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Abstract
The synthesized ternary composite  Co3O4/polyaniline/graphene delivered high capacitance of ~ 476 F  g−1 at a current density 
of 2 A g−1, within the voltage window from − 0.8 to 0.8 V in three-electrode configuration. The symmetric device, fabricated 
using the composite material returned specific capacitance of ~ 37 F g−1 at a current density of 0.5 A  g−1. Further, the effect 
of redox additive KI in electrolyte 1 M  Na2SO4 was investigated in symmetric device configuration. The optimum results 
were obtained when 75 mmol KI was added with 1 M  Na2SO4 electrolyte and capacitance increased more than two times, 
compared to the case while no redox additive was added in electrolyte and the maximum capacitance was found to be ~ 94 
F  g−1, at a current density 1 A  g−1.

1 Introduction

The necessity of energy storage devices in daily lives is ever 
increasing. Among the energy storage devices, supercapaci-
tors and their variations (e.g. superbats, Na-ion supercapaci-
tors, Li-ion supercapacitors etc.) are well accepted in various 
applications. There are recent reports which showed the vari-
ation of the performance of electrochemical energy storage 
devices under non-ideal conditions [1–4]. But, the focus 
on finding low-cost electrode materials with high capaci-
tance and cycling stability must go on. It is also important 
to concentrate on different varieties of materials, using every 
possible or feasible information that are available till now 
and find effective strategies to develop electrode materials 
that may have superior characteristics compared to the con-
ventional electric double layer capacitor (EDLC) and pseu-
docapacitor types of materials. Operating voltage window 
plays a significant role in ensuring practical application of 
supercapacitors. Though, non-aqueous organic, ionic liquids 
and gel-polymer electrolytes provide high operating voltage 

window, they return low capacitance values compared to 
aqueous electrolytes. There is also need for revisiting proper 
voltage windows for electrode materials, especially in aque-
ous neutral electrolytes, as there are few reports which sug-
gests that it is possible to extend the operating voltage win-
dow using the neutral electrolytes [5, 6]. It is also essential 
to find easy synthesis routes which will produce low  CO2 
footprints hence reduce the negative impact on the environ-
ment [7].

Different types of binary and ternary composites are pre-
viously reported as a way to enhance the capacitance value 
and cycling stability of supercapacitor by taking account the 
individual property of materials. The binary composites are 
generally composed in the combination of (a) pseudocapaci-
tive material and EDLC material or (b) two pseudocapaci-
tive materials. The ternary composites are prepared in the 
combination of (a) two pseudocapacitive materials and one 
EDLC material or (b) two EDLC materials and one pseudo-
capacitive material or (c) addition of metal with pseudoca-
pacitive and EDLC type materials [8–22].

In this present work, the individual property of metal 
oxide, polyaniline (PANI) and graphene were used to syn-
thesize material which would cumulatively show high capac-
itance value and high cycling stability. Metal oxide  Co3O4 
was used due to its high theoretical capacitance value (3560 
F  g−1), low cost and environmental friendliness [23–25]. It 
is possible to prepare  Co3O4 with different morphologies 
including nanoparticles, nanorods, nanowires, quasi-cubes, 
nanosheets and porous nanostructures etc. [24–31]. The 
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performance of supercapacitors using  Co3O4 depend on its 
morphology. Though,  Co3O4 has high theoretical capaci-
tance, but in practical applications its capacitance return is 
low and it can be attributed to poor electrical conductivity. 
The  Co3O4 was coated with PANI and further the compos-
ite was coated with graphene. The coating of PANI over 
 Co3O4 would increase charge collection through conduct-
ing channel networks and PANI would also contribute in 
pseudocapacitance through redox reactions.  Co3O4 would 
also help to reduce the polymer backbone damage problem 
during charging-discharging process. To reduce the prob-
lem of shrinking and swelling and further increase electron 
transport pathways,  Co3O4/polyaniline composite material 
was coated with graphene (graphene mainly contributes in 
electric double layer capacitance) [14, 32–36].

The electrochemical performances of the prepared  Co3O4 
nanoparticles and  Co3O4/polyaniline/graphene composite 
were investigated. The composite material delivered high 
capacitance value with wide voltage window (− 0.8 to 0.8 V 
in three-electrode configuration) in presence of 1 M  Na2SO4 
aqueous electrolyte. Further,  Co3O4/polyaniline/graphene 
was used to fabricate symmetric supercapacitors and their 
electrochemical performances were also investigated. It is 
also possible to increase the electrochemical performance 
by introducing redox additive (inorganic: KI, KBr,  VOSO4, 
 K4Fe(CN)6,  CuSO4,  FeSO4, etc. and organic: hydroquinone, 
p-phenylenediamine, methylene blue, indigo carmine, etc.) 
into the electrolyte [37–44]. The redox additive improves the 
specific capacitance of supercapacitor via reversible redox 
reactions at the electrode/electrolyte interface and also inter-
calating and accumulating redox species inside the surface. 
Here, the effect of KI redox additive in 1 M  Na2SO4 electro-
lyte in the fabricated symmetric supercapacitors, were also 
investigated.

2  Experimental

2.1  Preparation of  Co3O4/polyaniline/graphene 
composite

All chemicals used in the experiments are listed in Support-
ing Information (SI). For the synthesis of  Co3O4 nanopar-
ticles, first 1 M 200 ml sodium hydroxide (NaOH) solution 
was added gradually under continuous stirring into 200 ml 
solution of 0.1 M cobalt (II) nitrate (Co(NO3)2). Then, the 
solution was kept stirring for 24 h at room temperature. The 
precipitate was separated by centrifugation and washed with 
deionized (DI) water and methanol repeatedly till the pH 
reached 7 and it was dried at 60 °C in a vacuum oven for 
24 h. After that the product was calcined at 400 °C for 6 h 
with initial heating rate 5 °C/min.

As-prepared  Co3O4 nanoparticles were used for the syn-
thesis of composite material. To begin, 500 mg  Co3O4 was 
added in 25 ml DI water and ultrasonicated for few min-
utes. After that 0.5 ml aniline was added in that solution and 
stirred for few minutes and next 25 ml 1 M  H2SO4 was added 
slowly in the solution, followed by addition of 25 ml 0.2 M 
ammonium persulfate solution. The total solution was kept 
in room temperature and stirred for 24 h. The precipitate was 
separated by centrifugation and washed with DI water and 
methanol repeatedly and vacuum dried at 60 °C.

Next 300 mg GO (detail synthesis is discussed in SI) and 
300 mg as prepared composite were added in 150 ml DI 
water and ultrasonicated for several minutes. Next 0.3 ml 
hydrazine hydrate was added in the mixture and kept stirring 
for 15 min. After that the mixture was refluxed in 100 °C 
for 24 h in silicone oil bath. Using methanol and DI water, 
the product was washed repeatedly to bring the pH neu-
tral. Finally, the precipitate was dried for 24 h in a vacuum 
oven at 60 °C and the product was named as  Co3O4/PANI/
Graphene.

2.2  Material characterization

The X-ray diffraction patterns were obtained using a PANan-
alytical High-Resolution X-ray diffractometer (XRD), with 
Cu  Kα1 radiation (λ = 1.5406 Å). The Raman measurements 
were conducted using Jobin Yvon Horiba T64000 Raman 
spectrometer (France) with an excitation wavelength of 
514.5 nm. The Carl Zeiss SUPRA 40 field-emission scan-
ning electron microscope (FESEM) and field-emission 
gun-transmission electron microscope (FEG-TEM) (model: 
JEM-2100F, JEOL) were used to investigate the particle 
morphology. The energy dispersive X-ray spectroscopy 
(EDS) elemental mapping data were collected using the Carl 
Zeiss AURIGA OXFORD-XMAXN 50. A Quantachrome 
ChemBET (TPR/TPD) analyzer was used to measure 
the Brunauer–Emmett–Teller (BET) surface area of the 
materials.

2.3  Electrode preparation and electrochemical 
measurements

To prepare working electrodes, active material, acetylene 
black and PVDF-HFP were mixed in a mass ratio of 85:10:5, 
respectively, and the mixture was dispersed in acetone and 
stirred at 60 °C to get homogeneous slurry. The slurry was 
then drop-casted on current collector (graphite sheet (1 × 1 
 cm2)) and dried for 12 h at 60 °C. The total mass loading 
maintained for  Co3O4 and  Co3O4/PANI/Graphene compos-
ite were 0.3–0.8 mg for electrochemical measurements in 
three-electrode cell system. Saturated Ag/AgCl (sat. KCl) 
and platinum (Pt) were used as reference and counter elec-
trode, respectively. For the fabrication of two-electrode cell, 
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coin-cell CR 2032 and Whatman glass microfiber filter (sep-
arator) were used. The slurry drop-casted on graphite sheet 
(1 × 1  cm2), used as positive and negative electrode (total 
mass loading of the both electrode was 0.8 mg i.e. effective 
mass 0.68 mg). The Metrohm Autolab (Galvanostat/Poten-
tiostat) was used to study all electrochemical measurements.

3  Results and discussion

The XRD patterns of  Co3O4 nanoparticles and  Co3O4/PANI/
Graphene composite are shown in Fig. 1. The phase formation 
of  Co3O4 nanoparticles was confirmed by XRD and the peaks 
were indexed with JCPDS no. 42–1467 [45, 46]. The (511) 
peak of  Co3O4 was clearly visible in  Co3O4/PANI/Graphene 
composite. High amorphous matrix of PANI and graphene 
suppressed most of the sharp peaks of  Co3O4 in  Co3O4/PANI/
Graphene composite. The Raman spectra of  Co3O4 and  Co3O4/
PANI/Graphene are shown in Fig. S1. Prominent Raman peaks 
of  Co3O4 were observed at 475, 516 and 680 cm−1 [47]. PANI 
and graphene in the composite  Co3O4/PANI/Graphene, con-
tributed in strong D and G band [48]. Figure 2 shows the 
FESEM and FEG-TEM images of  Co3O4 and  Co3O4/PANI/
Graphene composite. The formation of  Co3O4 nanoparti-
cles was confirmed from the FESEM and FEG-TEM images 
(Fig. 2a and c, respectively). The coating of PANI and gra-
phene were discernible in  Co3O4/PANI/Graphene composite 
(shown in Fig. 2b, d). The elemental mapping of the composite 
material is shown in Fig. 3. Elemental mapping confirmed the 
uniform distributions of the constituent elements (in this case 
C, O, N and Co) in the composite material  Co3O4/PANI/Gra-
phene. Brunauer–Emmett–Teller (BET)  N2 adsorption–des-
orption isotherms and pore size distributions of  Co3O4 nano-
materials and  Co3O4/PANI/Graphene composite are shown 

in Fig. S2. Table 1 shows the comparison of pore diameter, 
pore volume and BET surface area of the samples. Due to 
the coating of PANI and graphene, the surface area and pore 
volume of  Co3O4/PANI/Graphene composite were increased 
many folds compared to  Co3O4 nanoparticles and the values 
were 132  m2 g−1 and 0.19  cm3 g−1, respectively. The pores of 
the product were mesopores.

The equations used for calculating capacitance of the super-
capacitors are shown in SI. Electrochemical measurements of 
 Co3O4 in three-electrode configuration are discussed in SI. 
Extended operating voltage (− 0.8 to 0.8 V) was observed 
using 1 M  Na2SO4 electrolyte. The strongly solvated sulfate 
anions and cations and well-maintained  H+|OH− equilibrium 
(due to neutral electrolyte) in 1 M  Na2SO4 electrolyte, cumu-
latively effect in high decomposition voltage of the electro-
lyte [5]. Specific capacitance obtained from cyclic voltam-
metry (CV) curve was ~ 110 F  g−1 (at a scan rate 5 mV s−1). 
From galvanostatic charge–discharge (CD) curve, the value 
was ~ 150 F  g−1 (at a current density 1 A  g−1).

The three-electrode electrochemical measurements of 
 Co3O4/PANI/Graphene composite in 1 M  Na2SO4 electrolyte 
(within the voltage window from − 0.8 to 0.8 V) are shown in 
Fig. 4. Figure 4a, b shows the CV measurements (at different 
scan rates) and CD measurements (at different current densi-
ties). For  Co3O4/PANI/Graphene composite, the maximum 
specific capacitance achieved from CV and CD were ~ 313 F 
 g−1 (at a scan rate 5 mV s−1) and ~ 476 F  g−1 (at a current den-
sity 2 A  g−1), respectively. The capacitance values procured 
from CV and CD for  Co3O4/PANI/Graphene were increased 
more than 3 times, compared to  Co3O4 nanoparticles and this 
was due to the effect of PANI and graphene coating on  Co3O4 
nanoparticles. Being a conducting polymer PANI contribute in 
pseudocapacitance and graphene provide EDLC and conduct-
ing pathways to transport electrons. Further,  Co3O4 nanopar-
ticles contributes not only as pseudocapacitance material but 
also solve the polymer backbone damage problem. The surface 
area of  Co3O4/PANI/Graphene (132  m2 g−1) was very high 
compared to  Co3O4 nanoparticles (34  m2 g−1) which resulted 
in increased capacitance by allowing extra space for redox 
reactions, ion intercalation/deintercalation and formation of 
electric double layer. The redox reactions of  Co3O4/PANI/
Graphene can be explained by the following equations [36]:

(1)
Co3O4 + δM+ + δe− ↔ M

�
Co3O4(→ during discharging)

(2)PANI + δM+ + δe− ↔ (M+)δ PANI
δ−

(3)PANI + δA−
↔ PANIδ+(A−)δ + δe−

Fig. 1  XRD patterns of  Co3O4 nanoparticles and  Co3O4/PANI/Gra-
phene composite
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where M+ represents the alkali metal cations (here 
it is  Na+) and protons and A− denotes the anions in the 
electrolyte.

Figure 4c, d depicts the scan rate vs specific capacitance 
and specific current vs specific capacitance plots, respec-
tively. The decreasing trend of capacitance was observed 
with increasing scan rates and specific currents. Cycling 
was done at a current density 17.5 A g−1 (shown in Fig. 
S4) and after 3000 cycles capacitance retention was found 
to be ~ 112%.

Further, the electrochemical measurements  Co3O4/
PANI/Graphene composite were investigated in symmetric 
two-electrode coin-cell devices (the details are discussed 
in SI). The voltage window was from 0 to 1.6 V. Specific 
capacitance obtained from CV and CD were ~ 34 F  g−1 (at 
a scan rate 5 mV s−1) and ~ 37 F  g−1 (at a current density 
0.5 A  g−1), respectively.

The effect of redox additive (KI) in 1 M  Na2SO4 electro-
lyte in symmetric two-electrode coin-cell devices, prepared 
using  Co3O4/PANI/Graphene composite was further inves-
tigated. Different concentrations of KI were used in 1 M 
 Na2SO4 electrolyte and total mass of the electrode (includ-
ing positive and negative electrode) was kept 0.8–1 mg 
during fabrication of symmetric coin cells. Figure 5 shows 
the CV curves at various scan rates of symmetric cells pre-
pared using different concentrations of KI (20, 50, 75 and 
100 mmol) in 1 M  Na2SO4. The shape of the CV curves 
changed with addition of KI, compared to the situation when 
KI was not added in electrolyte (shown in Fig. S5(b)) and 
also redox peak was observed, when KI was added. Figure 6 
shows the CD curves at different specific currents for differ-
ent concentrations of KI (20, 50, 75 and 100 mmol), added 
in 1 M  Na2SO4. Figure S7 shows the comparison of CV 
curves at different concentration of KI, at scan rate 5, 20, 

Fig. 2  FESEM images of a  Co3O4 nanoparticles and b  Co3O4/PANI/Graphene composite and FEG-TEM images of c  Co3O4 nanoparticles and d 
 Co3O4/PANI/Graphene composite
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50 and 100 mV s−1. With increasing the KI concentration in 
1 M  Na2SO4 electrolyte, the area under CV curve increased 
upto addition of 75 mmol KI and after that in 100 mmol 
KI, it did not increase significantly. Furthermore, this trend 
was confirmed by CD curves of symmetric cells at different 
concentration of KI at specific current 2, 3, 4 and 5 A  g−1 
(shown in Fig. S8). Figure 7a shows the scan rate vs specific 
capacitance and 7b shows the specific current vs specific 
capacitance plot of symmetric cell at different concentra-
tion of KI. From Fig. 7, it was inferred that in the case of 
75 mmol KI in 1 M  Na2SO4, the capacitance was maximum 
and after that with increased KI concentration, the capaci-
tance decreased. The maximum capacitance calculated for 
symmetric cell using 75 mmol KI in 1 M  Na2SO4, was ~ 70 
F  g−1, at a scan rate 5 mV s−1 from CV and from CD, capaci-
tance was ~ 94 F  g−1, at a current density 1 A  g−1. With 
addition of redox additive 75 mmol KI in 1 M  Na2SO4, the 
capacitance increased more than double, calculated from CV 
and CD, compared to when only 1 M  Na2SO4 electrolyte was 
used. The increase of capacitance with addition of KI in 1 M 
 Na2SO4 electrolyte, can be attributed to the redox reactions 
of the adsorbed redox species (in this case polyiodide) on the 
internal and external surfaces of the electrode and also inter-
calating and accumulating redox species inside the surface. 
As the  Co3O4/PANI/Graphene composite was mesoporous 
(average pore diameter 3 nm), the solvated iodine species 
(i.e. polyiodides) of size ~ 1.8 nm can easily accumulate and 
intercalate inside the surface and high surface area of  Co3O4/
PANI/Graphene composite (132  m2 g−1) provide platform 
for redox reactions to take place on the surface of electrode. 
The redox reactions are given below [39]:

   
On increasing the concentration of KI from 75 to 100 mmol, 

the excess concentration of KI would not contribute in high 
capacitance. This can be attributed to the fact that excess KI 
concentration would cause strong repulsion between iodine 
and polyiodide ions which causes the decrease in adsorption 
and faradaic reactions [39, 44]. The comparison of Nyquist 
plot of symmetric cells in different concentrations of KI are 
depicted in Fig. S9. From the inset of Fig. S9, it was clear 
that the optimum system showed lowest ion charge transfer 
resistance, which also contributes in getting high capacitance 
value. Figure 8 shows the comparison of cycles vs specific 

(4)3I− ↔ I−
3
+ 2e−

(5)2I− ↔ I2 + 2e−

(6)2I−
3
↔ 3I2 + 2e−

(7)I2 + 6H2O ↔ 2IO−

3
+ 12H+ + 10e−

Fig. 3  Elemental mapping of  Co3O4/PANI/Graphene: a overall, b C, 
c O, d Co and e N distributions

Table 1  Comparison of pore diameter, pore volume and BET surface 
area of the samples

Sample Pore diameter 
(nm)

Pore volume  (cm3 
 g−1)

Surface 
area  (m2 
 g−1)

Co3O4 3 0.05 34
Co3O4/PANI/Gra-

phene
3 0.19 132
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capacitance plot of symmetric cell for different concentra-
tion of KI and for optimum system the capacitance retention 
was found to be ~ 78%. The comparison of Ragone plots are 
depicted in Fig. 9. For optimum system, the energy density and 
power density calculated were found to be 33.5 W h kg−1 and 
800 W kg−1, respectively, at a current density 1 A  g−1 which 
was more than two times higher than the case when no redox 
additive was added. The energy density and power density 
calculated for  Co3O4/PANI/Graphene//Co3O4/PANI/Graphene 
symmetric supercapacitor (electrolyte: 75 mmol KI in 1 M 

 Na2SO4) were greater than previously reported symmetric 
supercapacitors. The comparison is given in the Table 2.

4  Conclusions

Co3O4/PANI/Graphene composite showed high capaci-
tance value and stable wide voltage window (ranging 
from − 0.8 to 0.8 V), using 1 M  Na2SO4 as neutral aque-
ous electrolyte during three-electrode measurement. The 

Fig. 4  Electrochemical measurements of  Co3O4/PANI/Graphene in three-electrode configuration: a CV curves at various scan rates, b CD 
curves at different specific currents, c scan rate vs specific capacitance plot and d specific current vs specific capacitance plot
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highest capacitance obtained from CD was ~ 476 F  g−1 (at 
a current density 2 A  g−1) and showed ~ 112% capacitance 
retention after 3000 cycles (@ 17.5 A  g−1). Furthermore, 
 Co3O4/PANI/Graphene composite was used to configure 
symmetric cell and the cell operated within the voltage 
window 0–1.6 V. The highest capacitance obtained from 
CD curve for symmetric cell was ~ 37 F  g−1 (at a current 
density 0.5 A  g−1) and the cycling stability was found to 

be very good (~ 94%). The effect of redox additive KI 
in electrolyte 1 M  Na2SO4 of the symmetric device was 
investigated. Optimum results were obtained for 75 mmol 
KI added in 1 M  Na2SO4 electrolyte and the increment of 
capacitance was more than two times, compared to the 
case where no redox additive was added in electrolyte and 
the maximum capacitance was found to be ~ 94 F  g−1 from 
CD (at a current density 1 A  g−1). The energy density and 

Fig. 5  CV curves at various scan rates of symmetric cells prepared using  Co3O4/PANI/Graphene after addition of a 20 mmol, b 50 mmol, c 
75 mmol and d 100 mmol KI in 1 M  Na2SO4 electrolyte, respectively
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Fig. 6  CD curves at different specific currents of symmetric cells prepared using  Co3O4/PANI/Graphene after addition of a 20  mmol, b 
50 mmol, c 75 mmol and d 100 mmol KI in 1 M  Na2SO4 electrolyte, respectively

Fig. 7  Comparison of a scan rate vs specific capacitance and b specific current vs specific capacitance plots of symmetric cells prepared using 
 Co3O4/PANI/Graphene in different concentrations of KI
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power density achieved (at a current density 1 A  g−1) were 
33.5 W h kg−1 and 800 W kg−1, respectively.
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