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1. Introduction:  

      Over the last few decades, to fulfil the growing energy demands and to reduce 

environmental pollution, energy harvesting using renewable energy sources, their 

proper conversion, and advanced storage techniques have become a leading area of 

research and are being extensively studied. Global warming is receiving worldwide 

attention, and means to improve its harmful consequences are of the greatest 

urgency. Major changes in energy technology will be necessary, which will impact the 

global economy. Renewable energy sources such as wind, solar, etc are irregular, and 

their availability depends on various situations like time, weather, and geographical 

location [1]. To avail the energy as per user’s demand even though the sources are 

absent, it’s become more vital to convert and store energy effectively. Therefore, over 

the last few decades, to fulfill the growing energy demands and to reduce 

environmental pollution, energy harvesting using renewable energy sources, their 

proper conversion, and advanced storage techniques have become a leading area of 

research and are being extensively studied [2] [3]. 

Various energy storage devices like fuel cells, batteries, capacitors, and 

electrochemical capacitors (ECs) or supercapacitors (SCs) are widely used to store 

energy. Supercapacitors with high specific power (>10 kW/kg) and low internal 

resistance are superior to a battery as being able to store and deliver energy at 

relatively high rates. They are widely used in many devices such as mobile phones, 

digital cameras, and solar cell power storage due to their features like long cycling 

stability (>105 cycles), fast charge-discharge rate, and easy fabrication with low 

maintenance [4]. All of the above features of supercapacitors enable them to provide 

high power in areas where current battery technology fails. But low energy density, 

despite all these features, greatly affects its commercial use. Transition metal oxides 

(TMOs), their hydroxides, conducting polymers (CPs), carbon, and their derivatives 

have been used as active materials for energy storage applications.  
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Depending upon the charge storage mechanism, supercapacitors are classified 

into three types electrochemical double-layer capacitors (EDLC), pseudocapacitors, 

and hybrid capacitors/lithium-ion capacitors. In EDLC charge is stored 

electrostatically, in which accumulation and separation of charge take place at the 

electrode and electrolyte interface (also known as Helmholtz’s double layer). Carbon 

and its derivatives like graphene, activated carbon etc have been widely used as EDLC 

electrodes. In pseudocapacitor, the charge is stored with faradaic processes in the 

electrode, with reversible adsorption, redox reactions (in TMOs), and reversible 

electrochemical doping-dedoping process (in CPs) in the electrodes as per chosen 

electrode material. Transition-metal oxides (TMOs) like WO3, Co₃O₄, NiO, V2O5, IrO2, 

RuO2, Fe3O4, MnO2 etc, transition metal sulphides and conducting polymers (CPs) 

such as Polyaniline (PANI), Polypyrrole (PPy), poly (3,4-ethylenedioxythiophene) 

(PEDOT), polyacetylene, poly (4-styrene sulfonate) (PSS), poly-phenylene-vinylene 

(PPV), polythiophene, polyvinyl alcohol (PVA) etc. are widely used in 

pseudocapacitor.  

Among TMOs, the platinum group metal (PGM) oxides like Iridium oxide 

(IrO2)), rhodium oxide (RhO2), and ruthenium oxide (RuO2), are the best electrode 

materials for electrochemical capacitor application. Many researchers studied these 

materials, as they possess high specific energy and specific capacitance, but much 

costly for their commercial use. Low-cost cobalt oxide (Co₃O₄) is considered a 

promising material, which has been studied most intensively due to its good rate 

capability, excellent redox activity, environmental friendliness, high surface area, and 

high theoretical specific capacitance (SC) of approximately 3560 F/g (theoretical 

capacity 890 mAh/g). Co₃O₄ is p-type antiferromagnetic oxide semiconductor, with 

three polymorphs such as monoxide or cobaltous oxide (CoO), cobaltic oxide (Co2O3), 

and cobaltosic oxide or cobalt cobaltite (Co₃O₄), having highest Curie temperature (Tc 

=1396K). Different strategies are being used to enable devices to raise their specific 
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power without compromising its specific energy, and as well as better rate capability, 

fast charging-discharging route, and high specific capacitances. 

Literature survey reveals that the structure of synthesized electrode material 

plays a vital role in energy storage performance in order to enhance the specific 

energy and specific power performance of the material. In this framework, in the past 

few years, reports showed that morphological studies resulted in various 

nanostructures of Co₃O₄ such as nanoparticles [5], urchin-like nanostructure[6] , 

nanofibers [7], needle-like [8], nanoflakes [9],  quantum dots (QDs) [10], 

nanocubes[11] etc have been extensively investigated. However, hydrothermal 

method has many advantages such as it has ability to create crystalline phases of the 

material that are not stable at their melting point and the materials that have a high 

vapor pressure near their melting points can be grown by the hydrothermal method. 

In the hydrothermal method, the morphology of synthesized material can be 

controlled easily with the help of suitable pressure and temperature depending on 

the main ingredients of the precursor solution. The concentration of precursor and 

reaction time also has a great impact on the morphology.  

The flower like porous arrangement of nanowires in Co₃O₄  electrode 

(diameter 50 nm) synthesized using hydrothermal route, assist the easy charge 

transport and distribution of electrolyte in bulk of electrode, resulted into SC of 493 

F/g[12]. Yang et al. designed uniform ultrathin Co₃O₄ nanosheet arrays via two-step 

hydrothermal reaction showed a SC of 1782 F/g at current density 5 mA/cm². 

Additionally, it showed long-term stability by retaining capacitance greater than 90 

% after 2000 cycles [13]. In 2015, Feng et al. reported large scale ultrathin Co₃O₄ 

nanofilms without any organic additive by facile one-step hydrothermal route with 

the support of cobalt-ammonia complexes nitrate. The electrode showed large SC 

1400 F/g at current density of 1A/g [14]. Hierarchical hollow Co₃O₄ nanotubes by 

template-hydrothermal reaction with guanidine hydrochloride as precipitant and 

activated carbon as hard template have been reported by Yao et al in 2015. The 
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results show that 1-D hierarchical hollow nanotubes of Co₃O₄ has higher SC (1006 

F/g at 1A/g) compared to Co₃O₄ prepared with guanidine hydrochloride without 

hard template (608 F/g at 1 A/g) [15]. 

Researchers are using hydrothermal route followed by high temperature 

heating to synthesize Co₃O₄ nanostructures. However, Feng and co-workers 

synthesized hollow Co₃O₄ microspheres at the low temperature (120 oC) 

hydrothermal method without subsequent heating. The electrochemical studies 

provided ultrahigh SC of 1227 F/g at 1A/g current density for synthesized hollow 

Co₃O₄ microspheres[16]. The addition of ions (such as Na+, Cl-, NO₃-, CO₃2-, K+ etc) in 

the precursor and distinct hydrolysis agent has an influence on the morphology of the 

precursor. The hydrolysis, electronegativity, and ionization of additive ions has an 

effect on the growth of the precursor. The 3-D hierarchical flower-like Co₃O₄ 

assembled with an ions-assisted hydrothermal method with NaCl additive and 

hexamethylenetetramine (HMT) as hydrolysis agent retains 96.07 % after 10000 

cycles at 5 A/g current density[17]. Recently, Paliwal and co-workers synthesized 

sedge like Co₃O₄ nanoarrays with SC of 2510 F/g at 4 A/g current density in 6M KOH 

[18].  

 Different strategies are being used to enable devices to raise their specific 

power without compromising its specific energy, and as well as better rate capability, 

fast charging-discharging route, and high specific capacitances. To solve the problems 

mentioned above, herein, we proposed Co₃O₄ based thin film by a very facile and 

simple double hydrothermal technique for the synthesis as the electrode material for 

energy storage device application.  

 

2. Synthesis of Nanostructured Co₃O₄ thin film: 

The nanostructured Co₃O₄ thin film was synthesized from a precursor solution 

containing Co(NO3)2.6H2O (1 mmol), NH4F (4 mmol), CO(NH2)2 (5 mmol) in 16 ml 

distilled water (DW). Solution was magnetically stirred for 15 min. Ni foam was 
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cleaned by mixture of acetone, ethanol and DI water with assistance of 

ultrasonication for several minutes. Afterwards, cleaned Ni foam put against the wall 

of a Teflon lined stainless steel autoclave and the resulting solution is transferred into 

it. The autoclave was maintained at 1000C for 4 h. For effective mass loading of active 

material, we have adopted second hydrothermal reaction. Typically, synthesized 

structure was kept in a solution containing Co(NO3)2.6H2O, CO(NH2)2 and DW in a 

autoclave for at 1200C for 2 (or for 6 hours). Then, the film was taken out from 

autoclave and washed several times with DW and acetone to remove impurities.  

Finally, the films were annealed at 2500C for 3 hours. Here films developed films at 2 

hours and 6 hours were denoted as Co3O4@2 and Co3O4@6 respectively.   

 

3. Characterization:  

 The surface morphology and stucuture of the samples were examined by 

scanning electron microscopy (SEM; Model JEOL-JSM-6360, Japan, operated at 20 kV) 

with a thin layer of gold sputter coated prior to analyses. All the electrochemical 

measurements were performed in an electrolyte (2 M KOH) in a conventional three-

electrode arrangement comprising platinum wire as the counter electrode and 

Ag/AgCl serving as the reference electrode using electrochemical quartz crystal 

measurements (model-CHI-400A) made by CH Instruments, USA. The scan rates of 

CV were in the range of 10-200 mV s-1. EIS was studied at 100000 Hz  to 0.1 Hz at 10 

mV applied potential with respect to reference electrode. 

4. Results and Discussion:  

4.1 Morphological Study:  

Fig. 1 (a and b) shows SEM images of nanostructured Co₃O₄ thin film. Fig. 1 (a) 

revealed non-uniform nanoflowers having sharp spikes microstructures with an 

average size of  10-12 μm in diameter has resulted of as-developed nanostructures 
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Co₃O₄@6  film. Fig. 1 (b) shows the morphology as-developed nanostructures 

Co₃O₄@2  film, revealed non-uniform sharp spikes comprising nanoflowers with 

thinner sharp spikes with an average size of 5 μm.  The morphology have greatly 

influenced on electrochemical properties. The as-synthesized films display a highly 

porous structure that facilitates a large surface area surface which is beneficial for 

good electrochemical performance. 

 

 

Figure.1 SEM images of as-synthesized (a) Co3O4@6 and (b) Co3O4 @2. 

 

4.2 Cyclic voltammograms (CV) :  

  Cyclic voltammogram (CV) curves of Co3O4 nanoflower electrode is 

shown in Figure 2. CV curve of as-synthesized Co3O4@2 (figure 2a) and Co3O4@6 

(figure 2b ) at various scan rates  200, 100, 80, 60, 40, 20, 10 mV s-1 within a 

potential range of 0.7 V to -0.75 V (vs Ag/AgCl) in 2 M KOH aqueous electrolyte 

were performed is shown in figure 2a and 2b. Figure 2c shows the CV of Co3O4@6 

and Co3O4@2 at 10mV s-1 scan rate. The CV profiles strongly influence with the 

morphology and the surface properties. The non-ideally rectangular shape of the 

CV curves demonstrate that the capacitive behavior is mainly characteristic of 

Faradic pseduocapacitance process originating from reversible redox reaction 

rather than electric double layer capacitance. Hence, a typical pseduocapacitance 

b 
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behavior is observed in the CV curves due to Faradaic redox reaction [7]. The areal 

capacitance (C , F cm-2) values at different scan rates (ʋ, mV s-1) in the CV 

measurement are calculated using the following equation  

C =
∫ 𝐼 dV

ʋ. A. V
 

𝑉 (in volt) is the applied potential window and A (in cm-2) is the area of the active 

electrode material. As the scan rate increase from the 10 to 200 mV s-1 , areal 

capacitance of both the as-synthesized nanostructures decrease. Both the films 

displayed highest areal capacitance value at 10 mV s-1. The calculated areal 

capacitance at 10 mVs-1 for Co3O4@6 and Co3O4@2 are found to be 324 and 362 

mF cm-2 respectively. The increase in areal capacitance can be explained by the 

more effective insertion/extraction of ions into the Co3O4@2 film based on larger 

diffusivity at low reaction temperature during second hydrothermal process and 

the highly porous morphology. 

 

 
 
 
 
 
 

b 

Co3O4 @6 

a 

Co3O4 @2 
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Figure 2 Cyclic voltammograms curve recorded at various scan rates within a 

potential range of 0.7 V to -0.7 V (vs Ag/AgCl) in 2 M KOH aqueous electrolyte of as-

synthesized (a) Co3O4@2 (b) Co3O4@6  (c) CV for both synthesized thin films at 

10mV/s scan rate.  

 

4.3 Galvanostatic charge–discharge (GCD) measurement :  

 The GCD curves of for Co3O4@2 (in figure 3a) and Co3O4@6 (in figure 3b) were 

studied  within a potential range of 0.7 V to -0.7 V (vs Ag/AgCl) at 5, 7.5, 10, & 15 mA 

cm-2 current densities, using a three-electrode cell in 2 M KOH aqueous electrolyte. 

Variation in capacity as a function of current density displayed the high areal 

capacitance at low current density . Discharge curve of Co3O4@2 and Co3O4@6 shows 

a significant deviation from a straight line, indicating that the capacity mainly comes 

from the faradaic redox reactions.  

c 
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Figure 3. GCD curve recorded at within a potential range of 0.7 V to -0.7 V (vs 

Ag/AgCl) are performed at 5, 7.5, 10, & 15 mA cm-2 current densities using a three-

electrode cell in 2 M KOH aqueous electrolyte of as-synthesized (a) Co3O4@2 (b) 

Co3O4@6  (c) GCD for both synthesized thin films at 5 mA cm-2 current density.   

 

c 

a 

Co3O4 @2 

b 

Co3O4 @6 
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4.4 ELECTROCHEMICAL IMPEDANCE MEASUREMENTS (EIS) :  

 EIS was studied for Co3O4 nanoflower electrode in the frequency range of 

100000 Hz  to 0.1 Hz at 10 mV applied potential with respect to reference electrode 

is shown in Figure 4. The diameter of the semicircle in EIS spectrum represent the 

electron transfer resistance (Rct), which controls the electron transfer kinetics of the 

redox reaction at the electrode interface. Thus, both the Co3O4@6 and Co3O4@2 

exhibited high electrochemical performance with low Rct. The curve of Co3O4@2 

showed a smaller diameter of the semicircle than that of the Co3O4@6. Low internal 

resistance is achieved by decreasing the time of hydrothermal process, that facilitates 

the electron transfer kinetics and resulted in improved areal capacity. 

 

 

Figure 4. EIS of as synthesized Co3O4@2 and Co3O4@6  nanostructures. 
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Conclusions: 

Nanostructured Co3O4 thin film has been deposited by hydrothermal method 

for high performance energy storage application. The effect of varying hydrothermal 

temperature and time on the morphology and capacitance of as-synthesized 

electrode was investigated. SEM study revealed non-uniform nanoflowers having 

sharp spikes microstructures was resulted. As the reaction time in second 

hydrothermal decreses, the density of spikes increases and nanoflowers spikes 

becomes more sharp. The obtained electrode delivered high operating voltage (about 

1.4V), low resistance with a areal capacitance of 362 mF cm-2 at a 10 mV s-1  scan rate. 

The effect of reaction time variation in synthesis process on electrochemical 

performance is studied and decrease of hydrothermal time resulted in low resistance 

and relatively high areal capacitance of synthesized electrode. The excellent 

capacitance of the nanostructured Co3O4 is due to large surface area provided by 

nanostructured Co3O4 with porous morphology having sharp spikes. It has been 

evidenced that the morphology resulted in good areal capacitance which confirms 

that the film deposited by double hydrothermal route are well suited for high 

performance energy storage application.  
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