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Introduction

Supercapacitors are energy storage devices that are characterized by appreciable energy density and higher power density. 
Among various energy storage devices, supercapacitor stands out because of high specific capacitance, power density, long cyclic 
stability, and high discharging rate capability [1]. Supercapacitors are primarily classified into electric double layer capacitors 
(EDLCs), pseudo-capacitors, and hybrid-capacitors. EDLCs involve Helmholtz reactions, pseudo capacitors involve surface 
limited faradaic reactions while hybrid-capacitors undergo both faradaic and non-faradaic reactions [2]. The hybrid-capacitors 
are further classified into composite hybrid, asymmetric hybrid, and battery-type hybrid capacitors [3]. The classification is also 
done based on the electrode materials [4]. EDLCs comprise high surface area carbon materials [5] such as activated carbon [6], 
carbon fiber [7], carbon aerogels [8], carbon nanotube [9], graphene oxide [10], reduced graphene oxide [11], and graphene 
[12,13]. Pseudo capacitors comprise materials like metal-oxides, -nitrides, -sulfides, -halides, and conducting polymers [14-17]. 
EDLCs made of carbon materials are characterized by high power density due to their high conductivity and high cyclic stability 
owing to their high electrochemical stability besides excellent mechanical and thermal stabilities. The energy density of carbon 
materials is limited due to their non-faradaic reactions [18,19]. Pseudo capacitors are characterized by high theoretical specific 
capacitance due to their ability to store high volumes of charge (high energy density) by means of faradaic reactions. However, 
these materials have poor conductivity which lowers the fast discharge capability. Hence, recent researches are heavily focused on 
utilizing the advantageous features of both type and building up a hybrid electrode material to achieve high energy density, high 
power density, high cycle life with excellent cyclic stability. 

Among various pseudocapacitive materials, MnO2 has unique features which are beneficial for supercapacitor application. 
It has high theoretical specific capacitance (1370F.g-1), shorter diffusion length, low cost, natural abundance, good redox 
mechanism, eco-friendliness, and compatibility with both aqueous and organic electrolytes [20-24]. Another exquisite feature of 
MnO2 is its tunnel-like structure in crystal lattice which can accommodate different electrolyte cations such as K+, Li+, Na+ etc. 
The tunnel-like structure helps in improving the electrochemical interaction between electrode and electrolyte by hosting the 
cations. It also promotes high ion permeation by utilizing most of the active surface area [15, 25]. MnO2 nanoflower structure is 
unique with the layered flake like petals. These petals serve as the electrolyte reservoir [26] with enhanced surface area. But the 
poor electrical conductivity and low ion diffusion constant of MnO2 is reflected in its poor capacitance retention [27]. Hence, 
incorporating conductive carbon material such as rGO during the growth of MnO2 should improve the performance of MnO2 in 
terms of its conductivity and cyclic stability. Growing MnO2 on the surface of more conductive surfaces will reduce the flaking-off 
the layered structure [28-31]. High surface area, electrochemical stability, and good conductivity of rGO adds up to the existing 
features of MnO2 making rGO-MnO2 an excellent hybrid electrode material for supercapacitor. Here, we report hydrothermal 
synthesis of nanostructured rGO-MnO2 hybrid and its application as electrode material in supercapacitor. rGO surfaces act as 
nucleation point upon which MnO2 flakes grow and get interwoven with each other to form nanoflower structure. The detail 
morphological development and the electrochemical performances have been discussed here. The comparative electrochemical 
study of rGO, MnO2, and rGO-MnO2 hybrid has been presented. The capacitive performance of rGO-MnO2 hybrid in aqueous 
and organic electrolyte was found to be superior compared to the individual counterparts in terms of specific capacitance, charge-
discharge, cycle life, specific power, specific energy, and capacitance retention. 

Experimental

Precursor details

Natural graphite flakes (-250 mesh size), Sodium Nitrate (NaNO3) (FINAR Reagents), Potassium Permanganate extrapure 
(KMnO4) (SRL), Sulfuric acid (98%) (H2SO4) (SDFCL), Hydrogen Peroxide (H2O2) 30% (EMPARTA), Hydrochloric acid (35.4%) 
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Abstract

Reduced graphene oxide (rGO)-MnO2 nanoflower hybrid material had been investigated as an efficient electrode 
material for energy storage application. A brief note on the mechanism of the synthesis and the morphological significance 
in improving the performance of the supercapacitor was made. The interconnected morphology of rGO-MnO2 hybrid was 
found to be a promising feature for the development of supercapacitor electrode material. We have successfully combined 
the electric double layer capacitance (rGO contribution) and pseudo capacitance (MnO2 contribution) by using this hybrid 
structure of rGO-MnO2 as electrode materials in the supercapacitor device structure. Considerable improvement in the 
capacitive performance was observed for this hybrid nanostructured electrode material. The specific capacitance of rGO-
MnO2 was found to be 388.87F.g-1 at a scan rate of 5mV.s-1 with corresponding specific energy of 35.68Wh.kg-1 (at a specific 
power of 642.33W.kg-1). An ESR value of 0.478Ω with a negative phase angle of 46.8° after 1000 number of cycles was 
observed with a capacitance retention of 76.64%. The hybrid electrode material was also tested with organic electrolyte using 
2.7V potential window to test the commercial viability.
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(HCl) (SDFCL), Liquor ammonia [25% NH3] (Fisher scientific) and Hydrazine Hydrate 
(NH2.NH2.H2O) (Qualgens), Nitric acid (69-72%) (HNO3) (SDFCL), and Potassium 
Hydroxide (KOH) pellets (Fisher scientific) were utilized for this research work. 

Synthesis of Reduced Graphene Oxide (rGO)

The rGO was synthesized in two steps using modified hummers method with some 
changes in the pre-oxidation step as discussed below [32-34].

Step 1: Synthesis of Graphene Oxide (GO): 2g of natural graphite flakes (mesh size- 
-250) and 1g of NaNO3 were dissolved in the concentrated H2SO4 and the mixture was 
stirred for 18 hours. A thick black solution was observed at this stage. Later the beaker 
was shifted into ice bath in order to maintain a temperature < 10 °C. While maintaining 
the temperature (<10 °C), 3g of KMnO4 was added slowly to the mixture under stirring. 
Finally, the beaker was removed from ice bath and the stirring was continued until the 
temperature of the mixture restored back to room temperature (this process continued for 
3 hours). At this stage, the black mixture turned into greenish color.

Subsequently, the temperature of the greenish mixture was increased to 40 °C and 
stirred for thirty minutes during which 92ml of deionized (DI) water was added slowly. 
Then, the temperature was further increased to 60 °C and stirred for another half an hour. 
Finally, the temperature was set to 90 °C and stirred for another half an hour. During this 
stage, the greenish mixture turned to thick brownish paste like color. To the brownish 
mixture, a solution of 292ml of DI water and 9ml of 30% H2O2 was added to terminate 
the reaction. A light yellowish color was observed indicating the formation of graphene 
oxide. The solution was put aside for overnight. After that the mixture was treated with 
10wt% HCl and then washed with deionized water using vacuum filtration until the pH 
level reached to 7. Finally, the wet powder was dried overnight in a vacuum oven at 90 °C. 
The product thus obtained was termed as graphene oxide (GO).

Step 2: Reduction of GO to rGO: 300mg of GO powder was dispersed in 300ml of 
DI water and sonicated for 30 minutes to obtain a thick brown homogeneous suspension. 
A small amount of liquor ammonia was added to the above solution under stirring until 
the pH of the solution reached to 10. Successively, 0.5ml of hydrazine hydrate (N2H4) was 
added to the above suspension and heated at 80 °C for 2 hours under stirring. Finally, the 
solution was cooled and washed several times with DI water to obtain the pH back to 7. 
The product thus obtained was labelled as reduced graphene oxide (rGO) [35,36].

Synthesis of Manganese Oxide (MnO2)

0.3g of KMnO4 was added to 50ml DI water and stirred for an hour. To this solution, 
0.2ml of H2SO4 was added. This mixture was then transferred to 100ml of Teflon-lined 
stainless- steel autoclave. The autoclave was subjected to hydrothermal process at 160 °C 
for 4 hours. Finally, the autoclave was naturally cooled to room temperature and then 
washed with deionized water several times to obtain pH 7. After vacuum drying at 90 °C 
for 12 hours, a brown color powder was obtained and labelled as MnO2 [30]. 

Synthesis of rGO-MnO2 nanohybrid

60mg of rGO was suspended in 60ml of deionized water and sonicated for 30 
minutes. To this suspension, 1.26g of potassium permanganate (KMnO4) was added and 
stirred for one hour. The solution was transferred into a 100ml Teflon-lined stainless-steel 
autoclave and subjected to hydrothermal process at 160 °C for 6 hours. Later the autoclave 
was naturally cooled down to room temperature and then the mixture was washed several 
times with DI water to obtain pH 7. Finally, the powder was dried overnight in the vacuum 
oven at 90 °C. The dried powder appeared in a light mixture of black-brown color [30,31].

Characterization

Detail sample preparation and characterization techniques are given below.

Fourier infrared transform spectroscopy (FTIR) (BRUKER Alpha II) was used for 
the detection of functional groups in rGO. A transparent pellet was prepared using 1:200 
(weight ratio) of rGO:KBr for FTIR analysis.

The crystallographic details of rGO, MnO2, and rGO-MnO2 were studied using D8 
Advance, Bruker Powder X-Ray Diffractometer with Cu Kα radiation, wavelength of 
1.54056 A°, and scan rate of 1.2°/min (step size of 0.02deg for 1sec). Finely grounded 
powder of each sample was used for this analysis. The Raman analysis was done using 
Witech alpha 300 with 532nm incident laser. The sample for the analysis was in the 
form of fine ground powder. The morphological study of rGO, MnO2, and rGO-MnO2 
was done using ZEISS Gemini SEM 500 field emission scanning electron microscopy 
(FESEM). The elemental analysis of the samples was studied using energy dispersive 
X-Ray analysis (EDX) attached with FESEM. The samples for both analyses were in the 
form of fine ground powder. 

TECNAI G2-Transmission electron microscopy (TEM) equipped with a field 
emission electron gun operated at 200kV was used for the microstructural studies. 
The finely grounded powder was dissolved in isopropyl alcohol (IPA) to get a uniform 
dispersion by means of ultrasonication. 2 drops of the suspension were then dropped 
on a holey carbon coated grid of 300 meshes and dried overnight under a 60W bulb for 
TEM study.

Finally, the electrochemical analysis of the materials was done using BioLogic 
Science Instruments. The detailed electrode preparation, electrochemical cell fabrication 
and the electrochemical analysis input parameters utilized for the analysis are given below 
in the electrode/cell preparation section.

Electrode/Cell preparation

The active material (rGO/MnO2/rGO-MnO2), carbon black (conductive carbon), 
and polyvinylidene difluoride (PVDF binder) were taken in 8:1:1 weight ratio. All 
components were grounded to a fine powder using a mortar and pestle. Few drops of 
N-methyl 2-Pyrollidone (NMP) was added to transform the fine powder into a slurry. 
The slurry was later coated on a 350µm thick graphite foil using doctors blade technique. 
The foil was then vacuum dried at 80 °C overnight. The two-electrode cell device was 
fabricated using a Swagelok cell. The cell consists of two electrodes separated by a 
Whatman separator wetted with 3M KOH electrolyte. The electrochemical analysis details 
and calculation details are given in the supporting information (section S3).

Electrochemical analysis

Input parameters: Three techniques were utilized primarily for the electrochemical 
analysis namely, cyclic voltammetry (CV), galvanostatic charge discharge (GCD), and 
electrochemical impedance spectroscopy (PEIS). The CV curve was plotted between 
potential (x-axis) and current (y-axis) with a potential window of 1V, at different scan 
rates of 5, 10, 20, 50, 100, 200, and 500mV.s-1. The GCD analysis was done using static 
input current based on the weight of active material in an electrode. The GCD plot was 
made between time (sec) and potential (V) at different current densities of 0.25, 0.5, 1, 
2, 5, and 10A.g-1. This same technique was used for determining the cyclic stability. EIS 
was done with input sine wave of Vrms of amplitude 5mV and frequency range from 0.1Hz 
to 10kHz, and initial voltage considering the open circuit voltage of the electrochemical 
cell just before this analysis. Nyquist plot (-Im(Z) vs Re(Z)) and Bode plot (Phase vs 
log(frequency)) were plotted using EIS. 

Analytical formulae: From cyclic voltammetry [1]

Specific capacitance:

Where Cs  is the specific capacitance, Idv∫  is the integral area under the CV curve, Vs is 
the scan rate,  ΔV is the potential window, and m is the total mass of active material in 
the electrochemical cell.

Energy density:

where Cs is the specific capacitance obtained from Eq. 1, and ΔV is the potential applied.

Power density:

Where Cs is the specific capacitance obtained from Eq. 1, ΔV  is the potential window, 
and Vs is the scan rate.

From Galvanostatic charge discharge [1]
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Results and Discussion

Microstructural and elemental analysis 

In this work, the MnO2 nanoflowers and rGO-MnO2 hybrid were synthesized using 
hydrothermal technique. During synthesis of rGO-MnO2, MnO2 started nucleating 
on the rGO surface followed by aggregation to grow needle like structure and later 
coalescing to form layered sheets as the synthesis proceeds [28,29]. Finally, rGO got 
delayered and overlapped with MnO2 layers to form interwoven layer structure which 
improved the interfacial contact between rGO and MnO2 [37]. The microstructural 
analysis from FESEM and TEM support the proposed growth dynamics of rGO-MnO2. 
The microstructures of rGO, MnO2 and rGO-MnO2 are shown in Figure 1. Figure 1a 
shows multiple layered structure of rGO visible in the form of light-colored wrinkles. The 
flake-like morphology of MnO2 is clearly evident from Figure 1b. The flake-like structure 
helps in the easy intercalation and deintercalation of the electrolyte ions resulting in the 
high charge storage capability [30,31]. Figure 1c shows the morphology of rGO-MnO2 
hybrid which indicates nanoflower like structure. The growth of MnO2 nanoflakes was 
influenced by rGO undulant surface and during the synthesis of rGO-MnO2 the randomly 
closely spaced flakes of MnO2 are widened up with uniform flake to flake spacing due 
to the overlapping of rGO and MnO2 layers. It resulted in the formation of nanoflowers 
as can be seen in Figure 1c. The elemental analysis (EDX) of rGO-MnO2 are shown in 

Figure 2d. The atomic percentage ratio of Mn:O2 was found to be 1:2.4, the extra atomic 
percentage of oxygen can be attributed to the presence of oxygen in rGO. Besides Mn, 
O, and C, few traces of potassium (K) were observed in the EDX spectra (Figure-1d), 
which could be due to the mineral source of manganese salt. Figure 1e shows the TEM 
micrograph of rGO-MnO2 hybrid. Figure 1e indicates that MnO2 layers (dark grey/black) 
are interconnected and overlapped with rGO layers (light grey). Figure 1f shows high 
resolution TEM image of rGO-MnO2 hybrid. The lattice spacing of MnO2 was calculated 
using ImageJ software and it was found to be 0.703nm (Figure 1f, inset) which represents 
the (002) plane of monoclinic MnO2 (Figure 2). 

Crystal structure and Raman Analysis

The XRD spectrum of rGO-MnO2 is shown in Figure 3a & 3b. The diffraction peaks 
at 12.56° (001), 24.48° (002), 37.02° (201/11l) and 66.22° (02l/31l) indicate the crystal 
planes of monoclinic MnO2 [25,26]. The d-spacing was found to be 0.732nm at (001) 
plane matching with standard JCPDS 80-1098 whose lattice parameters are a=5.14 A°, 
b=2.84 A°, and c=7.17 A°. The diffraction peaks of rGO were seen with low intensities 
(merged with MnO2 XRD peaks) in the hybrid diffraction pattern confirming the complete 
coverage of rGO surface by MnO2 layers [30]. The narrow sharp XRD peaks indicate high 
crystallinity of MnO2. The XRD diffraction patterns of rGO and MnO2 (Figure 4) are 
given in the supporting document. The XRD spectrum of rGO (Figure 4a) consist of peaks 
at 25.83° and 54.93° correspond to (002) and (004) plane of graphitized rGO (JCPDS 41-
1487). MnO2 in its individual form has tetragonal crystal structure which is evident from 
XRD spectrum shown in Figure 4b. The Raman spectrum shown in Figure 1b indicates 
the presence of major bands of rGO and MnO2. The G-band at 1586.18cm-1 is the most 
prevalent among all the graphitic compounds, originated from the stretching of C-C 
bonds representing sp2 hybridization. The 2D-band at 2712.72cm-1 represents the second-
order two-phonon process, resulting from the interlayer interactions within the depths of 
graphene layers of the rGO [32]. The D-band (~ at 1357.72cm-1) is not clearly present in 
the spectrum which shows that the disorder in the carbon (graphene) structure from the 

Specific capacitance:

Where Cs is the specific capacitance of the full cell, I is the cathodic current applied, Δt is 

the discharging time, ΔV is the discharging voltage, and m is the mass of the total active 

material in the electrochemical cell, and 
'
sC  is the specific capacitance of single electrode.

Figure 1: FESEM of a) rGO b) MnO2 c) rGO-MnO2 and d) EDX of rGO-MnO2 
e) TEM of rGO-MnO2 and f) HRTEM of rGO-MnO2.

Figure 2: FTIR analysis of rGO.

Figure 3: a) XRD of rGO-MnO2 showing the (hkl) indices, with the bottom part 
of each figure showing their JCPDS number and space group information, 
and b) Raman spectrum of rGO-MnO2.
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hybridized vibrational modes of the graphene edges are little or absent. The two major 
bands at 573.52cm-1 and 635.08cm-1 represent the formation of MnO2 in which the peak 
at 635.08cm-1 arises from the symmetric stretching vibrations of the MnO6 octahedron in 
the MnO2 compounds [38-40]. Hence, hybrid rGO-MnO2 has the characteristic peaks of 
both rGO and MnO2 with negligible defects in rGO structure. 

Electrochemical analysis

All the samples were electrochemically analyzed using cyclic voltammetry (CV), 
galvanostatic charge discharge (GCD), and electrochemical impedance spectroscopy 
(EIS). The electrochemical performances of rGO, MnO2, and rGO-MnO2 are compared 
and the comparison plots are shown in Figure 5. The CV plots shown in Figure 5a indicate, 
while rGO and MnO2 individually show quasi-rectangular curves, the rGO-MnO2 hybrid 
shows predominantly pseudo nature. The GCD plot shown in Figure 5b reveals linear 
and symmetric GCD cycles for the samples. At a current density of 0.5A.g-1, it was found 

that rGO -MnO2 has the highest charge-discharge cycle time (Figure 5b) due to their 
combined pseudo and EDLC natures, whereas, rGO showed minimum charge-discharge 
times due to poor charge storage capability. Figure 5c shows the specific capacitance 
plots of rGO, MnO2, and rGO-MnO2. The figure reveals that rGO-MnO2 has the highest 
specific capacitance of 633.57F.g-1, followed by 176.44F.g-1 and 110.33F.g-1 for MnO2, and 
rGO respectively (Figure 5c). It indicates the efficient utilization of the enhanced surface 
area in the hybrid nanostructures of rGO-MnO2 even at lower current densities. The 
EIS plots shown in Figure 5d represent the Nyquist plot after 1000 cycles, with the inset 
showing the plots at higher frequencies. It is clear from the Nyquist plot that except rGO, 
the other two materials were influenced by the diffusion resistance. From the inset of 
Figure 5d, it is evident that only MnO2 had developed charge transfer resistance (CTR) 
and its value was found to be 1.043Ω after 1000 number of cycles. The equivalent series 
resistance (ESR) values for rGO, MnO2, and rGO-MnO2 were found to be 0.933Ω, 1.371Ω, 
and 0.478Ω respectively, indicating the improved conductivity of rGO-MnO2 hybrid over 
MnO2 with the addition of rGO. The Ragone plot shown in Figure 5e indicates that rGO-
MnO2 has the maximum specific energy at a given power rate. The specific energy was 
found to be 15.32Wh.kg-1, 24.5Wh.kg-1, and 87.99Wh.kg-1 for rGO, MnO2, and rGO-
MnO2 respectively at 0.25A.g-1. The materials were also tested for their cyclic stability with 
1000 number of cycles as shown in the Figure 5f. It can be noted that rGO-MnO2 hybrid 

Figure 4: XRD of a) rGO and b) MnO2 showing the (hkl) indices, with the 
bottom part of each figure showing their JCPDS number and space group 
information.

Figure 5: Comparison of electrochemical performances of rGO, MnO2, 
and rGO-MnO2 using a) cyclic voltammetry at 20mV.s-1 b) galvanostatic 
charge discharge at 0.5A.g-1 c) plot of specific capacitance vs. current 
density from GCD d) electrochemical impedance analysis (Nyquist plot) with 
subset showing EIS the graph at higher frequencies e) Ragone plot and f) 
capacitance retention after 1000 GCD cycles at 1A.g-1.

Figure 6: Electrochemical analysis of rGO a) cyclic voltammetry analysis 
at different scan rates b) galvanostatic charge discharge at different current 
densities.

Figure 6: Electrochemical analysis of rGO-MnO2 a) cyclic voltammetry at 
different scan rates b) galvanostatic charge discharge at different current 
densities c) capacitance retention plot at 1A.g-1 with insets showing (left) 1-10 
and (right) 991-1000 cycles d) Coulombic efficiency and energy efficiency 
plot and e) Nyquist plot and its equivalent circuit, with inset showing the plot 
at higher frequencies.
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had the highest capacitance retention of 76.64% while MnO2 had the lowest of 55.52%, 
with rGO having a capacitance retention of 69.4%. The above mentioned comparative 
electrochemical analysis indicates that the rGO-MnO2 hybrid had the better performing 
characteristics as electrode material in supercapacitor (Figure 6). 

 Hence, the electrochemical analysis of rGO-MnO2 was further studied in detail 
(Figure 7). Figure 7a shows the CV characteristics of rGO-MnO2 at different scan rates 
from 5mVs-1 to 200mVs-1. The presence of small redox peaks at around 0.49V and 0.33V 
in the forward and reverse scans respectively indicated pseudo capacitive nature of rGO-
MnO2. The specific capacitance values were found to decrease from 338.87F.g-1 to 66.37F.g-

1 as the scan rate increases from 5 to 200mVs-1. This could be attributed to the fact that as 
the scan rate increases, the interaction between the electrolyte and the electrode decreases 
resulting in the less surface area utilization. Figure 7b shows GCD characteristics of rGO-
MnO2 at different current densities ranging from 0.25A.g-1 to 10A.g-1. The GCD curves 
appear to be near linear and symmetric indicating the suitability of this material as 
electrode in supercapacitor application. It was observed that the discharge time decreased 
with increasing current density, which can be attributed to the slow faradaic reactions 
at lower current densities. The slow faradaic reactions indicate effective utilization of 
high specific surface area and longer time for the electrode-electrolyte interaction. For 
rGO-MnO2, this utilization of high specific surface area results in achieving high specific 
capacitance at lower current density. The specific capacitance values of 633.57F.g-1, 603.81, 
563.88, 413.14, 303.22 and 227.22F.g-1 were obtained at 0.25, 0.5, 1, 2, 5 and 10A.g-1 
respectively. The electrochemical cell was tested for 1000 cycles and was found to retain 
76.64% of its initial capacitance as shown in the Figure 7c. The insets of Figure 7c shows 
the initial 10 cycles (left inset) and the last 10 cycles (right inset) of 1000 charge discharge 
cycles. A minor decrease in the discharge time was observed as the cycles progressed. 
During the electrochemical reactions, the rGO-MnO2 hybrid structure acts as electrolyte 
reservoir, while rGO paves a fast conducting path for the electrons. Thus, this hybrid 
layered morphology has the advantage of effective utilization of specific surface area. The 

performance of a material can be understood by evaluating its cyclic efficiency, energy 
efficiency, and coulombic efficiency. The coulombic efficiency was calculated using the 
ratio between the areas under the curve of discharge and charge cycle from GCD and it was 
found to be varying from 70.8% to 97.6% from 0.25A.g-1 to 10A.g-1, which is appreciable 
for any energy storage material [17]. The maximum energy efficiency was calculated and 
found to be 57.21% at 1 A.g-1, which is considerable for practical applications. The plots of 
coulomb and energy efficiency vs. current density are shown in Figure 7d. The EIS analysis 
along with its equivalent circuit is shown in the Figure 7e. The ESR values were found to be 
0.778 and 0.478Ω before and after 1000 cycles respectively. The Nyquist plot was simulated 
to fit an equivalent circuit. In the equivalent circuit, Rs represents bulk resistance of the 
electrochemical system, Rct indicates charge transfer resistance, W represents the Warburg 
impedance, Cdl indicates double-layer capacitance, Wd is the Warburg diffusion resistance, 
and Q represents the constant-phase element (Figure 8). The values of Rs, Rct, Wd and W 
were found to be 0.149Ω, 4.08Ω, 75.92Ω and 28.94Ω.s0.5. The values for Cdl and Q were 
found to be 4.269e-3F and 0.1306F.sa-1, with a=7.03e-10. 

Further electrochemical analysis of rGO-MnO2 was done employing 1M TEABF4 
in acetonitrile organic electrolyte to test the ability of the material to perform at higher 
potential window of 2.7V suitable for commercial applications. A CR2032 coin cell was 
fabricated inside the glove box under argon inert atmosphere. The material showed good 
performing curves (Figure 9) with a moderate specific energy but with improved specific 
power than that of aqueous electrolyte. The cyclic performance reflected the storage 
capability of the material in a wider potential window besides aqueous electrolyte. Hence, 
the material has the potential to use with both aqueous and organic electrolytes. Figure 9a 
shows the CV analysis at different scan rates. The low current response can be attributed to 
the high resistance of the organic electrolyte when compared to that of aqueous electrolyte. 
This resulted in the lower specific capacitance from CV (44.02F.g-1 at 5mV.s-1). Figure 9b 
shows the analysis obtained from GCD. The charge-discharge profiles were observed to 
be slightly non-linear but symmetric in nature. The non-linearity could be attributed to 
the slow non-faradaic reactions at lower current densities, while symmetricity shows the 
positive impact of the electrode material. A specific capacitance of 84.45F.g-1 was obtained 
at a current density of 0.25A.g-1 and it decreased with the increasing scan rate. The specific 
energy was found to be 85.5Wh.kg-1 at a specific power of 675W.kg-1 at 0.25A.g-1. The high 
specific power with almost similar specific energy in a wider potential range is an excellent 
improvement when compared with aqueous electrolyte. Finally, the electrochemical cell 
was tested for 1000 cycles and found that the cell retained 64.06% of the initial capacitance 
as shown in Figure 9c. Figure 9d shows the lab-scale prototype of symmetric rGO-MnO2 
hybrid CR2032 cell made using a glove box employing organic electrolyte (1M TEABF4 
in acetonitrile). It was observed that charging the cell for 2 minutes resulted in a steady 
discharge of approximately 3-4 minutes with almost uniform LED light intensity by means 
of visual observation. Nyquist (EIS) and Bode plot (phase) of rGO-MnO2 in organic 
electrolyte are shown in Figure 10. The complete electrochemical analysis of rGO-MnO2 
hybrid indicates that this hybrid electrode material has significant promise for practical 
and commercial applications.

Conclusion

rGO-MnO2 hybrid nanostructured material has been synthesized via hydrothermal 
technique. This simple, efficient, and economical hydrothermal synthesis technique 
of rGO-MnO2 nanoflower hybrid electrode material is scalable to commercial level for 
mass production of supercapacitors with superior performances. It was confirmed from 
FESEM and TEM that the layers of rGO and MnO2 were overlapped and interconnected 
signifying the morphological influence for a better electrochemical performance. The 
comparative electrochemical analysis showed that rGO-MnO2 hybrid material has 
the enhanced performance with a specific capacitance of 633.57F.g-1, specific energy of 
87.99Wh.kg-1 (at a specific power of 250 W.kg-1) and specific power of 10kW.kg-1 (at a 

Figure 8: Electrochemical analysis of MnO2 a) cyclic voltammetry analysis 
at different scan rates b) galvanostatic charge discharge analysis at different 
current densities.

Figure 9: Electrochemical analysis of rGO-MnO2 in the organic electrolyte 
(1M TEABF4 in Acetonitrile (1:1)) a) cyclic voltammetry b) galvanostatic 
charge discharge c) cyclic performance showing a capacitance retention of 
64.06% for 1000 cycles d) LED glowing from rGO-MnO2 cell.

Figure 10: a) Nyquist plot (EIS analysis) before and after 1000 cycles with 
inset showing the plot at higher frequencies b) Bode plot (Phase plot) before 
and after 1000 cycles.
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specific energy of 31.56Wh.kg-1). It showed an excellent capacitance retention of 76.64% 
after 1000 cycles with ESR value of 0.478Ω. In the presence of organic electrolyte, with a 
wide potential window of 2.7V, it showed good specific power of 675W.kg-1 with a specific 
energy of 85.5Wh.kg-1 showing the ability of its compatibility with both aqueous and 
organic electrolytes. These results confirm that rGO-MnO2 nanoflower hybrid has the 
ability of being a superior supercapacitor electrode material.
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