite size. Moreover, the 
nanoflower provides more surface area than the nanosheets or flakes. 

4. Conclusion 

In summary, we have designed a facile and efficient way to suc-
cessfully synthesize Co3O4 nanoparticles anchored in 3D-MoS2 nano-
flower architectures by varying the concentration of Co3O4 between 
0 and 6% via a facile hydrothermal method. The flowerlike three- 
dimensional structure of the as-prepared MoS2 and MoS2/Co3O4 was 
confirmed by FE-SEM images. XRD analysis provides different structural 
parameters of the prepared samples. Interlayer spacing of the prepared 
nanostructure was measured using TEM analysis. Incorporation of 
Co3O4 nanoparticle causes n-type doping which was confirmed via the 
distinct low-shift of first-order Raman peaks. In the three-electrode 
system, MoS2/Co3O4 (4%) composite electrode exhibits the highest 
specific capacitance of 220.72 mFcm-2 and energy density of 24.83 
μWhcm-2 at 0.14 mAcm-2 together with excellent cyclic stability with a 
capacitive retention of 87% after 10,000 cycles of operation. The 
improved electrochemical performance obtained from the MoS2/Co3O4 
may arise from the synergistic effect of MoS2 nanoflower and Co3O4 
nanoparticles. Furthermore, the greater surface area, dislocation den-
sity, and defect-rich structure of the composite structure as well as 
improve the electrical conductivity and the expended interplanar 
spacing may offer more open channels for the diffusion of ions and 
electrons to the electrode interface. 
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