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ABSTRACT 
 

We report a facile synthesis and characterization of spinel Co3O4   nanostructures on its utilization as electrode 

material for asymmetric supercapacitors by co-precipitation method. The as-synthesized nanostructure was 

characterized by X-ray diffraction(XRD),Fourier transform infrared spectroscopy(FTIR) and Scanning electron 

microscopy(SEM). Electrochemical behaviour of the Co3O4   electrode performance was characterized by cyclic 

voltammetry(CV) in 1 M KOH electrolyte using a three electrode system. Galvanostatic charge-discharge 

measurements made on the fabricated asymmetric supercapacitor  gave a high specific capacitance of 17.33 F/g at a 

discharge current density of 0.2 A/g. Moreover, they showed an excellent cycle stability and better capacity 

retention of   92% after 2000 continuous charge-discharge cycles.  

Keywords: Co3O4 Nanostructures, Co-Precipitation, Cyclic Voltammetry, Galvanostatic Charge-Discharge 

And Asymmetric Supercapacitor. 

 

I. INTRODUCTION 

 

Increasing demand in the need of global-energy drives 

the development of alternative or non conventional 

energy sources with high power and energy densities [1]. 

Batteries, fuel cells, and supercapacitors are typical non-

conventional energy devices which are based on the 

principle of chemical-to-electrical energy conversion. 

They find wide spread applications in consumer 

electronics ranging from mobile phones, laptops ,digital 

cameras, emergency doors and hybrid vehicles etc. [2]. 

 

Supercapacitors are one of the newest innovations in the 

field of electrical energy storage, and will find their 

place in many applications where energy storage can 

help to smoothing of strong and short time power. It 

provides a bridge between batteries and the dielectric 

capacitor, and also provides better power and energy 

densities, high durability, flexible operating temperature, 

long cycle life, environmental friendliness and safety [3–

5]. Based on different energy storage mechanisms, 

supercapacitors could be classified into two categories: 

double-layer capacitors (EDLCs) and electrochemical 

pseudocapacitors (EPCs). The capacitance of EDLCs 

is based on charge separation at the electrode/electrolyte 

interface, while the capacitance of EPCs arises from fast 

and reversible faradic redox reactions that can occur 

within the electroactive materials.Pseudocapacitors have 

higher energy density with the best properties exhibited 

by hydrated RuO2 [6], but relatively high cost, poor rate 

capability and environmentally poisonous nature, 

induced the exploration of lower cost transition metal 

oxides such as MnO2, Co3O4, NiO, Fe2O3. Among the 

transition metal oxides, Co3O4 is found to be one of the 

best alternate material due to its non-toxic, natural 

abundance, good redox property, and high theoretical 

specific capacitance [7,8]. 

 

Cobalt oxide has been synthesized using a variety of 

methods such as sol–gel [9], reflux [10] and 

hydrothermal [11] and Microwave assisted 

synthesis.[12] We report a facile synthesis and 

characterization of Co3O4 nanostructures on its utilization 

as electrode material for supercapacitor applications by 

co-precipitation method. 
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II. METHODS AND MATERIAL 

 

A. Materials Used 

 

All the chemicals are of extra pure and used without any 

further purification. Cobalt(II)chloride  

hexahydrate(CoCl2 .6H2 O),sodium hydroxide  are 

obtained from Merck, Activated carbon, Black Pearl 

Carbon -15nm,1475m
2
g

-1 
(Cabot  Corporation), 

Polyvinylideneflouride(PVdF)(Aldrich),  N-methyl-2-

pyrrolidone(NMP)(Merck).Distilled water is used 

throughout the process. 

 

B.Synthesis of Co3 O4  nanoparticles 

 

The co-precipitation process is performed as follows: a 

solution containing 0.02M of    CoCl2 .6H2 O is added 

drop wise to a solution of sodium hydroxide having a 

concentration of 0.5M and pH 9 with continuous stirring 

for 2 hours at   90
o 

C. The precipitate is formed 

immediately and remained in the mother solution which 

is placed in a water bath for 4 hours. After cooling, the 

precipitate is filtered and washed repeatedly with 

distilled water  until traces of sodium chloride formed 

during the reaction is removed. The precipitate is dried 

in a hot air oven for 2 hours and then it is ground well 

and is calcined at 350
o
C for 4 hours to get cobalt oxide 

nanoparticles. 

 

C. Material Characterization: 

The powder X-ray diffractometer (Ultimate Rukagu IV) 

is recorded from 5 to 80
o 

using Cu-kα radiation (λ = 

0.15408nm) at room temperature. The step size and scan 

rate are set at 0.1 
o 

and 2
o 

min
-1 

respectively. FTIR 

spectra is recorded by FTIR spectrometer(SHIMADZU) 

in the range 4000-400 cm
-1 

. The surface morphology is 

analysed by Scanning Electron Microscope  

(Hitachi,Model:S-3000N). 

 

D. Electrochemical Characterization: 

 

The electrochemical measurement is performed in a 

three electrode configuration comprising of the as-

synthesized  nanoparticles based electrode, a platinum 

electrode and Ag/AgCl  that serve as the working, 

counter and reference electrodes, respectively and 1M 

KOH as electrolyte  using an electro- chemical analyzer 

(VSP, Bio-Logic, France). Cyclic voltammogram (CV) 

is carried out at different scan rates (5,10, 25, 50 and 100 

mVs- 1) in the potential window of 0 to + 0.5V. The 

working electrode is prepared by mixing the as-

synthesized  nanoparticles, black pearl carbon, and 

polyvinylidene difluoride (PVdF) in N-methyl 

pyrrolidine (NMP) as binder at the ratio of 90:5:5 wt% 

to form slurry. This slurry is pasted on 1 cm
2
 stainless 

steel sheet and vacuum dried at 80 
o
C for 2 hours.  

 

D. Electrode Preparation: Coin type cell 

assembly  

 

 
                  Figure 1. Coin Type Cell Assembly 

 

The electrochemical performance of the prepared 

powder of synthesized nanoparticles are investigated 

using two-electrode coin-type cells (CR 2032) with steel 

foil as reference electrode.(Fig.1) The working electrode 

is prepared by mixing the as-synthesized  nanoparticles , 

black pearl carbon, and polyvinylidene difluoride (PVdF) 

in N-methyl pyrrolidine (NMP) as binder at the ratio of 

90:5:5 wt% to form slurry.  The working electrode is 

assembled by coating the slurry of the synthesized 

nanoparticles on an aluminium foil current-collector of 1 

cm in diameter and dried in an oven at 80 
o 
C for 2 hours. 

The weight of the active material is determined by 

weighing the Al foil before and after pressing the 

powders. The supercapacitive behaviour is investigated 

in alkaline (1 M KOH) electrolyte. In the asymmetry 

assembly, the working electrode fabricated using the 

synthesized Co3O4  nanoparticles is used as the positive 

electrode while activated carbon is used as the negative 

electrode. The electrodes are soaked in the electrolyte 

for about 10 mins before assembled in the coin cells. A 

polypropylene (PP) film (Cellgard 2400) is used as the 

separator.  
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III. RESULTS AND DISCUSSION  

 

A. X-ray Diffraction Analysis(XRD) 

 
Fig 2 shows the XRD pattern of  Co3O4  nanoparticles 

after calcination. The peak positions appearing at 2θ 

≈18.9
o 

,31.2
o 

,36.8
o
,38.5

o
, 44.5

o 
,59.3

o 
 , 65.2

o    
can be 

readily indexed as (111), (220) ,(311),(222), (400),(511), 

(440) crystal planes of Co3O4 respectively. 

 
Figure 2. XRD patterns of Co3 O4 nanoparticles calcined 

at 350
o 
C 

 

All reflections can be indexed to cubic spinel  phase of  

Co3O4  and   Fd3m  space group with a lattice constant 

of 8.084A
o  

 [13-15] which agrees well with the standard 

data (JCPDS no 043–1003). The average crystallite size  

is calculated using Debye-Scherer equation (1), [16] 

D = 
  

     
                          -------- (1) 

where D(nm) is the crystallite size, k(0.9),   (0.154nm) 

is the Kα  component wavelength of  Cu radiation source,  

β  is the full width at half maximum  of individual 

observed peak and θ is the Bragg’s angle. The average 

crystallite size of about 14.61 nm is calculated using 

Debye-Scherer equation. It is observed that the peak 

intensity increases with a narrowing down of particle 

size with high purity on calcination [17].The broad 

peaks indicate that the overall morphology of the as-

prepared Co3O4 is nanocrystalline [18]. 

 

B. FTIR spectral studies 

 

The  FTIR spectra of Co3 O4 in Fig. 3   shows two strong 

absorption peaks at 659 cm
-1 

and  568 cm
-1   

. The 

absorption band at 568 cm
-1   

is assigned to Co-O 

stretching vibration mode [19] and 659 cm
-1 

 is assigned 

to the bridging vibration of O-Co-O bond[20]. 

 
Figure 2. FTIR spectrum of Co3 O4 nanoparticles 

 

The peak at 3417 cm
-1

 relates to stretching vibration of 

the interlayer water molecule [21]. The FTIR spectra 

confirm the successful formation of pure Co3O4  

nanoparticles. 

C. SEM Analysis 

 The FE-SEM image of Fig 4 shows that the Co3O4 

nanoparticles are spherical, homogenous and 

agglomerated with average size of 11nm. 

 

Figure 4. Surface Morphology of Co3 O4 

nanoparticles 

The calcination process has left behind pores which  

allows facile penetration of electrolyte during 

electrochemical reaction. The nanocrystallites tend to 

agglomerate during synthesis or delivery process due to 
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their high surface area and surface energy. For Co3O4  

nanoparticles, the agglomeration are purely due to the 

magnetic induction between the particles.[22]  

D. CV Studies 

To explore the potential application of the as synthesized 

sample, the electrochemical performance of  the  active 

material is investigated using a three-electrode system 

with Co3O4   as the working electrode at different scan 

rates ranging from 5 to 100 mV s−1 within the potential 

window 0 to 0.5 V as shown in Fig.5. The shape of the 

CV curve is different to that of the electric double layer 

capacitance, indicating that the two strong peaks are 

based on a redox mechanism. The redox peaks 

consisting of an anodic peak at 0.42 V and a cathodic 

peak at 0.32 V ,  corresponds to the reversible reactions 

of Co
3+

/ Co
4+

 associated with anions OH 
-
.    

Figure 2. CV curves of Co3 O4 based electrode in 1 M 

KOH at various scan rates 

In the CV curve, the anodic and cathodic peaks are not 

symmetric due to kinetic irreversibility in the redox 

process [23]. With the increase of scan rate, the current 

response increases accordingly, while no significant 

change in the shape of CV curves is observed, indicating 

the good rate property of the electrode material. The 

pseudocapacitive behavior of Co3O4   in alkaline 

electrolyte are based on following equations [24,25]. 

3[Co(OH)3] 
-       

↔    Co 3O4   +  4H 2O  +  OH 
- 
  +  2e 

-
 -

(2) 

Co 3O4   + H  2O  +  OH 
- 
   ↔    3CoOOH +  e 

-
 -- (3) 

CoOOH  +  OH 
-        

↔       CoO 2  +  H 2O   +  e 
- 
  --(4) 

 

 The specific capacitance (Cs, ) values at different scan  

rates  in the CV measurement are calculated using  

equation (5) [26]; 

 

Cs  =   

      
      (

 

 
)                                

where S is the area under the curve of CV loop(mA-V) , 

∆V  is the applied potential window(V), v is the scan 

rate (mVs
-1 

) and m (g) is the mass of the active 

electrode material. It is common practice to use 0.5 to    

1 mg of the active material as the electrode [27,28]. The 

specific capacitance calculated using equation (5) at 

different scan rates of 5, 10, 25, 50 and 100 mV s
-1

 are 

found to be 552, 340, 176, 104.72, and 63.58  F g
-1

, 

respectively. The   Co3O4   nanostructure’s morphology 

provides a large electroactive surface area and fast solid 

state diffusion of OH
- 

 ions for highly feasible redox 

reaction and thus, the Co3O4  nanoparticles  shows 

higher specific capacitance  of  552 F g
-1  

. 

 

E. Galvanostatic Charge-Discharge Cycling (GCD) 

 

The real device which exhibits the practical application 

of supercapacitor is two electrode system rather than 

three electrode configuration. The important aspect of 

our work is the fabrication of asymmetric supercapacitor 

device(ASC) with the working electrode (Co3O4)  used 

as the positive electrode and  commercially available 

activated carbon  used as the negative electrode. To 

fabricate asymmetric supercapacitor device, it is 

important to find the mass balance between the positive 

and negative electrode. The mass balance between the 

positive and negative electrodes is calculated to be  

 

  

    =   
  

  

  

                            ---- (6) 

 

where C+ & C− are the specific capacitances, V+ & V− 

are the optimum voltage windows and m+ & m− are the 

active masses for positive and negative electrodes 

respectively. Using  the specific capacitances of 

activated carbon reported by Shen Wang et.al., (C−  = 

135 F/g) and the calculated value of the  specific 

capacitances of  Co3O4 (from CV curve) (C+ = 552 

F/g ) ,V+ & V−  are 0.5V , the required mass ratio for 

positive and negative electrode material  (m+/m−) is 

estimated as 0.2 at 5 mV s−1. ASC is fabricated with m+ 

= 1mg and m− = 5 mg.  
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Galvanostatic charge-discharge is the most reliable and 

accurate method for evaluating the supercapacitance of 

electrodes. Hence GCD measurements are applied at a 

current density of 0.2 A/g to evaluate the 

electrochemical properties and calculate the specific 

capacitance of the asymmetric supercapacitors. The 

GCD curve of Fig. 6 shows that the charge and 

discharge curves are not perfectively symmetry which 

may be attributed to internal resistance and over 

potential and also due to the pseudocapacitance behavior 

of the positive electrode resulting from electrochemical 

adsorption or redox reactions at the interfaces between 

the electrodes and the electrolyte. 

 

The specific capacitance is calculated from GCD curves 

using equation (7) [29-31] 

 

Cs   =  4 X  
      

     
                      --- (7) 

 

where Cs is the specific capacitance (F/g), I is the 

constant discharge current, Td is the discharge time, V is 

the discharging voltage after IR drop and M is the total 

mass of the positive and negative electrodes. 

 
Figure 6. Galvanostatic charge-discharge curve of Co3 

O4 based electrode at 1 M KOH at a current density of 

0.2 Ag
-1 

 

The Specific Capacitance of the asymmetric 

supercapacitor calculated from discharge time  

according to the Equation(7) is 17.33F g
-1

 corresponding 

to the discharge current density of 0.2 A g
-1

.Despite the 

high mass loading the specific capacitance  is better than 

the reported specific capacitance of 11.76 F/g   obtained 

for the MWCNT-Co3O4|MWCNT asymmetric 

supercapacitor assembly in  1 M Na2SO4 
 
  by Adekunle 

et.al [32]. In addition, the cycling performance of this 

asymmetric supercapacitor device is measured at a 

current density of 0.2 A/g from Fig.7 which shows 

Galvanostatic charge-discharge curves for few initial & 

final cycles of Co3 O4 based asymmetric device.  The 

asymmetric supercapacitor could keep ca. 92% of the 

initial capacitance after 2000 cycles. The capacitance 

retention is comparable or even better than few reported 

asymmetric devices such as NiO//C (50% after 1000 

cycles)[33], Ni(OH)2–MnO2//RGO (76% after 3000 

cycles)[34]. 

The reversibility of asymmetric device is further 

explored by measuring the Coulombic efficiency using 

equation (8) [35]. 

 

η = 
  

  
 x 100                ----- (8) 

 

where Td  and Tc  are discharge time after IR drop and 

charge time respectively. 

 

 
Figure 7. Galvanostatic charge-discharge curves for few 

initial & final cycles of Co3 O4 based asymmetric device 

 

 From Fig.6, with  Td =13 s and Tc = 29.3 s the 

asymmetric device demonstrates excellent Coulombic 

efficiency of around 44% which shows its higher degree 

of reversibility. These superior capacitive performances, 

including good electrochemical reversibility, excellent 

rate capability, and high stability, indicate the suitability 

of our sample for the asymmetric supercapacitor 

application. Energy density(E) and maximum power 

density(P) of asymmetric device are calculated from 

GCD curves  by using equations (9 and 10) respectively. 

 

E (WhKg
-1 

) = 
 

        
  X 

  

 
  X V

2 
------(9)  

 

                  Pmax (WKg
-1

) = 
  

         
   ----------(10) 

                                      

                                   Where R = 
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where V(v) is the maximum voltage attained during 

charge, Cs is the specific capacitance (F/g), and M(Kg) is 

the total mass of the positive and negative electrodes and 

R(ohm) is the internal resistance determined from the 

voltage drop at the beginning of each discharge , ∆U (v) 

is the voltage drop during each discharge cycle which 

corresponds to IR drop, I(mA) is the constant discharge 

current. An energy density of 0.15 WhKg−1 at 595.23 

WKg−1 approximately is calculated using Equations  (9) 

and (10) respectively.  

 

IV CONCLUSION 

 
The present work demonstrated the facile synthesis of 

Co3O4with enhanced electrochemical performance.XRD 

studies confirmed the formation of the pure single phase 

cubic spinel structure.  FTIR analysis showed two strong 

absorption peaks at 568 cm
-1 

and 659 cm
-1   

corresponding Co-O stretching vibration mode and to 

the bridging vibration of O-Co-O bond. The FE-SEM 

image showed that the Co3O4 nanoparticles were 

spherical, homogenous and agglomerated. Cyclic 

voltametric. studies carried out using a three electrode 

system showed the pseudo capacitance behaviour of the 

sample. Galvanostatic charge-discharge studies 

performed on the asymmetric supercapacitor revealed 

excellent cyclic performance, high specific capacitance 

and electrochemical stability of the as-synthesized 

sample thus demonstrating its high performance in 

supercapacitor applications. 
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