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The work on project entitled “Synthesis and characterization of Ti and Mn based 

metal oxide nanomaterial supercapacitor” was started with literature survey on 

supercapacitor based on the different electrode material such as nickel, cobalt, Mn, 

Zn, Mn etc. An electrode plays a very important role in the supercapacitor. 

Depending upon the electrode material used, the supercapacitors are divided into 

two categories: electrochemical double layer supercapacitor (EDLCs) and 

pseudocapacitor In (EDLCs), the electrode material as have been used as SWNT, 

MWNT, reduce graphine oxide, porous carbon, etc., and the specific capacitance 

arises from the non-Faradaic charge storage mechanism between electrode and 

electrolyte interface.  

In pseudocapacitor, the electrode materials that have been used as electrode is 

transition metal oxide, and the specific capacitance arises from Faradaic reaction at 

the electrode interface. The transition metal oxides such as RuO2, Fe3O4, Co3O4, 



MnO2, Mn3O4, CeO2, Fe2O3 etc., and the ternary metal such as oxide ternary such 

as MnCo2O4, NiCo2O4, ZnFe2O4, ZnCo2O4, CoFe2O4, CuFe2O4 and NiFe2O4 etc., has 

been widely studied and employed as promising electrode material for 

pseudocapacitors. Among these ternary metal oxides, the MnCo2O4 is the most 

explored potential candidate as the electrode material for supercapacitors. This is 

because of the MnCo2O4 shows the excellent electrochemical properties, natural 

abundance, cost effectiveness and environmental friendly in nature. 

After completion of the literature survey, we have studied the reports on 

synthesized the Ti and Mn doped MnCo2O4 nanostructured material via different 

synthesis approaches.  Furthermore, for comparison of specific capacitance and 

energy density electrodes synthesized via two different methods such as sol- gel 

and surfactant assisted hydrothermal methods, we have synthesized the MnCo2O4 

via two different synthesis approaches sol-gel citrate method and TEA assisted 

hydrothermal method. The as-synthesized material was characterized using XRD, 

FESEM, FT-IR, UV-visible spectroscopy etc. The comparative electrochemical 

analysis of fabricated MnCo2O4 electrodes for supercapacitor application was carried 

out using cyclic voltammetry, galvonostatic charge discharge and impedance 

spectroscopy in 1M Na2SO4 electrolyte.  

In conclusion, a simple sol- gel citrate and TEA- ethoxylate assisted 

hydrothermal methods have adopted for synthesis of nanostructure MnCo2O4. The 

XRD patterns reveal that the both the samples of MnCo2O4 exhibits the spinel FCC 

structure. From FE-SEM images, it revealed that both the samples of MnCo2O4 are 

nanostructured with typical morphology. The as-synthesized NiCo2O4 nanocrystals 



has been successfully utilised as the electrode for supercapacitor. Cyclic 

voltammetry and galvonostatic charge discharge study showed that the C-MnCo2O4 

(a sol-gel citrate synthesized MnCo2O4) and T-MnCo2O4 (TEA- assisited 

hydrothermal synthesized MnCo2O4) electrodes possesses the excellent 

electrochemical performance in 1M Na2SO4 electrolyte. The C-MnCo2O4 

demonstrates the maximum specific capacitance of 42.5 Fg-1 at 1mAcm-2. Moreover, 

T-MnCo2O4 results maximum specific capacitance of 2014 Fg-1 at 1 mAg-1. An 

Electrochemical impedance spectroscopic investigation for the C-MnCo2O4 and T-

MnCo2O4 electrodes is good agreement with the result obtained from cyclic 

voltammetry and galvonostatic charge discharge. 
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Recently, our modern society demands the portable electronic devices such as mobile 

phones, laptops, smart watches, etc. Such devices demand light weight, flexible, and 

low-cost energy storage systems. Among different energy storage systems, superca-

pacitor has been considered as one of the most potential energy storage systems. This 

has several significant merits such as high power density, light weight, eco-friendly, etc. 

The electrode material is the important part of the supercapacitor. Recent studies have 

shown that there are many new advancement in electrode materials for supercapacitors. 

In this review, we focused on the recent advancements in the cobalt oxides, manganese 

oxides, and their composites as an electrode material for supercapacitor.

Keywords: hybrid supercapacitor, cobalt oxide, manganese oxide, specific capacitance, specific surface area

inTRODUCTiOn

Energy storage has an equal importance as energy production. To face the global challenges, recently, 
our modern society demands lightweight, flexible, inexpensive, and environmentally friendly 
energy storage systems (Meng et  al., 2010; Chodankar et  al., 2015). Battery and supercapacitor 
are the major energy storage devices. But, slow charge–discharge rate, short life cycles, and high 
weight of battery limit its applications in portable and wearable devises (Meng et  al., 2010). At 
present, supercapacitors have been receiving a great attention, because of their important features 
such as high energy density, high power density, light weight, fast charging–discharging rate, secure 
operation, and long life span (Jayalakshmi and Balasubramanian, 2008; Chodankar et al., 2015). The 
supercapacitor is also called electrochemical capacitor. This is used in various applications such as 
hybrid vehicles, power backup, military services, and portable electronic devises like laptops, mobile 
phones, wrist watches, wearable devised, roll-up displays electronic papers, etc. (Lee et al., 2011; 
Wang et al., 2012).

CLASSiFiCATiOn OF THe SUPeRCAPACiTOR

On the basis of charge storage mechanism and material used as the electrode, the supercapacitors are 
divided into two categories: electrochemical double layer supercapacitors (EDLCs) and pseudoca-
pacitor (Jayalakshmi and Balasubramanian, 2008). In EDLCs, the specific capacitance arises from the 
non-Faradaic charge storage mechanism between electrode and electrolyte interface (Jayalakshmi 
and Balasubramanian, 2008; Wang et  al., 2012). The materials that have been used as electrode 
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TABLe 1 | Co3O4-based supercapacitors.

Sr. no. Material Method of 

synthesis 

High surface 

area

electrolyte High Sp. capacitance Retention Year Reference

1 Co2O3 on NiO substrate Electrodeposition 

method

1 M KOH 345 Fg−1 at 20 mV s−1 >50% after  

200

2014 Sarma et al. (2014)

2 Co3O4-decorated graphene Microwave-assisted 

method

– 1 M KOH 600 Fg−1 at 0.7 A g−1 94.5% after  

5,000 cycles

2015 Kumar et al. (2015)

3 Pongam seed shell-derived 

activated carbon and cobalt 

oxide (Co3O4) nanocomposite

KOH activation 

method

164 m2 g−1 1 M KOH 

electrolyte

94 Fg−1 at 1 A g−1 88% after  

1,000 cycles

2015 Madhu et al. (2015)

4 Co3O4/NiCo3O4 double-shelled 

nanocages

The facile synthesis – 2 M KOH 972 Fg−1 at a current 

density of 5 A g−1

92.5% after  

12,000 cycles

2015 Hu et al. (2015)

5 Synthesized titania nanotube 

cobalt (CoS) sulfide composite

Electrodeposition 

method

– 1 M Na2SO3 400 Fg−1 at charge 

density 5 mA cm−2

>80% after  

1,000 cycles

2015 Ray et al. (2015)

6 Co3O4 nanotubes Chemical deposition 

method

6 ML−1 KOH 574 Fg−1 at 0.1 A g−1 95% after  

1,000 cycles

2010 Xu et al. (2010)

7 Ultrafine Co3O4 nanocrystal 

electrode

Laser ablation in 

liquid method

– 177 Fg−1 at scan rate 

1 mV s−1

100% after  

20,000 cycles

2016 Liu et al. (2016)

8 Cobalt tungstate (CoWO4) Chemical 

precipitation reaction

– 0.2 M H2SO4 378 Fg−1 at scan rate 

2 mV s−1

95.5% after  

4,000 cycles

2016 Adib et al. (2016)
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for EDLCs are porous carbon (Kang et  al., 2015), SWNT (Liu 
et al., 2006), MWNT (Huang et al., 2014a), reduce graphine oxide 
(Zhang and Zhao, 2012), aerogel (Faraji and Ani, 2015), etc. In 
pseudocapacitor, the specific capacitance arises from Faradaic 
reaction at the electrode interface. The materials that have been 
studied as electrode for pseudocapacitors are transition metal 
oxides and conducting polymers (Wang et al., 2012).

In particular, the specific capacitance of the supercapacitors 
depends on the surface area and the pore size distribution of the 
electrode material. Compared with the transition metal oxides 
and conducting polymers, carbon and its different types have 
high surface area (3.270  m2g−1) (Kang et  al., 2015). However, 
this high surface area of carbon is not completely accessible 
for the electrolyte (Faraji and Ani, 2015). To overcome this 
shortcoming, the composites of carbon with transition metal 
oxides or conducting polymer have received great attention. 
These composite are also called hybrid materials. The use of 
hybrid material as an electrode in supercapacitors result in the 
third category of supercapacitors called hybrid supercapacitors. 
In hybrid supercapacitors, the specific capacitance arises from 
Faradic as well as non-Faradic charge storage mechanism at the 
electrode and electrolyte interface (Zhang et al., 2013; Pardieu 
et al., 2015).

PARAMeTeRS FOR SUPeRCAPACiTOR

The specific capacitance (Cs) (Fg−1), energy density E (Wh kg−1), 
power density P (kW kg−1), and retention capacity or coulomb 
efficiency (η) are the crucial characteristics of the supercapaci-
tor device. The (Cs) (Fg−1) at the single electrode of the device is 
calculated given by,

 

C
mV V V

I v dVs

v

v

=
− ∫

1

( )
( )

c a a

c

 

(1)

where m is the mass (g cm−1) deposited, I(v) is the response cur-
rent (mA) of the electrode material for unit area, V is the scan 
rate, Vc−Va is the operational potential window in (V), Va anodic 
current, and Vc cathodic current. Energy density E (Wh kg−1) and 
power density P (W kg−1) of supercapacitor are calculated using 
following relations as,
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where Cs is specific capacitance (Fg−1), Vmax and Vmin are the 
maximum and minimum voltage achieved during charging and 
discharging process, respectively, in volt (V), and tD is the dis-
charging time (s) for a cycle of the supercapacitor. The retention 
of specific capacitance is calculated using the relation,

 
η =

t

t
D

C  
(4)

where tC and tD are the charge and discharge time (s), respec-
tively, for a cycle of the supercapacitor (Wang et al., 2010; Dubal 
et al., 2012).

ReCenT ADvAnCeS in COBALT OXiDe 

SUPeRCAPACiTOR

The transition metal oxides have a great scientific significance. 
These are the basis of a variety of functional materials (Shinde 
et  al., 2015). Among the various supercapacitor electrode 
materials, transition metal oxides offer high electronegativity, 
rich redox reactions, low cost, environmental friendliness, and 
excellent electrochemical performance. Different transition-
metal oxides, such as IrO2, RuO2, Co3O4, MnO2, Fe2O3, SnO2, 
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TABLe 2 | MnO2-based supercapacitor.

Sr. no. Material Method of synthesis High surface 

area

electrolyte High Sp. capacitance Retention Year Reference

1 Manganese oxide 

(MnO2)/three-

dimensional (3D) 

reduced graphene 

oxide (RGO)

Reverse microemulsion 

(water/oil) method

142 m2 g−1 0.1 M Na2SO4 709.8 Fg−1 at 0.2 A g−1 97.6% after 

1,000 cycles

2015 Wei et al. (2015b)

2 Coaxial 

mesoporous MnO2/

amorphous-carbon 

nanotubes

Redox reaction between 

KMnO4 and amorphous 

carbon nanotube in acid 

solution

– 1 M Na2SO4 362 Fg−1 at the current 

density of 0.5 A g−1

88.6% after 

3,000 cycles

2015 Zhu et al. (2015)

3 3D porous CNT/

MnO2 composite

Dipping and drying process 

followed by a potentionstatic 

deposition technology

230.85 m2 g−1 0.5 M NaOH 160.5 Fg−1 at the 

current density of 1 A−1

– 2015 Guo et al. (2015b)

4 Carbon nanosheets 

supported MnO2

Carbonization and reduction 

method

573 m2 g−1 6 M KOH 656 Fg−1 at a current 

density of 1 A g−1

80% after  

5,000 cycles

2015 Sun et al. (2015)

5 A RGO/manganese 

dioxide (MnO2)/silver 

nanowire ternary 

hybrid film

A facile vacuum filtration 

and subsequent thermal 

reduction

– 0.5 M Na2SO4 4.42 F cm−3 at a scan 

rate of 10 mV s−1

90.3% after  

6,000 cycles

2015 Liu et al. (2015)

6 Three-dimensional 

carbon nanotubes@

MnO2 core shell 

nanostructures

A floating catalyst chemical 

vapor deposition process 

and a facile hydrothermal 

approach

127.5 m2 g−1 1 M Na2SO4 325.5 F g−1 at a current 

density of 0.3 A g−1

90.5% after  

5,000 cycles

2014 Huang et al. (2014b)

7 MnO2/Graphine 

argogel composites

Graphene aerogels: an 

organic sol-gel process and 

MnO2 electrochemically 

deposit on GA

793 m2 g−1 0.5 M Na2SO4 410 Fg−1 at 2 mV s−1 95% after 

50,000 cycles at 

1,000 mV s−1

2014 Wang et al. (2014)

8 Manganese oxide 

nanosheets/

nanoporous gold

Galvanostatic 

electrodepositon

– 1 M Na2SO4 775 Fg−1 at 1 A g−1 95% after  

1,000 cycles

2015 Zeng et al. (2015)

9 MnO2 on graphene Hydrothermal method – 1 M Na2SO4 315 Fg−1 at a current 

density of 0.2 A g−1

87% retained 

after 2,000 

cycles at 3 A g−1

2013 Liu et al. (2013)

10 MnO2 nanosheets 

on flexible carbon 

fiber cloth

Flexible carbon fiber cloth: 

the direct carbonization of 

flax textile redox reaction 

between carbon and KMnO4

33.6 m2 g−1 0.1 M Na2SO4 683.73 Fg−1 at 2 A g−1 94.5% retained 

after 2,000 

cycles

2015 He and Chen (2015)
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NiO, etc., have been extensively studied as the electrode mate-
rial for supercapacitor (Luo et al., 2014). Among these, RuO2 
has been identified as a dominant candidate because it has high 
theoretical specific capacitance (1,358  Fg−1), high electrical 
conductivity (300  S  cm−1), and high electrochemical stability 
(Yu et al., 2013). However, the high cost and toxicity associated 
with the RuO2 limits its commercial applications (Deng et al., 
2014).

Furthermore, the cobalt oxides have received significant 
interest in recent years because of their low cost, non-toxic, easy 
synthesis, and environmental friendly nature. The cobalt oxides 
have high theoretical capacitance (CoO: 4.292  Fg−1, Co2O4: 
3.560 Fg−1) (Cheng et al., 2010; He et al., 2012). Additionally, 
cobalt oxides show excellent electrochemical behavior in 
alkaline as well as organic electrolyte. These have the ability to 
interact with the ions of the electrolyte at the surface as well as 
through the bulk of the material (Vijayakumar et al., 2013). The 
features of cobalt oxides such as morphology, structures, and 

dimension can be easily controlled via adjusting the prepara-
tive parameters such as, reaction temperature, reaction time, 
concentration of matrix solution, complexing agent, etc. (Wei 
et al., 2015a).

An optimize microstructure and controlled morphology 
of the material will enhance the specific surface area and pore 
size distribution, which facilitate the electrolyte ion transport 
in the material (Meher and Rao, 2011). Recently, many new 
approaches have been successfully in use to synthesize the meso 
and microporous nanostructure cobalt oxide materials such as 
hydrothermal method (Meher and Rao, 2011), chemical bath 
deposition method (Xu et al., 2010), hydrothermal precipitation 
method (Yu et al., 2009), solvothermal synthesis method (Yang 
et al., 2013), combustion synthesis method (Deng et al., 2014), 
microwave-assisted synthesis method (Vijayakumar et  al., 
2013), etc.

The specific capacitance of the cobalt oxide strongly depends 
on morphology, surface area, and pore size distribution. Recently, 
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use of new synthesis approaches, surface modifying agents, 
complexing, and structure directing agent results in high-specific 
capacitance, which is equal the theoretical specific capacitance 
cobalt oxide. In this review paper, we have focused the recent 
advancements in the cobalt oxides and their composites as the 
electrode material. Table 1 shows the preparation and superca-
pacitive performance of cobalt oxide and their composites based 
supercapacitors.

ReCenT ADvAnCeS in MAnGAneSe 

OXiDe SUPeRCAPACiTOR

Manganese (Mn) has different oxidation states. Out of these, the 
most stable oxidation states are Mn (II) and Mn (IV). The Mn 
(II) forms MnO, on the other hand, Mn (IV) forms MnO2 and 
Mn2O3. The MnO2 has α, β, γ, and δ -type polymorph (Chen et al., 
2014; Salunkhe et al., 2015). The advantages of manganese-based 
metal oxides include low cost, low toxicity, natural abundance, 
and environmental friendly in nature (Sui et al., 2015; Wei et al., 
2015b). In aqueous and organic electrolyte, the MnO, MnO2, and 
Mn2O3 can form the different oxidation states. Thus, it results in 
the high-specific capacitance. The highest reported theoretical 
specific capacitance of MnO2 is 1.370  Fg−1 (Guo et  al., 2015a; 
Wei et  al., 2015b). However, the low electrical conductivity 
and large volume change during the charge–discharge process 
result in the unsatisfactory rate performance and cyclic stabil-
ity. In consequence, this reduces the specific capacitance of the 
manganese oxides-based supercapacitors (Cabana et  al., 2010; 
Chen et al., 2010). To overcome such hindrances, recently, the 
researchers have been executing many new strategies, such as 
use of carbon containing materials for increasing the electrical 
conductivity and adopt the volume buffers for relaxing internal 
stresses (Yao et  al., 2008; Sui et  al., 2015). Manganese oxides 
have been prepared by various synthesis methods, such as pulse 
laser deposition method (Xia et al., 2011), hydrothermal method 
(Zhang et  al., 2014), electrochemical synthesis method (Jiang 
and Kucernak, 2002), redox deposition method (Bordjiba and 
Bélanger, 2009), successive hydrolysis–condensation method 
(Sawangphruk and Limtrakul, 2012), etc. Further, the detail 

of MnO2 synthesis and their supercapacitive performance are 
shown in Table 2.

COnCLUSiOn AnD FUTURe 

PROSPeCTive

Recently, cobalt- and manganese-based metal oxide as the elec-
trode materials for supercapacitor have been receiving the great 
attention. From the recent reports, it has concluded that,

(1) Advanced chemical method such as hydrothermal, pulse  
laser deposition, reverse microemulsion, microwave-assi sted,  
etc., has been assisted to synthesize cobalt- and manganese-
based metal oxide material.

(2) The specific capacitance of the cobalt oxide- and manganese-
based metal oxide supercapacitor strongly depends on 
morphology, surface area, and pore-size distribution.

(3) In most of the reports, the composites of cobalt oxide or 
manganese oxide with carbon material, i.e., hybrid materials 
are used as an electrode for supercapacitor. Moreover, this 
results in high-specific capacitance.

(4) In addition, the increase in conductivity of the cobalt oxide 
and manganese oxides is projected if this material and carbon 
material are combined. This makes the application of cobalt 
oxide and manganese oxides in high energy applications. As 
a result, the proposed material cobalt oxides and manganese 
oxide are a promising material for flexible, portable high-rate 
hybrid supercapacitor, and has plenty room for advancements.
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Abstract 

Herein present paper, the sol-gel citrate 

route for synthesis of crystalline MnCo2O4 

nanosphers is reported. The as- synthesized 

nanocrystalline MnCo2O4 were characterized 

by means of X-ray diffraction (XRD), Field 

emission scanning electron microscopy (FE-

SEM), Fourier transform infrared 

spectroscopy (FTIR) and Brunauer–

Emmett–Teller (BET). The XRD analysis 

reveals the nanocrystalline nature of as- 

prepared MnCo2O4 nanocrystals. 

Electrochemical properties of 

nanocrystalline MnCo2O4 have been studied 

by cyclic voltammetry, Galvanostatic 

charge–discharge and electrochemical 

impedance spectroscopy, which showed the 

maximum specific capacitance of 42.5 F g-1at 

current density 0.1 mAcm-2. The synthesis 

method used in this study is promising for 

producing the nanocrystalline material for 

high performance supercapacitor electrode. 

Keywords: Nanocrystalline, capacitor, 

capacitance. 

I. INTRODUCTION 

To meet the recent and future challenges in 

the modern society, the flexible, wearable, 

lightweight and low cost energy storage system 

has a very intense demand [i]. In this regards, 

the world has an ample expectation from the 

scientific community for finding new energy 

storage system that fulfils these requirements. 

Recently, supercapacitor or electrochemical 

capacitor (EC) is the emerging energy storage 

systems are currently having intense demands. 

Supercapacitor is going to overcome the recent 

commercial energy storage like conventional 

capacitor and lead acid battery. Supercapacitor 

has many attractive features such as high power 

density, high energy density, lightweight, fast 

charging-discharging rate, a good shelf life, 

secure operation and long life span etc. [ii,iii]. 

The supercapacitor is used in various 

applications such as hybrid vehicles, military 

services and power backup, portable electronics 

like laptops, mobile phones, wrist watches, 

wearable devises, roll-up displays electronic 

papers, etc.[iv,v].  

An electrode plays a very important role in 

the supercapacitor. Depending upon the 

electrode material used, the supercapacitors are 

divided into two categories: electrochemical 

double layer supercapacitor (EDLCs) and 

pseudocapacitor [vi]. In (EDLCs), the electrode 

material have been used as SWNT [vii], 

MWNT [viii], reduced graphine oxide [ix], 

porous carbon [x], etc., and the specific 

capacitance arises from the non-Faradaic charge 

storage mechanism between electrode and 

electrolyte interface. In pseudocapacitor, the 

electrode materials that have been used as 

electrode are transition metal oxides, and the 

specific capacitance arises from Faradaic 

reaction at the electrode interface [xi].  

The transition metal oxides such as RuO2, 

Fe3O4, Co3O4, MnO2, Mn3O4, CeO2, Fe2O3 etc., 

and the ternary metal such as MnCo2O4, 

NiCo2O4, ZnFe2O4, ZnCo2O4, CoFe2O4, 
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CuFe2O4 and NiFe2O4 etc., has been widely 

studied and employed as promising electrode 

material for pseudocapacitors [xii].  

Among these ternary metal oxides, the 

MnCo2O4 is the most explored potential 

candidate in view point of electrode material for 

supercapacitor owing to its excellent 

electrochemical properties, natural abundance, 

cost effectiveness and environmentally 

compatible nature. In this context several 

researchers have reported the remarkable 

results. Sun et. al. [xiii] have reported the 

hydrothermally synthesized MnCo2O4/C 

electrode material for water splitting and all 

state solid supercapacitor application with high 

specific capacitance of 846 mFcm-2 at current 

density 20μ A cm-2. 

Further, Yaun et al. [xiv] have reported the 

one step hydrothermal rout synthesis of 

MnCo2O4/reduced graphene oxide 

nanocomposites for supercapacitor with specific 

capacitance 334Fg-1 at current density 1Ag-1. 

Sahoo et al. [xv] have reported the one-step 

electrodeposition approach for the synthesis of 

MnCo2O4 and reported the specific capacitance 

of 290 Fg-1 at scan rate 1mVs-1. 

In the present report, we have synthesized 

the MnCo2O4 via sol-gel citrate method. The 

synthesized material was characterized using 

XRD, FE-SEM, FTIR, UV-visible 

spectroscopy, BET-BJH etc. The 

electrochemical investigations for 

supercapacitor application of fabricated 

MnCo2O4 electrode was carried out using cyclic 

voltammetry, galvonostatic charge discharge 

and impedance spectroscopy. 

II. EXPERIMENTAL 

A. MATERIALS AND METHOD  

All reagents including KMnO4, 

Co(NO3) 6H2O and citric acid (C6H8O7) were 

used as starting material and purchased from 

Qualigen Sd. fine chemicals Ltd. India. The 

chemical reagents were of analytical grade and 

used as received. 

B. Synthesis of crystalline MnCo2O4 

nanosphere 

Synthesis of nanocrystalline 

MnCo2O4was carried out by sol-gel citrate 

method. Initially, the stoichiometric amount of 

KMnO4 and Co(NO3) 6H2O with the molar 

ratio 1:2 were dissolved in methanol. This 

solution was stirred for 1 hr using a magnetic 

stirrer followed by vigorous stirring at 80oC on 

the hot plate for 3 hrs, which results in highly 

viscous homogenous thick gel. This gel was 

further transferred to a pressure bomb. The 

pressure bomb was sealed and heated up to 

120oC for 12h and subsequently cooled to room 

temperature. The obtained dried samples were 

further ground and calcined at 550oC up to 6 h 

using alumina crucible in furnace.  

C. FABRICATION OF ELECTRODE  

The nanocrystalline MnCo2O4 material was 

loaded on stainless steel substrate following the 

standard protocol used for supercapacitor 

measurement [xvi,xvii]. For this, the 75 weight 

% of active material, 15 weight % acetylene 

black as a conductive additive and 10 weight % 

Poly vinylidene fluoride (PVDF) as a binder 

were mixed and ground in mortar to have a 

homogenous mixture. This mixture was further 

dispersed in a dimethyl formamide (DMF) to 

form slurry. This slurry was coated on stainless 

steel (SS) substrate using doctor blade and dried 

at 60oC. The electrochemical studies such as 

cyclic voltammetry, galvonostatic charge 

discharge and impedance spectroscopy were 

performed using the CHI 6002C and CHI 604E 

electrochemical workstation forming an 

electrochemical cell comprising fabricated 

electrode as working electrode, platinum as 

counter electrode and Ag/AgCl as a reference 

electrode in 1 M Na2SO4 electrolyte. 

D. CHARACTERIZATION 

The structural properties and phase 

identification of the samples was done by 

Philips X–ray diffractometer (XRD) with 

filtered Cu-Kα radiation of wavelength λ= 

0.1541874 nm. The morphology was 

determined by Field emission scanning electron 

microscopy (FE–SEM) (Model: JSM 6701F, 

JEOL, Japan). The Fourier transform infrared 

(FTIR) spectra were recorded using Bruker 

vertex 70 FTIR spectrometer. The VU- Visible 

investigation of the material was carried out by 

using Perkin-Elmer Lamda 750, USA.  

III. RESULT AND DISCUSSIONS 

A. XRD analysis  

To understand the lattice parameter and 

average crystallite size of the as–synthesized 

MnCo2O4 samples, the X-ray diffraction (XRD) 

analysis was carried out. Fig. 1 shows the 

typical XRD pattern of as-synthesized 

MnCo2O4. From the XRD pattern, the sharp 

peaks appearing at two theta values 31o, 36.95o, 

44.44o, 52.07o, 58.18o, 64.52o, 66.9o and 76.85o 
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can be assigned to (222), (311), (400), (422), 

(511), (440), (531) and (533) respectively, and 

are in well agreement to those of spinel fcc 

structure with space group Fd3m, (227), 

[JCPDF 23-1237] [xviii,xix]. Further, no 

impurity peaks were found in the XRD pattern 

which indicates the formation of well crystalline 

MnCo2O4. The average crystallite size D was 

calculated using the Deby-Scherrer formula 

[xx] equation (1), where λ is the characteristic 

wavelength of Cu-Kα radiation, β is the full 

width half maxima of the diffraction line at half 

the maximum intensity and θ is the Braggs 

diffraction angle. The average crystalline size 

for the MnCo2O4 was found to be 32 nm. 




cos

9.0


D      (1) 

 
 

Fig. 1: XRD pattern of nanocrystalline 

MnCo2O4 

B. FE-SEM analysis  

The morphology of as-synthesized 

nanocrystalline MnCo2O4 was studied by FE-

SEM analysis and the results are shown in Fig. 

2. (a) and (b). From high magnification FESEM 

images (Fig 2(a)-(b)), it can be seen that the as-

synthesized product consists of nearly spherical 

morphology. The nanospheres are formed in 

large numbers and are separated from each 

other. The average size of the nanospheres 

ranges from 29-42 nm which are in close 

agreement with those of XRD results. 

The crystalline nature with spherical 

morphology of as-synthesized MnCo2O4 

material demonstrated here may exhibit greater 

surface area and may contribute to electrolyte 

ion exchange which is one of the prime 

requirements of high energy storage 

supercapacitor electrode material.  

 
Fig. 2: FE-SEM micrograph of nanocrystalline 

MnCo2O4 

C. FT-IR analysis  

To analyze the bonding and chemical 

composition of the as synthesized 

nanocrystalline MnCo2O4, the Fourier transform 

infrared spectroscopy (FT-IR) analysis was 

carried. Fig. 3 shows the FT-IR spectrum of 

nanocrystalline MnCo2O4. The broad absorption 

peak appearing at 2922.59 cm-1 and 1609.7 cm-1 

can be assigned to the O-H of adsorbed water 

molecule in MnCo2O4 [xxi,xxii]. The absorption 

band observed at 1348 cm-1 can be ascribed to 

NO2 symmetrical stretching in the citrate 

molecule. The absorption bands at 750–600 cm-

1 and 600–450 cm-1 are due to Mn–O stretching 

and bending vibrations in the nanocrystalline 

MnCo2O4 [xxiii]. The band at 720 cm-1 is due to 

NH2 wagging from the citrate molecule [xxiv]. 

The band at680 cm−1 can be attributed to the 

metal oxide bonding [xxv]. 
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Fig. 3: FTIR spectrum of nanocrystalline 

MnCo2O4 

 

D. UV- visible spectroscopy analysis 

To investigate the optical band gap in 

the nanocrystalline MnCo2O4, the optical study 

of the as-synthesized nanocrystalline MnCo2O4 

was carried out by using UV–vis 

spectrophotometer in the wavelength ranges 

350–950 nm. The variation in absorption 

intensity with different wavelengths of 

nanocrystalline MnCo2O4 is shown in Fig. 4 (a) 

and corresponding plot of (αhν)2 versus (hν) 
shown in the Fig. 4 (b). The electronic structure 

and band gap strongly influences the 

electrochemical properties of the composite 

material. Fig. 4 (b) shows the strong absorption 

of nanocrystalline MnCo2O4 in the 220-250cm-1 

region.  The plot (αhν)2 versus (hν) (Fig. 4 (b)), 

which is linear at the absorption edge, further 

confirms that the material has a direct band gap. 

The extrapolations of straight line to the energy 

axis for zero absorption coefficient value give 

the band gap which was observed to be 4.91 eV. 

These values are comparable with the 

theoretical values previously reported in 

literature [xxvi]. 

 
Fig. 4. (a) UV-Visible spectrum and (b) band 

gap of nanocrystalline MnCo2O4 

E. BET surface area analysis 

The Brunauer-Emmett-teller (BET) 

surface area analysis was carried out to explore 

the specific surface area of nanocrystalline 

MnCo2O4. For this, the N2 adsorption-

desorption isotherm has been carried out. The 

corresponding results are demonstrated in Fig. 

5. From figure, the isotherm with a distinct 

hysteresis loop in the range of 0 to 1 and at 

relative pressure P/Po canbe clearly seen. The 

pore size distribution and pore volume of 

nanocrystalline MnCo2O4 are estimated using 

the Barrett-Joyner-Halenda (BJH) method. The 

pore size distribution of nanocrystalline 

MnCo2O4 at the amount of nitrogen absorbed at 

P/Po =0.98595 are shown in inset of Fig. 5. The 

BET surface area and a corresponding pore 

volume of the nanocrystalline MnCo2O4 were 

found out to be 10.45 m2g-1 and 0.0213 cm3g-1 

respectively. 
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Fig. 5. N2-adsorption desorption isotherm and 

the inset shows the corresponding pore size 

distribution of nanocrystalline MnCo2O4  

F. Electrochemical characterizationanalysis  

To understand the electrochemical nature of 

nanocrystalline MnCo2O4 electrode, the cyclic 

voltammetry (CV), galvonostatic charge 

discharge (GCD) and Electrochemical 

impedance spectroscopy (EIS) has been carried 

out in 1 M Na2SO4 as electrolyte. The Fig. 6 (a) 

shows the CV curves of nanocrystalline 

MnCo2O4 in the different scan rates of 5 mVs-1, 

10 mVs-1, 50 mVs-1 and 100 mVs-1 in the 

potential window 0 to 0.6V. The rectangular 

shape of CV reveals that the specific 

capacitance is originated from the redox 

reaction [xxvii]. From CV curves, the values of 

specific capacitance of nanocrystalline 

MnCo2O4 samples at different scan rate are 

calculated using the equation (2). 

dVVI
VVmV

C
c

a

V

Vac

s 
 )(

)(

1
   (2)  

Where m is the mass in (gcm2) deposited, I(v) is 

the response current in (mA) of the 

MgFe2O4electrode for unit area, V is the scan 

rate, (Vc – Va) is the operational potential 

window in (V), Va anodic current and Vc 

cathodic current. 

Galvonostatic charge-discharge study of 

the electrodes of MnCo2O4 electrode at different 

current densities 0.1 to 0.5 mAcm-2 has been 

studied using 1M Na2SO4 as electrolyte. Fig.6 

(b) shows the galvonostatic charge discharge 

behaviour of the nanocrystalline MnCo2O4 

electrode. The discharge specific capacitance 

was calculated by galvonostatic charge 

discharge curves using the equation (3). 

Additionally, the galvonostatic charge discharge 

curve is used to measure the energy density and 

power density of the electrode material, an 

equation (4) and equation (5) were used to 

calculate the energy density E (W h Kg-1)  and 

power density P (W Kg-1) respectively,  

Vm

IT
C dd

s 


      (3) 

6.3

)(5.0 2

min

2

max VVC
E s 
    (4) 

dT

E
P

3600
      (5) 

Where Cs (Fg-1) is the specific capacitance, Id 

(A) is the current used for Galvonostatic 

discharge, Td (s) discharging time, ΔV(V) 

potential window used for galvonostatic charge 

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

electrode [xxviii]. From GCD, the maximum 

specific capacitance, energy density and power 

density of MnCo2O4 electrode at current density 

0.1mAcm-2 has obtained as 42.5 Fg-1, 2.125W h 

Kg-1 and 137.1kW Kg-1, respectively. Adekunle 

et. al. [xxix] have reported the specific 

capacitance 11.76 Fg-1 for the MWCNT-

Co3O4/MWCNT asymmetric supercapacitor 

assembly in 1 M Na2SO4. In present reports, the 

specific capacitance for MnCo2O4 electrode at 

current density 0.1mA cm-1 was found out to be 

42. 5 Fg-1, which is high in comparison with the 

specific capacitance reported in the literature.  

 Further, the retention of specific 

capacitance of the MnCo2O4 electrode was 

examined at the current density 0.3 mAcm-2 

over 1000 cycles. Fig 7 (a) shows the curve for 

cycle number versus percentage capacity 

retention for MnCo2O4 electrode. From figure, 

it can be seen that the MnCo2O4 electrode 

shows the 95.23% retention of specific 

capacitance over 1000 cycles. 
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Fig. 6. (a) Cyclic voltammogram (CV), (b) 

Galvonostatic charge discharge (GCD) of 

nanocrystalline MnCo2O4 

 
Fig. 7. (a) Capacity retention vs. cycle number 

at 0.3 mAcm-2 and (b) Nyquist plot of 

nanocrystalline MnCo2O4 

The electrolyte resistance (Rs), the 

charge–transfer resistance (Rct), the ion 

transport properties within the interface 

between the electrode and electrolyte was 

investigated with the help of electrochemical 

impedance spectroscopy (EIS). The ESI was 

investigated within the frequency range 1 Hz to 

1 MHz at AC amplitude of 5 mV in 1 M 

Na2SO4 electrolyte. 

The typical Nyquist plot for the 

MnCo2O4 nanostructure is shown in Fig. 7 (b). 

The high–frequency intercept of the semi–circle 

on the real axis yields the electrolyte resistance 

(Rs) or equivalent series resistance, and the 

diameter provides the charge–transfer resistance 

(Rct) over the interface between the electrode 

and electrolyte [xxx]. The electrolyte resistance 

(Rs), the charge–transfer resistance (Rct), of the 

nanostructure MnCo2O4 was found out to be 2 

Ωcm-2 and 1.24 Ωcm-2respectively. The low 

electrolyte resistance(Rs) and the charge–

transfer resistance (Rct) of the electrode material 

are mostly responsible for the result of ion 

exchange between electrode and electrolyte 

interface [xxxi]. Fig.8 (a) shows the Bode plot 

(Phase (Ω cm-2) vs. Frequency (Hz)) of as- 

synthesized MnCo2O4 nanostructure.  

At low frequency, the phase angle of the 

electrodes reached to the 45o implies the idea 

capacitive behavior of the electrode. The 

characteristic frequency fo of a phase angle of 

45o is ~100 Hz for the MnCo2O4 nanostructure. 

The relaxation time constant to, is calculated 

from the equation to=1/fo, it was found out to be 

~ 0.01. Thus, ESI analysis of nanostructure 

MnCo2O4 is in good agreement with the results 

obtained from CV and GCD. 

 
Fig.8 (a) shows the Bode plot (Phase (Ω cm-2) 

vs. Frequency (Hz)) for nanostructure MnCo2O4 

 

IV.  CONCLUSION  

In conclusion, we have successfully 

synthesized the nanocrystalline MnCo2O4 via 

cost effective sol-gel citrate method. The 

nanocrystalline MnCo2O4 shows the excellent 

electrochemical performance in 1M Na2SO4 

electrolyte. The electrochemical impedance 

spectroscopy reveals that the nanocrystalline 

MnCo2O4 is promising electrode material for 

high performance supercapacitor. Moreover, the 

present study demonstrates simple, cost 

effective sol-gel citrate method for fabrication 
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of uniform nanocrystalline MnCo2O4 with very 

high potential as the electrode for 

supercapacitor. 
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Abstract 

In the present investigation, nanocrystalline spinel NiCo2O4 was synthesised 

by simple and cost effective sol-gel citrate method. Synthesized NiCo2O4 was 

characterized by using different characterization techniques. The 

electrochemical supercapacitive performance study shows that NiCo2O4 

exhibits high specific capacitance of 342 Fg-1 in 1 M Na2SO4 electrolyte with 

good stability. The further EIS analysis implies low ESR value with excellent 

frequency response of nanocrystalline NiCo2O4.Thus present study 

successfully conveys the applicability of easy and cost effective sol- gel citrate 

method for synthesis of nanocrystalline NiCo2O4 to be utilised for 

supercapacitor. 

Keywords: supercapacitor, specific surface area, impedance spectroscopy, 

specific capacitance 

 

1. INTRODUCTION  

Due to the concerns about the depletion of fossil fuel, global warming issues and 

increasing demand of energy, the development of alternate energy storage resources 

with high power and energy capacity is of particular interest [1,2]. Among the various 

energy storage resources, supercapacitor, have attracted immense attention because 

many attractive properties, such as high energy density, fast charging-discharging and 

long cycle life [1]. The electrode material is an important part of supercapacitor. At 

present, the use of nanomaterials as the electrode of supercapacitors has attracted 
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great interest since they have shown higher power, energy densities and specific 

surface area than the respective bulk material [3]. The conductivity of the material 

directly influences the charge stored on the electrodes [4]. The binary transition metal 

oxides have a much higher electrical conductivity as compared to single transition 

metal oxides. The binary metal oxides such as NiCo2O4 , MnCo2O4, ZnCo2O4, 

CuFe2O4, CoFe2O4, ZnMn2O4
 have been extensively studied for the electrode material 

in supercapacitor [5].Among the binary metal oxides, NiCo2O4 is considered as a very 

promising electrode material for supercapacitor because of its good electrical 

conductivity, low cost, non toxicity and great flexibility in the structures and 

morphology [6,7]. 

This letter is aimed at presenting a more systematic report on the applicability of easy 

and cost effective sol- gel citrate method for synthesis of nanocrystalline NiCo2O4 to 

be utilised for supercapacitor. The specific capacitance of the supercapacitor can be 

enhanced by increasing the surface area of synthesized material. There are different 

methods of synthesis of NiCo2O4 [8,9], out of these different methods of synthesis of 

nanocrystalline NiCo2O4, sol- gel citrate method is simple, cost effective and results 

in high surface area nanocrystals with desire morphology[10]. 

 

2. EXPERIMENTAL 

Nanocrystalline NiCo2O4 was synthesised by using sol-gel citrate method. Nickel 

nitrate and cobalt nitrate were used as starting materials. A stoichiometric mixture of 

nitrates was mixed with citric acid and ethanol and stirred magnetically at 80oC for 3 

h to obtain a homogenous mixture. The solution was further heated at the pressure 

vessel at about 130oC for 3h. The dried powder was then calcined at temperatures 

from 350oC to 750oC. Electrode was fabricated by dispersing the nanocrystalline 

powder of 95 weight % NiCo2O4 in dimethyl formamide as a solvent and 5 wt % Poly 

( Vinylidene fluoride) (PVDF) as binder, homogeneous gel formed deposited on 

stainless still as a substrate via bath deposition method. The electrochemical test of 

the sample was conducted using a three electrode system in 1 M Na2So4 using a CHI 

604e electrochemical workstation. The stainless still supported composite was directly 

used as working electrode with platinum plate counter electrode and Ag/AgCl as a 

reference electrode. 

 

3. RESULT AND DISCUSSION  

Fig 1(a) shows XRD pattern of nanocrystalline NiCo2O4 synthesised by sol- gel 

citrate method. It is seen that XRD pattern exhibits major peaks reflecting along the 

(311), other peaks corresponding to (111), (220), (400), (401), (422), (511) and (440) 

planes observed with a lower intensity. The XRD pattern of nanocrystalline NiCo2O4 



Cost effective synthesis of spinel NiCo2O4 nanocrystal by sol-gel citrate  373 

is in good agreement with that of the standard pattern for NiCo2O4 (JCPDF File 20-

0781) [11].The result indicates that as prepared NiCo2O4 has spinel structure with 

polycrystalline in nature. The average crystalline size of NiCo2O4 is calculated by 

Deby-Scherrer formula [12] (1) and it is found to be 19 nm. 

   𝐷 = 𝟎.𝟗 𝝀𝜷 𝒄𝒐𝒔𝜽      (1) 

 

 

Fig.1. (a) XRD spectra, (b) and (c) FESEM micrograph  

 

The morphology of NiCo2O4 is investigated by Field emission scanning electron 

microscopy (FE-SEM). Fig 1 (b) and (c) represent the FE-SEM micrographs of 

nanocryasalline NiCo2O4 at two different magnifications. From Fig 1 (b) and (c), it is 

seen that the random shaped aggregates and agglomeration clusters of NiCo2O4, the 

approximate size of which is about 38-68 nm. It is also seen that the size of 

nanocrystals are uniform, rough and porous with smaller particles suggesting high 

surface area. 

The optical absorption spectrum in the range of 250-280 for NiCo2O4 is shown in Fig 

2 (a). Inset of Fig 2 (a) shows the plot of photon energy (hυ) versus (αhυ)2, which is 

linear at the absorption edge conforms the material has a direct band gap. The optical 

band gap value of nanocrystalline NiCo2O4 estimated from classical relation equation 

(2) and it is found out to be 4.9 eV. 

  𝛼 = 𝐴(ℎ𝑣−𝐸𝑔)ℎ𝑣        (2) 
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Thermogravimetric and differential thermal analysis (TG-DTA) in the temperature 

range between room temperature and 700oC were carried out on the nanocrystals of 

NiCo2O4 to investigate their thermal behaviour. The corresponding pattern is 

illustrated in Fig 2 (b). It is seen that, there is no much weight loss is observed with 

the increase in temperature. This is due to the material was calcined at 550oC and the 

contained impurities like moisture, structural water, nitrate, CO2 etc. was already 

decomposed. The total weight loss is found to be 1.6%. This study confirms that the 

NiCo2O4 is thermally stable at higher temperatures and can be applied as the electrode 

material for supercapacitor at variable temperature applications. 

The specific surface area of nanocrystalline NiCo2O4 has been measured through 

employing Brunauer-Emmett-teller (BET) method. To study surface area and porosity 

of nanocrystalline NiCo2O4 the N2 adsorption-desorption isotherm has been carried 

out. The corresponding pattern is illustrated in Fig 2 (c) and (d). Fig 2 (c) shows the 

isotherm with a distinct hysteresis loop in the range of 0 to 1 and at relative pressure 

P/Po. The observed hysteresis loop shifts to higher relative pressure on approaching 

P/Po =1, that suggests the hierarchical mesoporous structure of NiCo2O4. The pore 

size distribution and pore volume of NiCo2O4 are estimated using the Barrett-Joyner-

Halenda (BJH) method. Fig 2 (d) shows the pore size distribution of NiCo2O4 at the 

amount of nitrogen absorbed at P/Po =0.98595. BET surface area of the NiCo2O4 is 

22.011 m2/g and a corresponding pore volume is 0.0303 cm3/g. These results are in 

good agreement with the literature  

 

Fig 2 (a) UV- Visible spectra, inset shows the variation of photon energy (hυ) vr 
(αhυ)2, (b) Thermal analysis (c), N2 adsorption desorption isotherm and (d) pore size 

distribution 
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To estimate the electrochemical behaviour of nanocrystalline NiCo2O4, Fig 3 (a) gives 

the cyclic voltrammetric curves for nanocrystalline NiCo2O4 electrodes in the 

potential of -0.3 to 0.6V at scan rates 1, 10 and 100 mVs -1in 1M Na2SO4 electrolyte. 

Compared with the curves at different scan rates, all curves shows the pair of 

oxidation and reduction peaks, which indicates that the current potential response was 

potential dependant and pseudocapacitance mainly derived from redox reaction of 

nanocrystalline NiCo2O4 electrodes. It was found that the current responses as a 

function of scan rates and the slowly increased with the increase scan rate. This shows 

that the volatmmetric currents are directly proportional to scan rates of CV. This 

indicates an ideally capacitive behaviour [13]. 

The NiCo2O4 electrode exhibits specific capacitance of 342 Fg-1 248 Fg-1 and 13. 3 

Fg-1 at 1 mVs-1 10 mVs-1 and 100 mVs-1 scan rates respectively. The maximum 

specific capacitance and energy density was calculated to be 342 Fg-1 and 12.35 W h 

Kg-1 at scan rate 1mVs-1. Fig 3(b) represents the variation of scan rate with the 

specific capacitance. As the scan rate increases, the specific capacitance decrease, 

which is distinctive for electrochemically active NiCo2O4. As shown in fig 3 (b) the 

specific capacitance decreases from 342 Fg-1 to 13.3 Fg-1. Such behaviour of 

supercapacitor is due to diffusion effects of protons within the electrodes and presence 

of inner active sites that cannot sustain the redox transition completely at higher scan 

rates[14]. 
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Fig 3 (a) cyclic voltrammogram curve, (b) effect of scan rates on specific capacitance 

(c) Nyquist plot and (d) Bode plot 
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Impedance spectroscopic analysis of material was carried out in the frequency range 

1Hz to 1MHz. Fig.3 (c) and (d) shows the Nyquist plot (real part vs. imaginary part of 

impedance ) and Bode plots (frequency vs. phase angle) of nanocrystalline NiCo2O4 

respectively. The intercept of the Nyquist plots to the real axis represents equivalent 

series resistance (Rs) which involves the electrolyte resistance, the intrinsic resistance 

of the electrode material and the contact resistance of active material to the current 

collector. The semicircle in the high frequency region gives the charge transfer 

resistance (Rct), it is related to the internal resistance of the electrode and the double 

layer capacitance (Cdl). The charge transfer resistance (Rct) was calculated by 

measuring the diameter of the semicircle. [15]. From fig 3 (c) equivalent series 

resistance (Rs) and charge transfer resistance (Rct) of NiCo2O4 supercapacitor were 

found to be 4.7Ω and 15.2Ω respectively. The response-time data are calculated from 

Bode plot (frequency Vs Phase). Fig.3 (d) shows the Bode plot for electrode. These 

data follow the same trend as internal- resistance values. The ion-diffusion pathway 

through the layer of porous matrix is responsible for shorter response time [16]. The 

response time of NiCo2O4 is found to be less at a constant phase angle. 

 

4. CONCLUSION 

In summary, we have successfully synthesised nanocrystalline NiCo2O4 by cost 

effective sol-gel citrate method. BET surface area and corresponding pore volume of 

NiCo2O4 were found to be 22.011 m2/g and 0.0303 cm3/g respectively. The highest 

specific capacitance and energy density at scan rate 1 mVs-1 were achieved to be 342 

Fg-1 and 12.35 W h Kg-1 respectively. ESI study shows the low values of equivalent 

series resistance and charge transfer resistance are favourable for an increase in the 

value specific capacitance of NiCo2O4. Thus the results suggest that the sol-gel citrate 

method can serve as promising synthesis method for preparation of NiCo2O4 for high 

performance supercapacitor. 
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