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ABSTRACT 

The research thesis entitled ‘STUDIES ON POROUS GRAPHENE, 

OXIDES OF NICKEL AND THEIR NANOCOMPOSITES FOR 

SUPERCAPACITOR APPLICATION’ deals with the synthesis, characterization 

and studies on supercapacitor application of some oxides of nickel and their 

nanocomposites with porous graphene. The work describes successful synthesis of 

seven different kinds of novel electrode materials such as PG, NiO, NF, NC, PGNiO, 

PGNF and PGNC using solvothermal method. All the synthesized electrode materials 

were carefully characterized for their structural, elemental and morphological 

properties by employing appropriate techniques such as XRD, Raman, XPS, FESEM, 

TEM, HRTEM and BET techniques. The electrode materials were investigated for 

their utility in the field of supercapacitors using an aqueous 2 M KOH electrolyte. The 

synthesized electrode materials exhibited high electrochemical activity due to the 

synergistic effects of the components of the nanocomposite materials. The 

nanocomposite electrode materials displayed high cyclic stability at a higher applied 

current density. The impressive electrochemical accomplishment is attributed to the 

presence of porous structure and good surface area of composites, which not only 

acted as an ion-buffering reservoir but also maintained the mechanical strength during 

the continuous charge-discharge cycles. The obtained results suggest that these novel 

nanostructured oxides and PG based nanocomposites are potential candidates as 

electrode materials for the application in supercapacitors.  

Keywords: Solvothermal method; Porous graphene; Hybrid composite; Specific 

capacitance; Cyclic stability; Energy density; Power density. 
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Chapter 1 gives a brief introduction to the basic concepts of the study 

undertaken. It also gives a brief overview of the relevant works in the literature which 

focus upon porous graphene (PG), NiO, NiFe2O4 (NF), NiCo2O4 (NC), PGNiO, 

PGNF, PGNC hybrid composite synthesis and energy storage applications. Scope and 

objectives of the present research work have been given at the end.  

1.1 INTRODUCTION TO SUPERCAPACITORS  

The rapid depletion of the conventional energy sources and severe impact of 

pollution on the environment has led to increasing demand for the advancement of 

clean, efficient and environmentally benign energy storage systems to mitigate the 

energy crisis. Although batteries are used for the storage of large amount of charge, 

they lack fast charging and high cyclability (Fang et al., 2020). Tethering batteries 

with supercapacitors can ameliorate the charge storage capacity and can be used for 

future energy storage devices. The supercapacitors can be categorized into three types 

namely: electrochemical double layer capacitors (EDLCs), pseudocapacitors and 

hybrid capacitors (a type of capacitor made by blending of EDLC and 

pseudocapacitor materials). The charge storage mechanism decides the category of 

the supercapacitor.     

In EDLC, generally carbonaceous materials of high surface area is used as 

electrode material, as EDLC phenomena is dependent on the electrode/electrolyte 

interface where ion transport takes place and leads to the creation of an 

electrochemically active layer (Tian et al., 2020). Graphene owing to its high surface 

area is a promising material to increase the double layer capacitance as it can 

accommodate electrolyte ions (Wu et al., 2020). But it suffers from a drawback of 

finite quantum capacitance. Quantum capacitance of the material depends on its 

electronic structure (Song et al., 2018). Hence, by tuning the electronic structure, the 

material’s performance as a supercapacitor can be enhanced. Recently, PG, a type of 

graphenic material formed by the removal of sp
2
 bonded carbon atoms from the 

parent graphene plane, has attracted a lot of attention due to its porous structure and 

high surface area (Hwang et al., 2020). The applicability of this material is restricted 
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due to the expensive synthetic techniques required for the production and poor yield 

(Eftekhari, 2018; Qiu et al., 2018).  

In pseudocapacitors the charge is developed by the faradaic redox reactions at 

the electrode surface; this property is generally shown by oxides and sulphides of 

metals/polymers (Goel et al., 2018; Jiang et al., 2019; Nguyen et al., 2018). Among 

oxides of metals, RuO2 is considered as the best electrode material for supercapacitor 

application, but the cost and toxicity issues limit its applicability. Recently mixed 

metal oxides/spinels are considered as superior electrode materials for supercapacitors 

as compared to the single oxides owing to the mixture of two metal domains, various 

oxidation states, easy synthesis and high electrochemical response (Chime et al., 

2020; Gao et al., 2019).   

NiO is an inorganic material that acquires the NaCl (rock salt) crystal structure 

in which the Ni
2+

 and O
2-

 occupy the octahedral sites. This material appears as a cubic 

crystal with a space group of Fm-3m and a space group number of 225 with a 

molecular mass of 74.6928 g mol
-1

. NiO has been considered as a potential candidate 

for energy storage applications due to its high theoretical capacitance values of 3750 

F g
-1

 (Zhao et al., 2016). This material is widely used in supercapacitor applications 

owing to its abundant availability, environmental benignity, easy synthetic process 

and good electronic conductivity. NiO in the form of particles, nanoflakes, pyramidal 

structures, nanoflakes, belts, hollow NiO nanostructures and urchins (Edison et al., 

2018; Goel et al., 2018; Kumar et al., 2017; Sannasi et al., 2020; Tan et al., 2018; 

Wang et al., 2019; Zhang et al., 2016) has been applied as an active electrode material 

for supercapacitor applications.  

NF is a mixed metal oxide of nickel and iron, used as an electrode material for 

supercapacitor applications. NF is a spinel material with a space group of Fd-3m and 

the formula of AB2O4, which occurs in a mixed valence type structure with a cubic 

crystal system in which A and B atoms (cations) occupying some or all of the 

octahedral and tetrahedral sites. In contrast, O atoms (anions) are arranged in a cubic 

close packed lattice. NF is widely utilized as an electrode material for supercapacitor 
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application due to its high theoretical capacitance values, the mixture of 2 metal 

domains (Ni and Fe), high abundance, environmentally friendly nature (Bandgar et 

al., 2018) and more electronic conductivity compared to single NiO and Fe3O4. Many 

research groups have studied its electrochemical performance in supercapacitor 

applications where NF had different nano architectures such as nanopowders, 

nanoassemblies, nanoparticles, thin films, nanostructures, nanosheets and core-shell 

nanostructures (Anwar et al., 2011; Aparna et al., 2018; Askari et al., 2020; Bandgar 

et al., 2018; Bhojane et al., 2017; Gao et al., 2019; Zhang et al., 2018).  

NC also crystallizes in an inverse spinel structure with similar structural 

properties like NF. NC is a widely utilized electrode material for supercapacitor 

application due to its high theoretical capacitance value i.e. more than 3000 F g
-1 

(Wang et al., 2018; Yao et al., 2017), the mixture of 2 metal domains (Ni and Co), 

high abundance, environmentally friendly nature and electronic conductivity as 

compared to single NiO and Co3O4. There are various nano dimension structures of 

NC, reported by many authors which were potentially utilized as an active electrode 

material for supercapacitors and have displayed high electrochemical performance 

such as hexagonal NC nanostructures, NC nanoneedles, NC nanoparticles, NC 

nanofeathers, honey comb like NC, NC quantum dots, urchin and sheaf like 

nanostructures and firework-shaped NC (Bhagwan et al., 2019; Cao et al., 2020; 

Chatterjee et al., 2020; Gao et al., 2020; Kumar et al., 2020; Siwatch et al., 2020; 

Umeshbabu et al., 2014; Zhang et al., 2019).   

The EDLC material, especially PG, which possesses high surface area and 

good electronic conductivity for the transport of electrolyte ions, provides good 

capacitance value and high cyclic stability but has low energy density and power 

density values. On the other side, oxides of nickel/polymers are utilized as an 

electrode for pseudocapacitors. They can be easily synthesized and provide high 

electronic conductivity due to the redox nature of pseudocapacitors. The rich redox 

property of pseudocapacitors can generate high capacitance and energy density value, 

but it lacks cyclic stability. To overcome the issues of EDLC and pseudocapacitive 

material, the best way is to design a hybrid supercapacitor. Hybrid supercapacitors are 
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excellent electrochemical energy storage devices that combine the advantages of both 

EDLC and pseudocapacitor (Li et al., 2019; Liu et al., 2019). By exhibiting high 

energy and power density, high specific capacitance and long life cycle they bridge 

the gap between conventional capacitors and batteries. PG is superior compared to the 

parent graphene structure, as it can provide higher surface area and facilitate high 

electrical conductivity due to the presence of pores/voids on the sheet, where 

electrolyte ions can move freely without any added restriction. On the other side, 

oxides of nickel like NiO, NF and NC are considered as celebrated oxides for 

supercapacitor applications owing to their high theoretical capacitance value, 

abundance, environmentally benignity, high thermal and chemical stability (Askari et 

al., 2020; Wang et al., 2018; Yao et al., 2017; Zhao et al., 2016). The NiO, NF and 

NC in the form of various nanostructures have been used as an electrode material for 

supercapacitors and has depicted good capacitance values. Therefore, a hybrid 

supercapacitor employing the combination of PG with NiO, NF and NC to form 

PGNiO, PGNF and PGNC composite is expected to produce enhanced capacitance 

value, energy/power density and longer cyclic stability at a high current range.  

Many authors have reported the synthesis and electrochemical characterization 

of hybrid composites of PGNiO, PGNF and PGNC such as porous carbon 

sphere@NiO core-shell nanocomposite, graphene like foam/NiO nanocomposite, NF 

nanoparticles on a 3D graphene capsule,  NF nanocubes on rGO cryogel, hierarchical 

reduced graphene hydrogel-NC nanowire composite and flower like N-doped porous 

carbon/NC hybrid composite (Vickraman et al., 2018; He et al., 2019; Shaymaa et al., 

2018; Zhang et al., 2019; Li et al., 2019; Tang et al., 2019), which has delivered 

excellent electrochemical performance at beneficial current densities. Hence, the 

study of the PG composites would be of high interest in the field of supercapacitors. 
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1.2 REVIEW OF LITERATURE 

1.2.1 PG 

An overview of some reported literature on PG’s synthesis and its utility in 

supercapacitor has been presented here. 

Fan et al. (2012) successfully synthesized the PG nanosheets by using MnO2 

as an etching agent from graphene sheets. The PG, when utilized as an electrode 

material, displayed a capacitance value of 241 F g
-1

 compared to graphene of 195 F   

g
-1 

at a scan rate of 2 mV s
-1

 in 6 M KOH electrolyte. The PG also obtained 88% of its 

initial capacitance value after 5000 cycles. 

Han et al. (2014) synthesized holey graphene using commercially available 

graphene as only the starting material. A single step produced the holey graphene by 

heating the graphene in an air atmosphere (acts as an oxidant). The obtained material 

produced a capacitance value of 45 F g
-1

 at a current density of 3 A g
-1

 in an ionic 

liquid electrolyte of potential 2.5 V and 98% initial capacitance retention value after 

10000 cycles at a constant current density of 3 A g
-1

. 

Xu et al. (2014) fabricated holey graphene frameworks using graphene oxide 

(GO) as the starting precursor through the hydrothermal method by using H2O2 as an 

oxidizing agent. The synthesized holey graphene frameworks exhibited a capacitance 

value of  298 F g
-1

 at a current density of 1 A g
-1

 in an organic electrolyte, namely 1-

ethyl-3-methylimidazolium tetrafluoroborate/acetonitrile (EMIMBF4/AN) and 91% 

capacitance retention rate was observed after 10000 cycles at a current density of 20 

A g
-1

.  

Bai et al. (2016) synthesized holey graphene using a hydrothermal method and 

GO as the starting precursor. The obtained holey graphene displayed a capacitance 

value of 251 F g
-1

 at a current density of 1 A g
-1

 in 6 M KOH electrolyte. It retained 

around 94% initial capacitance value after 6000 cycles at a current density of 5 A g
-1

.   
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Kim et al. (2016) produced graphene nanomesh using GO as a starting 

precursor by following the chemical route. The as-prepared graphene nanomesh 

showed a capacitance value of 253 F g
-1

 at a current density of 1 A g
-1

 and 91% 

capacitance retention after 50000 cycles at a constant current density of 10 A g
-1

 in 1 

M tetraethylammonium tetrafluoroborate/acetonitrile (TEABF4/AN) electrolyte. 

Liu et al. (2018) prepared 3D graphene hydrogel using GO as the starting 

precursor under the hydrothermal method. The obtained graphene hydrogel displayed 

a capacitance value of 202 F g
-1

 at a current density of 1 A g
-1

 with an 89% retention 

rate after 5000 cycles at a current density of 5 A g
-1

 in 1 M H2SO4 electrolyte. 

Kang et al. (2019) prepared PG using exfoliated graphite through the 

microwave approach, followed by KOH activation. The as-synthesized PG displayed 

a capacitance value of 133 F g
-1

 at a current density of 1 A g
-1

 in 1 M Na2SO4 

electrolyte. 

Wang et al. (2019) synthesized PG through partial combustion of GO. The PG 

has displayed a capacitance value of 223 F g
-1

 at a current density of 1 A g
-1

 with an 

83% retention rate after 5000 cycles at a current density of 1 A g
-1

.  

Hwang et al. (2020) designed a stacking free PG network using GO as a 

starting precursor under the hydrothermal method. The obtained PG network has 

displayed a capacitance value of 338 F g
-1

 at a current density of 1 A g
-1

 and a 100% 

capacitance retention rate after 10000 cycles at a current density of 1 A g
-1

.  

1.2.2 NiO AND PGNiO 

An overview of a few reported literature about the synthesis of NiO, PGNiO 

and its utility in supercapacitor has been discussed here. 

Kolathodi et al. (2015) synthesized NiO nanofibers by sol-gel based 

electrospinning method followed by calcination. The synthesized nanofibers delivered 

a capacitance value of 248 F g
-1

 at a current density of 1 A g
-1

 and 98% initial 
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capacitance value was retained after 1000 cycles at a current density of 5 A g
-1

 in 6 M 

KOH electrolyte. The good capacitance value obtained for the NiO was mainly 

attributed to the high crystallinity of the fibers, which provided the path for effective 

ion transport.  

Zhang et al. (2016) synthesized mesoporous NiO nanourchins by a 

hydrothermal method followed by calcination in air. The electrochemical results 

depicted a capacitance value of 540 F g
-1

 at a current density of 1 A g
-1

 and 80% 

initial capacitance value was retained after 1000 cycles at a current density of 10 A   

g
-1

. The excellent performance showed by the urchin nanostructure was mainly 

attributed to the large surface area, reduced diffusion path; also, the urchin like 

structure acted as an ion reservoir for the efficient redox reaction. 

Kumar et al. (2017) synthesized NiO nanopyramidal thin films which were 

depicted a capacitance value of 72 F g
-1

 at a current density of 1 mA cm
-2

 with a 

capacitance retention rate of 91% after 1000 cycles at an applied current density of 1 

mA cm
-2

 in 1 M KOH electrolyte solution. The obtained better electrochemical 

performance of the electrode material was primarily believed to the hydrophilic nature 

of the NiO surface. 

Tan et al. (2018) synthesized NiO nanobelts through the hydrothermal method, 

followed by calcination. The as-prepared nanobelts executed a capacitance value of 

517 F g
-1

 at a current density of 0.5 A g
-1

 with a 76% capacitance retention rate after 

10000 cycles at a current density of 2 A g
-1

 in 2 M KOH electrolyte. The observed 

better capacitance value was mainly due to the good crystallinity and superior redox 

property of NiO. 

Edison et al. (2018) prepared NiO nanoparticles onto a Ni-foam by 

electrochemical method followed by calcination. The nanoparticles, when utilized as 

an electrode material for supercapacitor application, displayed a capacity value of 112 

C g
-1

 at a current density of 1 A g
-1

. The better electrochemical performance was 
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primarily ascribed to the large surface area of NiO, which has provided more 

electroactive sites for the redox reactions.   

Sun et al. (2019) prepared NiO nanocubes through the hydrothermal method, 

which has delivered a capacitance value of 1012 mF cm
-2

 at an applied current density 

of 1 mA cm
-2

 with a 70% retention rate after 6000 cycles at a current density of 10 

mA cm
-2

 in 6 M KOH electrolyte. The excellent electrochemical performance 

obtained for the nanocubes was primarily believed to electrode material’s high surface 

area.  

Kitchamsetti et al. (2019) synthesized NiO nanobelt structures by adopting a 

hydrothermal approach. The as-synthesized material displayed a capacitance value of 

794 F g
-1

 at a current density of 0.5 A g
-1

 with an 89% capacitance retention rate after 

2500 cycles at a current density of 4 mA g
-1

. The nanobelt morphology’s excellent 

electrochemical performance was mainly ascribed to the mesoporous nature with 

large surface area and interconnected porous nanobelt network.   

Sannasi et al. (2020) synthesized NiO nanoflakes through the microwave 

approach. The synthesized nanoflakes have delivered a capacitance value of 120 F g
-1

 

at a current density of 1 A g
-1 

with good rate capability.  

Jiang et al. (2013) synthesized PG/NiO nanocomposite through the 

hydrothermal method, followed by calcination. The obtained nanocomposite 

displayed a high surface area of 174 m
2
 g

-1
 compared to NiO of 36 m

2
 g

-1
. The 

composite structure displayed a capacitance value of 430 F g
-1

 compared to NiO of 

125 F g
-1

 at a current density of 200 mA g
-1

. The cyclic stability study displayed 86% 

(69%) retention rate for the nanocomposite (pure NiO) after 2000 cycles at a current 

density of 1 A g
-1

. The enhanced electrochemical property in the composite was 

mainly ascribed to PG’s porous nature, which acted as an ion buffering reservoir for 

the efficient electrochemical reaction.   
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Chen et al. (2014) synthesized NiO/nano PG composite through the atomic 

layer deposition (ALD) technique. The obtained composite sample displayed a 

capacitance value of 1006 F g
-1

 at a current density of 1 A g
-1

 and a retention rate of 

94% after 1600 cycles at a current density of 2 A g
-1

.in 2 M KOH electrolyte. The 

incremental charge storage trait in the composite was believed to the nanoparticle 

structure of NiO and the presence of PG, which has enhanced the electron transport 

by shortening the ion/electron transport path.   

Trung et al. (2015) synthesized 3D graphene/NiO nanoparticle composite 

structure through a high temperature calcination route. The obtained composite 

displayed a capacitance value of 1328 F g
-1

 at a current density of 1 A g
-1

 as compared 

to only reduced graphene oxide (rGO)/NiO composite of 632 F g
-1

. The porous 

composite material retained 87% capacitance value compared to 67% for rGO/NiO 

composite after 2000 cycles at a current density of 2 A g
-1

 in 2 M KOH electrolyte. 

The composite structure’s electrochemical performance was believed to the porous 

structure of graphene, which has provided high surface area along with the NiO 

nanoparticle to enhance conductivity and structural stability.  

Lv et al. (2018) synthesized mesoporous NiO nanoflakes on graphene foam as 

an electrode material for supercapacitor applications. The electrode material displayed 

a capacitance value of 1062 F g
-1

 at a current density of 1 A g
-1

 with a 91% retention 

rate after 5000 cycles at a current density of 1 A g
-1

 compared to NiO nanoflakes. The 

improvement of the capacitance value in the composite sample was mainly ascribed to 

the better electronic conductivity and mesoporous nature of the composite material.  

Vickraman et al. (2018) synthesized porous carbon sphere@NiO core-shell 

nanocomposite through the hydrothermal method. The prepared composite electrode 

material displayed a capacitance value of 825 F g
-1

 at a current density of 1 A g
-1

 

compared to the bare NiO of 407 F g
-1

. The composite electrode material also retained 

around 85% of the initial capacitance value after 3500 cycles at a current density of 

10 A g
-1

. The obtained good electrochemical behavior was primarily ascribed to the 

high surface area of the composite material.  
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He et al. (2019) prepared graphene like foam/NiO composite for 

supercapacitor applications. The composite material displayed a capacitance value of 

539 F g
-1

 at a current density of 1 A g
-1

 compared to graphene like foam of 147 F g
-1

 

at the same current density in 6 M KOH electrolyte. The composite material’s good 

electrochemical performance compared to only graphene like foam is primarily 

ascribed to the large surface area, porous nature and synergistic effect of the 

composite materials. 

1.2.3 NF AND PGNF 

An overview of a few reported literature about the synthesis of NF, PGNF and 

its utility in supercapacitor has been discussed here. 

Anwar et al. (2011) synthesized NF nanomaterials adopting different synthetic 

routes followed by high temperature calcination. Among the synthetic methods, the 

sol-gel mediated route displayed a capacitance value of 97 F g
-1

 in 0.1 N NaCl 

electrolyte. The enhanced capacitance value was primarily ascribed to the porous and 

interconnected structure of nanoparticles.  

Liu et al. (2017) synthesized NF microspheres with hollow interiors through a 

hydrothermal route following calcination of the intermediates in air. The NF showed a 

capacitance value of 205 F g
-1

 at 1 A g
-1 

current density and 99% initial capacitance 

retention value was maintained after 2000 discharge curves at a current density of 1 A 

g
-1 

in 1 M KOH electrolyte. The electrode’s good electrochemical performance was 

primarily believed to the hollow and hierarchical structure and good redox property of 

NF. 

Bhojane et al. (2017) synthesized NF nanostructures by a wet chemical route. 

The active electrode displayed a capacitance value of 342 F g
-1

 at an applied 0.833 A 

g
-1

 current density with a deficient initial capacitance retention value after 1050 

cycles. The good electrochemical performance of the electrodes was primarily 
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believed to the porous structure, which allowed the electrolyte ions for the better 

redox reaction.   

Bandgar et al. (2018) synthesized NF thin films of different morphologies 

such as nanosheets (47 m
2
 g

-1
), nanoflowers (25 m

2
 g

-1
) and nanofeathers (11 m

2
 g

-1
) 

employing the wet chemical method for supercapacitor application. Among the 

prepared nanomaterials, the nanosheets displayed an excellent capacitance value of 

1139 F g
-1

 compared to the nanoflowers (677 F g
-1

) and nanofeathers (435 F g
-1

) in 6 

M KOH electrolyte along with 98% capacitance retention value after 7000 cycles. 

The better electrochemical execution obtained for the nanosheets was primarily 

ascribed to the formation of well interconnected and organized nanosheets, which 

provided high surface area and more active sites for electrochemical reactions.  

Hua et al. (2018) synthesized NF nanocrystals of different sizes using 

hexamethylenetetramine (HMT) under the hydrothermal approach at different 

temperatures. Authors have reported that the high temperature reaction route leads to 

less crystal size than the low temperature route. The nanocrystal synthesized at 200 °C 

bearing the size of 46 nm presented a capacitance value of 562 F g
-1

 when coated on a 

Ni foam and in 2 M KOH electrolyte and 84% original capacitance value was retained 

after 1000 discharge rounds at a current density of 4 A g
-1

. The nanocrystal’s better 

electrochemical performance was primarily ascribed to the smaller nanocrystallite 

size and more exposed sites for electrochemical reaction. 

Aparna et al. (2018) prepared the NF nanoassemblies through the 

hydrothermal method for supercapacitor application. The prepared nanoassemblies 

depicted a capacitance value of 109 F g
-1

 at a scan rate of 2 mV s
-1

 and 90% 

capacitance retention value after 1000 cycles at a scan rate of 10 mV s
-1

. The good 

capacitance value observed for the nanoassemblies was mainly attributed to the good 

surface area and pore size distribution, which provided more active sites for the 

electrochemical reaction. 
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Gao et al. (2019) synthesized NF nanosheets (128 m
2
 g

-1
) and nanoparticles 

(77 m
2
 g

-1
) through the hydrothermal method followed by calcination of the 

intermediates in air. The Ni foam deposited active electrode showed a capacitance 

value of 241 and 174 F g
-1

 for nanosheets and nanoparticle morphology at a used 

current density of 1 A g
-1 

in 6 M KOH electrolyte and 130% of the initial capacitance 

value was maintained after 2000 discharge rounds at a current density of 1 A g
-1

. The 

better electrochemical execution depicted by the nanosheet morphology was primarily 

attributed to the high surface area of nanosheets, good contact of electrode surface 

with the electrolyte, which has improved the electrical conductivity of the nanosheet 

sample. 

Ge et al. (2016) synthesized porous carbon nanofibrous membranes 

incorporated with NF nanocrystals for supercapacitor applications. The 

nanocomposites displayed a capacitance value of 343 F g
-1

 at a current density of 1 A 

g
-1

 compared to only NF of 98 F g
-1

 in 1 M H2SO4 electrolyte. The composite material 

also delivered a 97% retention value after 10000 cycles at a current density of 1 A g
-1

. 

The enhanced capacitance value and long term cyclic stability for the composite were 

primarily attributed to the 3D structure of carbon, which provided good ionic 

mobility. The presence of NF made the composite structure more stable owing to 

which the enhanced performance was observed. 

Shaymaa et al. (2018) synthesized NF nanoparticles on a 3D graphene capsule 

through a hydrothermal route followed by calcination. The as-synthesized electrode 

material displayed a capacitance value of 1023 F g
-1

 at a current density of 2 A g
-1

 

compared to only NF of 712 F g
-1

 in 2 M KOH electrolyte. The composite electrode 

material retained 94% of its initial capacitance value after 10000 cycles, whereas the 

NF electrode retained only 88% value. The composite material’s enhanced 

electrochemical performance was primarily ascribed to the high surface area and 

increased electronic conductivity.  

Zhang et al. (2019) synthesized NF nanocubes anchored on rGO cryogel 

through a hydrothermal method and the prepared electrode material displayed a 
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capacitance value of 488 F g
-1

 at a current density of 1 A g
-1

 and 90% retention value 

as compared to NF of 79% after 10000 cycles at a constant current density of 3 A g
-1

. 

The increment in the electrochemical performance of the composite sample was 

mainly ascribed to the 3D porous network, which helped in the efficient transport of 

electrolyte ions. The incorporation of NF nanostructures reduced the strain produced 

during the electrolyte insertion/de-insertion process, which ultimately reduced the 

agglomeration of graphene sheets increasing the conductivity of the graphene and 

reducing the ion diffusion path for the improvement of electrochemical performance. 

1.2.4 NC AND PGNC 

An overview of a few reported literature about the synthesis of NC, PGNC and 

its utility in supercapacitor has been discussed here. 

Mondal et al. (2015) followed the microwave approach for the synthesis of 

NC nanosheets, which has shown a capacitance value of 560 F g
-1

 at a current density 

of 2 A g
-1

 with 95% retention value after 5000 cycles at a current density of 10 A g
-1

 

in 2 M KOH electrolyte. The good electrochemical performance executed by the 

electrode material was ascribed to the high surface area and porous nature of the 

electrode material, which has provided efficient electron transport and the contact area 

between the electrode/electrolyte surface. 

Xu et al. (2018) synthesized hollow NC nanospheres with a large specific 

surface area. The prepared nanospheres as an electrode have displayed a capacitance 

value of 1229 F g
-1

 at a current density of 1 A g
-1

 with 86% retention value after 3000 

cycles at a scan rate of 50 mV s
-1

. The electrode material’s excellent electrochemical 

performance was mainly attributed to the hollow structure with a large surface area 

that provided more active sites for the fast electrochemical redox reaction. 

Yan et al. (2018) prepared NC nanosheets by electrodeposition method 

followed by thermal treatment. Then vacancies were created in the nanosheets by 

soaking the NC nanosheets in different concentrations of NaBH4. The electrochemical 
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result showed an enhancement in the capacitance value (1590 F g
-1

) in the vacancy 

created sample compared to the normal nanosheets (898 F g
-1

) at a constant current 

density of 1 A g
-1

. The better electrochemical execution showed by the vacancy 

created sample was mainly ascribed to the enhanced electrical conductivity, improved 

redox reaction and faster kinetics.  

Li et al. (2018) prepared a diamond-shaped hexahedron structure of NC 

through the hydrothermal method. The as-prepared NC has shown a capacitance value 

of 691 F g
-1

 at a current density of 1 mA cm
-2

 with a 96% initial capacitance retention 

value after 5000 cycles at a current density of 6 A g
-1

 in 6 M KOH electrolyte. The 

better electrochemical execution was mainly ascribed to the increased contact area 

between the electrode and electrolyte interface. 

Bhagwan et al. (2019) synthesized hexagonal NC nanostructures through the 

co-precipitation method followed by calcination. The prepared electrode material 

depicted a capacitance value of 1525 F g
-1

 at a current density of 1 A g
-1

 with a 98% 

retention rate after 2000 cycles at a current density of 10 A g
-1

. The sample’s excellent 

electrochemical execution was mainly ascribed to the effective utilization of the 

electroactive surface area, reduced ion diffusion path and improved redox reaction.  

Zhang et al. (2019) synthesized firework-shaped NC microspheres through a 

simple hydrothermal method, followed by calcination in air. The NC electrode 

material displayed a capacitance value of 696 F g
-1

 at a current density of 1 A g
-1

 with 

86% capacitance retention value after 10000 cycles at a scan rate of 50 mV s
-1

. The 

sample’s excellent electrochemical execution was mainly ascribed to the maximum 

utilization of the electroactive surface area, reduced ion diffusion path and improved 

electrochemical reaction.  

Gao et al. (2020) synthesized NC nanofeathers through the hydrothermal 

method, followed by calcination. The obtained material displayed a capacitance value 

of 1797 F g
-1

 at 1 A g
-1

 current density with an 87% retention value after 5000 cycles 

at a current density of 10 A g
-1

. The obtained good electrochemical performance of 
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the electrode material was primarily ascribed to the short ion diffusion, faster kinetics 

and effective utilization of electrode material.  

Lamiel et al. (2016) synthesized 3D graphene@NC arrays on nickel foam as 

an electrode material for supercapacitor applications. The as-synthesized material 

displayed a capacitance value of 2356  F g
-1

 at a current density of 2 A g
-1

 and 123% 

initial capacitance retention value after 1500 cycles at a current density of 10 A g
-1

 in 

6 M KOH electrolyte. The extraordinary electrochemical execution of the composite 

material was mainly ascribed to the increased electronic conductivity of the composite 

sample.  

Foo et al. (2016) synthesized 3D hierarchical rGO/NC nanostructures through 

the hydrothermal method. The electrode material displayed a capacitance value of 613 

F g
-1

 at a current density of 1 A g
-1

 and 76% initial capacitance value was retained 

after 2000 cycles at an applied current density of 1 A g
-1

 in 2 M KOH electrolyte 

solution. The enhanced electrochemical performance of the composite sample was 

mainly attributed to the high surface area of the composite, which significantly 

reduced the diffusion path length and provided enough active sites for the 

electrochemical redox process.  

Sun et al. (2016) synthesized NC/3D graphene composite through the 

hydrothermal method. The obtained composite displayed a high capacitance value of 

2300 F g
-1

 at a current density of 1 A g
-1

 along with a 92% initial capacitance 

retention value after 4000 cycles at a current density of 10 A g
-1

. The composite 

material’s excellent electrochemical execution was mainly ascribed to the synergistic 

effect of the 3D porous structure of the graphene and nanoparticle structure of NC.  

Fang et al. (2018) synthesized N-doped mesoporous carbon@NC 

nanocomposites through the hydrothermal method, followed by calcination. The as-

synthesized composite electrode material showed a capacitance value of 1624 F g
-1

 at 

a current density of 1 A g
-1

 compared to NC nanostructure of 1038 F g
-1

. The 

composite material retained a 94% capacitance value after 10000 cycles at a current 
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density of 1 A g
-1

. The composite material’s extraordinary electrochemical execution 

was mainly ascribed to the synergistic effect of the component materials. 

Dong et al. (2019) synthesized NC nanorods incorporated in 3D porous 

ultrathin carbon networks as an electrode material for supercapacitor applications. 

The as- synthesized material displayed a capacitance value of 1256 F g
-1

 at a current 

density of 1 A g
-1

, which may be ascribed to the fast electron transport and high 

utilization of active material for redox reaction. 

Tang et al. (2019) prepared flower-like N-doped porous carbon/NC hybrid 

electrode material through a physical mixing method followed by a calcination 

process. The composite electrode displayed a capacitance value of 948 F g
-1

 compared 

to 603 F g
-1

 for NC nanostructures. The composite electrode material retained an 

initial capacitance value of 87% compared to the NC of only 68% after 2000 cycles at 

a constant current density of 10 A g
-1

. The improved electrochemical performance in 

the composite sample was mainly ascribed to the good surface area, numerous porous 

channels for fast and efficient ion transportation and good electrical conductivity.  

Li et al. (2019) synthesized hierarchical reduced graphene hydrogel-NC 

nanowire composites through a hydrothermal method for supercapacitor applications. 

The electrode material depicted a capacitance value of 1178 F g
-1

 at a current density 

of 1 A g
-1

, while only NC has shown a capacitance value of 705 F g
-1

 at the same 

current density. The composite and NC electrode material displayed a capacitance 

retention rate of 87% and 82%, respectively, after 5000 cycles at a constant current 

density of 5 A g
-1

 in 3 M KOH electrolyte. The composite sample’s improved 

performance was mainly ascribed to the high surface area, enhanced conductivity and 

porous nature.  

Jiu et al. (2019) synthesized 3D graphene aerogel-NC nanowire composites 

under the hydrothermal method followed by calcination. The composite material 

displayed a capacitance value of 720 F g
-1

 at a current density of 1 A g
-1

, while NC 

was displayed a capacitance value of 512 F g
-1

 at the same current density. The 
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amelioration in the capacitance value of the composite was attributed to the 

introduction of graphene aerogel, which provided good electrical conductivity and 

effective transport of electrolyte ions in the porous framework. The composite 

material retained 84% of the initial value after 1000 cycles at a current density of 1 A 

g
-1

. 

1.3 SCOPE 

The present world needs flexible, lightweight, mechanically strong and highly 

efficient energy storage devices due to applications in portable and wearable 

consumer electronic devices. It is also evident that there is a growing demand for 

these devices as they provide higher power density, longer cycling life, faster 

charge/discharge rates and safer operation conditions than lithium ion batteries and 

thus are considered as the most promising energy storage devices. PG could be a 

suitable replacement for graphene as an EDLC material due to the characteristics of 

highly porous structure, ability to act as an ion-buffering reservoir and reduction in 

the transport path length leading to the amelioration of electrochemical traits. Till 

date, the preparation of PG includes chemical bottom up approach via the surface 

assisted aryl-aryl coupling reaction and physical methods include high energy 

techniques such as electron beam irradiation, helium ion bombardment, laser 

irradiation and carbothermal etching on graphene film. In such methods the porous 

network is developed on a conductive substrate, which is very costly and the yield is 

also very poor, which limits its applicability in a real-world market. In most of the 

cases, the planar graphene sheets readily agglomerate owing to either van der Waals 

or capillary forces due to which it hinders the efficient transport of electrons across 

the channels and hence, the effective utilization of the planar sheet is not possible to 

improve the electrochemical performance of the material. On the other side, oxides of 

nickel are considered as a celebrated oxide for supercapacitor applications owing to 

its high theoretical capacitance value, high abundance, environmentally benignity, 

high thermal and chemical stability. Various oxides of nickel in the form of different 

nanostructures have been used as an electrode material for supercapacitors but owing 

to their poor conductance values they exhibit mediocre capacitance values. Therefore, 
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a hybrid supercapacitor employing the combination of PG and oxides of nickel is 

expected to produce enhanced capacitance value, energy/power density and longer 

cyclic stability at a high current range. There are several reports on the synthesis of 

hybrid composites of oxides of nickel with different graphenic forms. However, the 

obtained high specific capacitance values are mainly due to the utilization of 6 M 

KOH electrolyte or Ni foam as current collector. Although the use of Ni foam along 

with the concentrated KOH electrolyte increases the specific capacitance value due to 

the presence of interlinked pores in the Ni foam, the high cost and tedious procedure 

of its usage have limited its utility. Also despite the higher capacitance value, the 

cyclic stability performance of the composites reported were not satisfactory even 

after the use of Ni foam current collector, due to the use of concentrated KOH 

electrolyte (4 M - 6 M) which triggers the delamination of electroactive material 

leading to the hampering of long term cyclic stability at higher current densities.  

It is well agreed that supercapacitors form an important class of energy storage 

devices catering to a variety of needs. However, designing the same using eco-

friendly and earth abundant materials with high performance is still the dire need of 

the day. The synthesis of hybrid supercapacitors involving nanocomposites of PG and 

oxides of nickel by a low-cost and eco-friendly method for mass production looks 

promising and is of importance. Employing a solvent system consisting of a mixture 

of 1:1 ethylene glycol and water (EG+H2O) would be promising to obtain materials of 

high surface area and porous structure. Also it is worthwhile to investigate the 

electrochemical performance of these materials with lower concentrations of KOH 

and by using economic current collector in the form of Ni sheet. Based on these 

considerations the present study was carried out. 

1.4 OBJECTIVES 

The objectives of the proposed work are as follows: 

1) To synthesize PG and oxides of Ni viz. NiO, NF and NC. 

2) To synthesize nanocomposites of PG and oxides of Ni. 
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3) To characterize the synthesized materials using diffraction, microscopy, 

spectroscopy techniques and carry out elemental and surface area analysis. 

4) To study the electrochemical performance of these materials as an electrode 

and as symmetrical supercapacitor device in aqueous 2 M KOH electrolyte. 

1.5 PRESENT WORK  

The present thesis reports the successful synthesis of seven different kinds of 

electrode materials namely PG, NiO, PGNiO, NF, PGNF, NC and PGNC via facile, 

eco-friendly solvothermal method using mixed solvents. All the synthesized electrode 

materials were thoroughly characterized for their structural, morphological, elemental, 

spectroscopic and surface area properties by employing appropriate techniques such 

as X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), 

transmission electron microscopy (TEM), energy dispersive X-ray analysis (EDX), 

Raman spectroscopy and BET surface area analysis. Thereafter, each electrode 

material was investigated for the energy storage applications. The electrochemical 

characterizations such as cyclic voltammetry (CV), galvanostatic charge discharge 

(GCD) analysis, electrochemical impedance spectroscopy (EIS) and cyclic stability 

test were performed in an aqueous 2 M KOH electrolyte using economic Ni sheet as 

current collector. 

The contents presented in the thesis have been broadly divided into nine 

chapters with several sections in each chapter.   

Chapter 1 gives a brief introduction to the basic concepts of the study 

undertaken. It also gives a brief overview of the relevant works in the literature which 

focus upon PG, NiO, NF, NC, PGNiO, PGNF and PGNC, their synthesis methods and 

their role in supercapacitor application. Scope and objectives of the present research 

work have been given at the end. 

Chapter 2 - Chapter 8 deals with the synthesis, characterization and 

electrochemical studies of PG, NiO, PGNiO, NF, PGNF, NC and PGNC, respectively. 
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The electrochemical performance of the as-synthesized materials were studied 

thoroughly as an electrode material and by fabricating a symmetrical supercapacitor 

device. 

Chapter 9 outlines the summary of the work presented in the thesis along with 

important conclusions drawn from the study. The results of the experimental 

investigation presented in the thesis are compared with the reported literature. Scope 

for further research has also been included in this chapter. 

References used have been listed at the end followed by Bio-data.  



 

 

 

CHAPTER 2 

ECO-FRIENDLY SYNTHESIS OF POROUS 

GRAPHENE AND ITS UTILIZATION AS HIGH 

PERFORMANCE SUPERCAPACITOR ELECTRODE 

MATERIAL 
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Chapter 2 presents an eco-friendly approach for the synthesis of PG 

employing a mixed solvent system under a facile solvothermal route and its thorough 

characterization to know the formation of PG. First principles calculations were 

implemented to study the effect of pore formation on the electronic structure. PG’s 

electrochemical performance was studied as an electrode and in a supercapacitor 

device and is discussed thoroughly in this chapter.  

2.1 INTRODUCTION 

PG is a type of spongy graphenic material, which possesses different 

properties compared to that of graphene. After the discovery of graphene, many 

researchers have tried to modify the parent graphene structure and created a new type 

of planar sheet structure consisting of pores viz PG, formed by the removal of sp
2
 

bonded carbon atoms. Depending on their pore diameters they are classified as 

microporous (diameter < 2 nm), mesoporous (diameter from 2-50 nm) and 

macroporous (diameter > 50 nm) materials (Zdravkov et al., 2007). The pore sizes 

also vary from atomic to nanoscale dimensions, based on the fabrication methods 

used. Microporous structures can be used in catalysis, water and air purification, 

whereas the mesoporous and macroporous structures are generally used in adsorption 

of large hydrophobic molecules, chromatographic separations and electrochemical 

capacitors (Russo et al., 2013).  

Although there are several reports on the synthesis of PG and its utilization for 

charge storage, they involve the use of strong oxidants, templates, or chemical 

activation. An overview of the recent literature reveals that in such methods, the 

production cost is high, the yield is poor, the capacitance is less or capacitance 

retention is low apart from lower energy and power densities (Bai et al., 2019; Chai et 

al., 2019; Ghosh et al., 2018a; Kang et al., 2019; Liu et al., 2018; Meng et al., 2018). 

These factors limit its applicability in a real-world market.  
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2.2 EXPERIMENTAL SECTION 

2.2.1 Synthesis of GO and PG 

All the chemicals used here were of analytical grade and used without any 

further purification process. Deionized water was used for washing and preparation of 

GO suspension and PG.  

GO was synthesized according to the improved Hummers’ method, reported 

elsewhere (Marcano et al., 2010). A calculated amount of graphite was mixed with 

9:1 mixture of H2SO4:H3PO4. KMnO4 was added in batches of little amount with 

continuous stirring to avoid overheating and then the reaction mixture was maintained 

at 50 °C for 12 h. The dark brown suspension formed was poured into 200 mL ice 

water followed by the addition of 30% H2O2 till the effervescence ceases, changing 

the color of the suspension from dark brown to brilliant yellow. The suspension was 

successively washed with water, 30% HCl and ethanol and finally dried at 50 °C for 

10 h to get GO. 

The obtained GO was dispersed in a mixture of 1:1 ethylene glycol + water (1 

mg mL
-1

) and was ultrasonicated for 2 to 3 h in an ultrasonic bath. Then, the 

exfoliated GO dispersion was put into a stainless-steel autoclave of 100 mL capacity 

and further heated to 160 °C for 16 to 32 h (these samples were named as PG 16 to 

PG 32, respectively). After the autoclave gets cooled down to room temperature, the 

black products were collected and were repeatedly washed with water. Finally, the 

products were dried at 80 °C for 6 h to obtain PG (Figure 2.1). 

2.2.2 Characterization 

The structural and morphological characterizations of GO and PG were done 

by XRD (Rigaku MiniFlex 600 X-Ray diffractometer) with Cu-Kα radiation (λ= 

1.5418 Å) with a scan rate of 2° per minute in the range of 5° - 80°, FESEM (Zeiss 

Ultra 55 field emission scanning electron microscope) equipped with EDX (Oxford 

instruments), TEM images were recorded on Fei Tecnai G2 operated at an 

acceleration voltage of 200 kV. Raman spectra were recorded on an STR 500 
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confocal micro Raman spectrometer (Airix Corporation, Japan) using a 532 nm laser 

source. BET surface area analysis was done by recording nitrogen 

adsorption/desorption isotherms at 77 K (BEL SORP II, Japan). Prior to the analysis, 

samples were degassed at 200 °C in vacuum for 2 h. The pore size distribution of the 

materials was determined by using Barrett-Joyner-Halenda (BJH) method. X-ray 

photoelectron spectroscopy (XPS) data were taken in the range of 1-1200 eV 

(Omicron Nanotechnology) with monochromatic Al-Kα radiation (1486.7 eV) to 

investigate the surface chemical composition of the PG sheets. All the XPS spectra 

were corrected with the C 1s line at 284.5 eV. The Fourier transform infrared (FTIR) 

spectra were recorded in the wavenumber range of 400 - 4000 cm
-1

 using Bruker, 

model-Alpha instrument. For the FTIR analysis, pellets were made by mixing KBr 

and synthesized samples to make a homogeneous pellet. AFM analysis was done by 

using SPM 9600 atomic force microscopy (Shimadzu) in tapping mode. 

 

Figure 2.1 Mechanism of formation of PG. 
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2.2.3 Computational Details 

First principles electronic structure and density of states (DOS) calculations of 

pristine graphene and PG were carried out within the framework of density functional 

theory (DFT) using Quantum ESPRESSO package (Giannozzi et al., 2009).
 
Ultra-soft 

scalar relativistic pseudopotentials with parametrized functional of Perdew, Burke and 

Erzenhoff were used to approximate the exchange-correlation energy functional 

(Perdew et al., 1996). The pseudopotential representing the ionic core implements a 

generalized gradient approximation considering 2s
2
2p

2 
as valence electrons of carbon. 

Fully relaxed supercells of 5×5×1 and 10×10×1 dimensions of primitive cell were 

used to simulate various pore concentrations. A vacuum layer of 15 Å was maintained 

to separate the adjacent periodic images of the sheet. K mesh of 9×9×1 (for self 

consistent field calculations) and a denser grid of 36×36×1 (for obtaining DOS) were 

used to sample integrations over the Brillouin zone of the supercell. Electronic wave 

functions represented by plane wave basis set were truncated with an energy cutoff of 

50 Ry and charge density cutoff of 400 Ry. Gaussian smearing with a width of 0.01 

eV was used to smear the discontinuity in occupation numbers of electronic states. 

The electronic structure of the 2D sheet was determined along Γ - M - K - Γ high 

symmetry path. 

2.2.4 Electrochemical Measurements 

The working electrodes were made by mixing the active material (PG), 

acetylene black and PVDF binder in a weight ratio of 8:1:1. Initially, active material 

and acetylene black were mechanically mixed using a mortar and pestle and later a 

few drops of PVDF binder dissolved in NMP was added and mixed to get a slurry-

like ink. The slurry-like ink was coated on one side of a Ni sheet of 1×1 cm
2
 area 

using the Doctor’s blade technique followed by drying and employing a 3-electrode 

method. The mass deposited on the sheet was approximately 1 mg, as measured by a 

high precision weighing balance with a readability of 0.0001 g. Here, the coated Ni 

sheet served as the working electrode, saturated calomel as reference electrode and 

platinum wire as counter electrode. The symmetrical supercapacitor was fabricated by 
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coating the above prepared slurry-like ink on one side of a Toray carbon paper of 2×2 

cm
2
 area using layer by layer brush coating technique. The coated carbon paper was 

heated at 60 °C for 8 h to reduce the effect of the binder used. The supercapacitor 

setup consisted of coated PG as working electrode material, 2 M KOH as an 

electrolyte, a filter paper soaked in the electrolyte as a separator and stainless-steel 

panels as current collectors (Mishra et al., 2011; Subramanya et al., 2015a). The mass 

deposited on single carbon paper was found to be approximately equal to 3 mg. The 

electrochemical properties of the 3-electrode and supercapacitor device were 

evaluated by CV, GCD and EIS in the frequency range of 10
5
 Hz – 0.01 Hz (by 

impressing an AC perturbation of 10 mV) using a computer controlled IVIUMstat 

potentiostat/galvanostat electrochemical workstation BV Co., The Netherlands 

(Model: Vertex). The specific capacitance values from the CV curves were calculated 

according to equation 2.1 (Feng et al., 2018; Mishra et al., 2011; Sethi et al., 2019a). 

   
  

      
                                                                                                                       

Where Cs = specific capacitance (F g
-1

), A is the integrated area of the CV 

curve, ΔV is the maximum potential window (V), m is the deposited mass on one 

single electrode (g) and ν is the scan rate (V s
-1

). For 3-electrode system, n = 1. A 

factor of n = 2 is multiplied owing to the formation of series capacitance in a 2-

electrode cell (symmetrical supercapacitor device). 

The specific capacitance values from the GCD curves were calculated using 

equation 2.2.
 
 

     
    

    
                                                                                                                       

Where Cs = specific capacitance (F g
-1

), 
 

 
 is the applied current density, Δt is 

the discharging time, ΔV is the maximum potential window to discharge the cell, n = 

1 for 3-electrode system and n = 2 for 2-electrode cell.  
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The specific capacity Qs (C g
-1

) values were also calculated from the GCD 

data for 3-electrode system by using equation 2.3 (Zhang et al., 2019).  

   
    

 
                                                                                                                                  

The energy density E (Wh kg
-1

) and power density P (W kg
-1

) of the prepared 

electrode and supercapacitor device were calculated according to equation 2.4 and 

2.5, respectively (Hwang et al., 2020; Sethi et al., 2019a; Zhang et al., 2019). 

    
 

 
    

 
    

    
                                                                                                                    

Where Cs = specific capacitance (F g
-1

), V is the maximum potential window, 

E is the applied energy density,    is the discharging time. 

    
 

  
                                                                                                                                

The specific capacity (C g
-1

) values for the supercapacitor device were also 

calculated from the GCD data according to equation 2.6 (Brousse et al., 2015; Zhang 

et al., 2019). 

                                                                                                                                       

Where QS is the specific capacity, C is the capacitance obtained from GCD 

curve and ΔU is the potential window. 

The coulombic efficiency η (%) from the GCD curves were calculated using 

equation 2.7. 

       
   
   

                                                                                                                       

Where Δtd and Δtc are the discharging time and charging time, respectively. 
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 The double layer capacitance (CEDL) and pseudocapacitance (CP) contribution 

from the total capacitance were estimated by using the equation 2.8 (Biswas et al., 

2020; Sharma et al., 2019). 

                                                                                                                                  

Where CS (T) is the total specific capacitance, CEDL and CP is the double layer 

capacitance and pseudocapacitance contribution, respectively. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Structural, Elemental and Morphological Analysis 

Figure 2.2(a) shows the XRD patterns of the synthesized GO and PGs. In GO 

there is a characteristic peak at 9.4° corresponding to the (001) crystal planes. The 

interlayer spacing of the GO is around 0.94 nm as compared to the pristine graphite of 

0.34 nm, which clearly indicates that the high degree of oxygenation has occurred in 

the sample. In PG, the (001) crystal planes disappear and new peaks are observed at 

20–25° and 40–45° range,
 
which correspond to the characteristic (002) and (100) 

planes of the PG, respectively (Sadiq et al., 2017e). The calculated d-spacings from 

the Bragg’s law is given in Table 2.1 and the d-spacings are close to the value of 

graphite i.e. 0.34 nm depicting the restoration of the graphite moiety. The XRD peaks 

of the PG are broad in nature, suggesting the stacked nature of the sheets and 

thickness of few layers. From the XRD peaks and Scherrer’s equation, the average 

number of layers was calculated using equation 2.9 (Subramanya et al., 2015b). 

   
 

 
                                                                                                                                      

Where N is the number of layers, L is the crystallite size obtained from 

Scherrer’s equation and d is the d-spacing between the planes. The number of layers 

calculated using the formula was found to be ~ 4–6. 

Raman spectroscopy is a potent technique to characterize the graphene 

samples in terms of crystal disorders, defects and hybridization (Mohamed et al., 
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2017b; Sadiq et al., 2018b). The Raman spectra of GO and PG samples are shown in 

Figure 2.2(b). In all the samples the D band (formed due to the breathing mode of κ- 

point phonons of A1g symmetry) and G band (formed due to the first order scattering 

of the E2g mode) are present confirming the defect formation and restoration of 

graphite moiety in the PG samples (Sadiq et al., 2017c). 

 

Figure 2.2 (a) XRD patterns, (b) Raman spectra of the prepared GO and PG samples 

showing D and G bands.  

Table 2.1 2θ values and their corresponding d-spacing values for synthesized GO and 

PG.  

Sample name 2θ values (°) d-spacing (nm) 

GO 9.40 0.94 

PG 16 22.42 0.396 

PG 20 22.90 0.388 

PG 24 23.00 0.386 

PG 28 23.61 0.376 

PG 32 22.53 0.394 

 

In the Raman spectra of GO, the very low intensity of D band indicates lesser 

number of defects in GO sample. After the onset of the reduction process, the 
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progressive increase in the intensity of the D band, the broadening of G band and blue 

shifting of the peak from 1580 cm
-1 

for GO to 1590-1599 cm
-1

 for PG samples 

indicate the formation of defects and decrease in the number of layers in the samples 

(Sadiq et al., 2017c). The relative intensity ratio (ID/IG) of the D and G bands is a 

measure of the defects formed in the sample and is inversely proportional to the 

average size of the sp
2
 domains (Sadiq et al., 2017e).

 
The calculated (ID/IG) values for 

GO and PG samples are tabulated in Table 2.2. 

Table 2.2 D and G band positions and their corresponding ID/IG ratio values for GO 

and PG. 

Sample name D band position G band position ID/IG ratio 

GO 1351.0 1580.0 0.76 

PG 16 1347.4 1590.0 0.94 

PG 20 1347.4 1590.0 1.01 

PG 24 1351.0 1594.0 1.07 

PG 28 1351.0 1599.0 1.10 

PG 32 1347.4 1594.8 1.05 

 

Analysis of values in Tables 2.1 and 2.2 reveals that there is an inverse trend 

in the D and G band positions of Raman spectrum and XRD traces of PG 32 sample. 

This may be explained as follows: Compared to other samples, PG 32 was formed 

with a reaction time of 32 hours. This larger duration of reaction can cause better 

exfoliation and hence increased distance between planes of graphene crystallite. 

Accordingly, XRD trace of this sample showed higher d-spacing and reduction in the 

2-theta value. Due to the same reason, the sample undergoes better reduction and 

possesses lesser extent of defects. This will result in a lower value of D-band in the 

Raman spectrum. However, the variation of these values is not regular or linear and 

there can also be several other reasons contributing to these effects. More detailed 

studies are needed to understand this behavior and to make any conclusive remarks on 

this trend. 
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Figure 2.3 (a) XPS survey spectrum of PG 28, deconvoluted spectrum (b) C 1s and 

(c) O 1s.  

The chemical composition of the PG 28 sample was analyzed by XPS technique. 

The survey spectrum of the PG 28 sample is shown in Figure 2.3(a), wherein only 

carbon (87.7 at. %) and oxygen (12.3 at. %) were present suggesting the high purity 

of the sample. The low content of the oxygen in the sample indicates that appreciable 

reduction has occurred in the PG 28 sample. The deconvoluted C 1s spectrum in 

Figure 2.3(b) shows the existence of a sharp peak at 284.5 with a flat tail towards 

higher binding energy, depicting the restoration of sp
2
 moiety in the sample (Sadiq et 

al., 2017d). The peaks at binding energies of 285.9 and 288.5 eV correspond to the C-

O and C=O species, respectively in the sample (Mohamed et al., 2017a; Srivastava et 

al., 2014). The deconvoluted O 1s spectrum in Figure 2.3(c) reveals two peaks at 

binding energies of 531.2 and 532.8 eV, which may be ascribed to the C=O and C-O 

species, respectively (Sadiq et al., 2016; Sadiq et al., 2017c). 
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Figure 2.4 FTIR spectra of GO and PG. 

The FTIR spectra of GO and PG are displayed in Figure 2.4. The FTIR analysis 

tells the presence of chemical bonding and functional groups in the as-synthesized 

materials. The FTIR spectrum of GO shows the presence of peaks at 1093 cm
-1

 

corresponding to C-O-C stretching vibrations, 1291 cm
-1

 corresponding to C-OH 

stretching vibration, 1487 cm
-1

 corresponding to the O-H deformation of the C-OH 

group, 1632 cm
-1

 corresponding to the C=C stretching mode and the C-O stretching 

vibrations of the COOH group, 1736 cm
-1

 corresponding to the C=O stretching 

vibration from carbonyl group and a broad band at 3447 cm
-1

 corresponding to the 

absorption of water or O-H groups. In the spectrum of PG, the intensity corresponding 

to the peaks involving oxygen containing groups decreased suggesting the removal of 

oxygen moieties from GO to transform it to PG during the solvothermal process.  

The FESEM and TEM images of GO are shown in Figure 2.5(a) and (b). The 

FESEM image shows the agglomeration of GO sheets without any void/pores on the 

sheet. The TEM image of a GO layer indicates the absence of defects on the GO 

sheet. The FESEM image of the PG sheets in Figure 2.5(c) shows the crumpled and 

wrinkled structure indicating the soft, flexible and porous morphology (pores are 

marked with yellow circles) and stacked nature consistent with XRD results. The 

EDX pattern is given in Figure 2.5(c) inset showing only C and O as elements 

present, suggests the purity of the PG material. In order to confirm the generation of 
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pores on the sheets, The TEM analysis was done, which reveals the porous nature in 

Figure 2.5(d) and selected area electron diffraction (SAED) pattern of the PG sheet is 

shown in inset of Figure 2.5(d).  

 

Figure 2.5 (a) FESEM and (b) TEM image of GO, (c) FESEM image (inset shows the 

EDX pattern and elemental composition of PG 28)  and (d) TEM image of the PG 

sheet showing numerous pores on the sheet (inset shows the SAED pattern of PG). 

AFM analysis was carried out in order to know the surface topography of the 

PG sample. The 3D image shown in Figure 2.6(a) shows some deep cavities, which 

corroborates the porous nature of the sample. The 2D topographic image shown in 

Figure 2.6(b) shows some voids/pits in the plane which confirms the porous nature of 

the material. The topographic image of one selected area and its corresponding 

measured height profile is represented in Figures 2.6(c) and 2.6(d). The topographic 

images confirm the successful synthesis of the PG. 
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Figure 2.6 AFM image of PG 28 (a) 3D image, (b) 2D image showing the formation 

of pores, (c) Topographic image and (d) Height profile of the PG 28 corresponding to 

the white line drawn in (c). The value of Ra is 0.9 nm and Rq is 1.2 nm.  

The surface area is an important parameter for PG. All the prepared samples 

were analyzed for their surface area. Figure 2.7(a) shows the N2 adsorption-desorption 

isotherm of the PG samples, which conform to the characteristic type-IV isotherm 

with hysteresis loop in the P/Po
 
range of 0.4-1.0. These results suggest the presence of 

mesopores in the samples. The calculated surface area of the samples by using the 

BET method were found to be 126, 185, 269, 420 and 338 m
2
 g

-1
 for PG 16, PG 20, 

PG 24, PG 28 and PG 32, respectively. 

Among the tested samples, PG 28 exhibited the highest surface area as well as 

good restoration of graphitic moiety as indicated by the G band intensity in the Raman 

spectrum. These features contribute to high charge storage and transportation 
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characteristics. In view of this, the PG 28 sample has been selected as the best sample 

for electrochemical characterizations. The pore size analysis of the PG 28 sample has 

also been done and is shown in Figure 2.7(b). As can be seen from the plot, the 

sample possesses a porous structure with pores of microporous (1.7 nm) and 

mesoporous (3.5 and 9.8 nm) nature. The creation of the mesoporous structure at high 

temperatures is in accordance with the literature (Illán-Gómez et al., 1996). Such 

hierarchical porous structure and high surface area of the sample helped for high 

charge storage and thereby increases the capacitance value (Sevilla et al., 2011). The 

obtained surface area of the PG 28 sample is quite impressive and surpasses some of 

the previously reported literatures such as rGO (111 m
2
 g

-1
), 3D holey graphene 

through hydrothermal method (41.5 m
2
 g

-1
), graphene nanoplatelets (48 m

2
 g

-1
), PG 

network through hydrothermal method (108 m
2
 g

-1
), 3D graphene aerogel with 

bimodal pore structure (49 m
2
 g

-1
), RGO (207 m

2
 g

-1
), 3D PG film (84 m

2
 g

-1
) (Ahmed 

et al., 2017; Chai et al., 2019; Dimiev et al., 2015; Hwang et al. 2020; Riaz et al., 

2018; Singh et al., 2017; Xue et al., 2020).  

 

Figure 2.7 (a) BET surface area and (b) Pore size distribution of PG 28. 
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2.3.2 Role of Solvent Mixture on the Reduction of GO to PG 

It is known that solvothermal reduction of GO proceeds in two stages: (1) Partial 

reduction that depends on the solvent polarity and (2) Further reduction to fully 

restore sp
2
 structure of graphene. This second stage is strongly depending on solvent 

surface energy which controls the agglomeration of partially reduced GO. The solvent 

which can keep the GO well dispersed is believed to facilitate efficient reduction and 

thus the reduction of GO is highly susceptible to surface energy of solvents (Lin et al., 

2014). It has been derived through appropriate theoretical considerations that for 

maintaining such good dispersal of GO, surface energy of the solvent should be in the 

range of 70-80 mJ m
-2

 or slightly higher (Hernandez et al., 2008). 

In the present study ethylene glycol-water binary mixture was used for the 

reduction of GO by solvothermal approach. The surface tension of water and ethylene 

glycol were calculated using equations 2.10 and 2.11, respectively. 

   (
    

  
)
 

*    (
    

  
)+                  

                                              (2.10)  
 

     (  
 

  
)
 

                                                                               (2.11)
 

Where B= 235.8×10
-3

 N m
-1

, b= -0.625, μ= 1.256, T is the temperature of the 

solvent, Tc is the critical temperature, n is an empirical factor which is equal to 11/9 

for organic liquids and γo is a constant for each liquid which is given in equation 2.12. 

   
   

                                                                                             (2.12) 

Where k is a universal constant (2.1×10
-7

), V is the molar volume of the liquid 

and Tc is the critical temperature of the liquid. For ethylene glycol the value of γo was 

found to be 1.5135 J m
-2

. The calculated surface tension values for water and ethylene 

glycol at our solvothermal condition of 433 K are 46.5 mJ m
-2

 and 21.6 mJ m
-2

, 

respectively. For a solution of an organic compound (here ethylene glycol) and water, 
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the surface tension can be expressed as in equation 2.13 (Connors et al., 1989; 

Khossravi et al., 1993). 

                                                                                                   (2.13) 

Where x and y represent the mole fractions of ethylene glycol and water, 

respectively. In the present used mixed solvent system, the calculated surface tension 

of binary mixture (equal volumes of ethylene glycol and water) was found to be 40.4 

mJ m
-2 

at 433 K. The surface energy can be calculated from surface tension values 

and the same for pure water, pure ethylene glycol and binary mixture are 89.8, 65.0 

and 79.4 mJ m
-2

, respectively. Hence, it is evident that the surface energy of water is 

on the higher side and that of ethylene glycol is on the lower side of required range 

for an efficient reduction process, whereas the surface energy of the solvent mixture 

used in the present study falls in the required range. Thus, the binary solvent mixture 

that was used in this study supposed to facilitate efficient reduction of GO under the 

employed solvothermal condition.  

Further, under the prevailing conditions, the oxygen containing groups such as 

carboxylic, carbonyl and hydroxyl groups are believed to decompose into CO or CO2 

which can be entrapped into the hydrogel leading to the formation of the pores. Also, 

the overlapping and coalescence of graphene sheets can lead to the formation of pores 

in the resulting reduced graphene sheets, as reported previously (Hu et al., 2016; 

Mungse et al., 2014). 

2.3.3 Electronic Structure Analysis by DFT 

First-principles DFT electronic structure calculations were carried out to study 

the effect of pore formation in graphene sheets and its suitability as a material for 

supercapacitor application. For graphene based supercapacitors, the total capacitance 

is the resultant of double layer capacitance and quantum capacitance as though they 

were combined in series (Chen et al., 2017). Graphene has a large surface area due to 

which it can accommodate electrolyte ions and in turn increase the double layer 
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capacitance. Hence, the limiting factor is the finite quantum capacitance which is 

dependent on the electronic structure (Khosdel et al., 2015; Song et al., 2018).
 
The 

optimized structure of pristine graphene is a 2D sheet with carbon atom forming 

hexagonal rings with C-C bond length of 1.42 Å consistent with the previous reports 

(Chen et al., 2017; Song et al., 2018).
 
The electronic structure of pristine graphene 

reveals a zero band gap at K point (Dirac point) with valence band (VB) and 

conduction band (CB) touching each other with no states visible near the Fermi level 

in the DOS plot indicative of the vanishing gap (Figure 2.8a). As the quantum 

capacitance is directly proportional to the DOS near the Fermi level, the material 

exhibits lower capacitance as a direct consequence of lack of states near the Fermi 

level despite possessing considerable double layer capacitance. This becomes a major 

drawback for use of pristine graphene in supercapacitor application (Khosdel et al., 

2015; Song et al., 2018).
  

When defect is introduced in graphene sheet in the form of a missing carbon 

atom a pore is formed. To simulate various defect concentration 10×10×1 supercell 

with a single pore arising out of missing carbon atom; 5×5×1 supercells with one and 

two pores were considered. The carbon atoms closer to the vacancy appear strained 

with C-C bond distance of 1.39 Å while the carbon atoms further away from the pore 

do not exhibit any such strain (C-C bond distance remains ~1.42 Å). Figure 2.8(b) 

reveals the appearance of a defect band, lying 0.035 eV above the valence band 

maximum (VBM) at K point and 0.084 eV below the conduction band minimum 

(CBM). The density of states shows a prominent sharp peak exactly at the Fermi level 

due to the flat defect band. The partial DOS (pDOS) reveal that the carbon atoms in 

close vicinity of the point defect is responsible for the increase in DOS near the Fermi 

level as the electronic structure becomes more localized in the area near the defect. 

The states formed have major contribution from the ‘p’ orbitals and minor 

contribution from ‘s’ orbitals (Figure 2.9). It is believed that flatter bands and creation 

of higher density of states near the Fermi level leads to greater amount of 

accumulation of electrical charges there by increasing the supercapacitance of the 
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material as quantum capacitance is directly proportional to the DOS around the Fermi 

level (Chen et al., 2017; Song et al., 2018).  

 

Figure 2.8 Electronic structure and DOS of (a) Pristine graphene, (b) 10×10×1 

supercell of porous graphene with a single pore, (c) 5×5×1 supercell of porous 

graphene with a single pore and (d) 5×5×1 supercell of porous graphene with double 

pores. The energies are shifted with respect to Fermi level which is set to zero. 

The electronic structure of a 5×5×1 supercell with a single pore reveals 

opening of the band gap with the mid gap defect level with a width of 0.399 eV, 

appearing 0.644 eV (K → M-δ') above the VBM and 0.369 eV below the CBM (at K 

point). This appears as an asymmetric peak in the DOS plot (Figure 2.8c). When the 

number of pores is further increased to 2 per sheet, the mid gap defect level 

disappears and the bands introduced by the carbon atoms closer to the missing carbon 

atom appears just beneath the CBM overlapping with it (Figure 2.8d). An indirect 

band gap (K+δ → M) of 1.156 eV is observed. The abundant states near the Fermi 
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level and widened band gap increases the capacitance of the PG sheet improving its 

supercapacitor performance. 

 

Figure 2.9 DOS of 10×10×1 porous graphene sheet with a single pore. The 

contributions projected are from the three carbon atoms in the close vicinity of 

missing carbon atom (shown in darker color in crystal structure). The vacant spot 

depicts the missing carbon atom creating the pore. 

To study the effect of pore size, the electronic structure and DOS of pristine 

graphene (structure I), PG with single carbon atom vacancy (structure II) and PG with 

two carbon atom vacancies (structure III) were compared (Figure 2.10 and 2.11). The 

electronic structure of PG reveals that VB and CB edges which were touching each 

other in the case of pristine graphene now move apart creating a gap (Figure 2.10). 

The carbon atoms surrounding the pore form a defect level in between the VB and CB 

(Figure 2.11). The prominent peak appearing at the Fermi level is contributed by the 

nearest C atoms (shown in blue) surrounding the vacancy defect with major 

contributions from C ‘p’ orbitals and minor contributions from ‘s’ orbitals (Figure 
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2.12). The smaller peak arises due to the contributions from states of C atom shown in 

grey. Larger DOS near the Fermi level amounts to higher electrical charge 

accumulation which in turn increases the capacitance value. 

 

Figure 2.10 Electronic structure of defect free graphene (violet), porous graphene 

with single C vacancy (magenta), PG with two C vacancies (red). 

When the pore size is increased by removing two nearby carbon atoms 

(structure: III) it was seen the appearance of humps on either side of Fermi level due 

to two defect level arising on either side. The electronic structure shows a dip 

formation near the K point by the topmost VB states while the bottommost CB moves 

further up effectively increasing the band gap (Figure 2.10). The formation of pore 

increases the surface area of the graphene sheets and facilitates better adsorption and 

migration of charges and thereby further enhancing the double layer capacitance. In 

addition to this, the tuning of electronic structure with increase in DOS near Fermi 

level brings about an increase in the quantum capacitance thus improving the overall 

supercapacitance performance. 
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Figure 2.11 DOS plot of defect free graphene (I), porous graphene with single C 

vacancy (II) and two C vacancies (III). The graph is color coded. 

 

Figure 2.12 DOS plot of porous graphene with single C vacancy. Contributions from 

single C atom surrounding the pore is shown with color coding. 
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2.3.4 Electrochemical Study of PG as an Electrode 

The electrochemical performance of the PG 28 sample was studied by a 

conventional 3 electrode method by using 2 M KOH as electrolyte employing CV, 

GCD and EIS.  The electrochemical characterization was done in both negative and 

positive potential range. Figure 2.13(a) shows the CV curves at scan rates ranging 

from 5 to 200 mV s
-1

 in the potential range -0.6 V to 0.2 V. The obtained CV curves 

are nearly rectangular in shape suggesting the EDLC behavior of the sample. The 

calculated specific capacitance values following equation (2.1, for n = 1) are 484, 473, 

412, 356, 267, 156 and 85 F g
-1

 for the scan rates 5, 10, 20, 30, 50, 100 and 200 mV  

s
-1

, respectively. 

The GCD curves at different current densities ranging from 1-6 A g
-1

 are 

shown in Figure 2.13(b). The symmetrical nature of charge-discharge curves is 

suggestive of the good electrochemical trait of the material. The calculated specific 

capacitance values from the GCD data as per equation (2.2, for n = 1) are 437, 380, 

326, 250, 232, 220, 158 and 128 F g
-1

 for the current densities of 1, 1.5, 2, 2.5, 3, 4, 5 

and 6 A g
-1

, respectively. The calculated coulombic efficiency η (%) from the current 

densities of 1-6 A g
-1

 is more than 95% suggesting the good charge-discharge profile 

of the electrode material.   

The Nyquist plot of the PG 28 sample is displayed in Figure 2.13(c). The high 

frequency region is shown as an inset displaying the lower arc part of the plot. The 

very small semicircle at high frequency region and flat tail parallel to the Y-axis in the 

low frequency region are characteristic of good capacitive property of the material. 

The obtained Nyquist plot is best fitted by using Randle’s circuit through ZSimpWin 

3.21 computer controlled software and the fitted data with the corresponding 

equivalent circuit is presented in inset of Figure 2.13(c). In the fitted equivalent 

circuit, the double layer capacitance (Cdl) along with the charge-transfer resistance 

(Rct) is in series connection with the solution resistance (Rs). The line making a 45° 

angle in the low frequency region is known as the Warburg impedance (W). The W is 

connected in series with the Rct. The vertical line in the low frequency which is nearly 
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parallel to the imaginary axis (Z" axis) deviates from its ideal capacitive nature due to 

the parallel connection of leakage current (RL) with the constant phase element (QL) 

(Barzegar et al., 2016b).  

 

Figure 2.13 Electrochemical results of PG 28 in the negative potential range. (a) CV 

curves at various scan rates, (b) GCD curves at various current densities, (c) Nyquist 

plot: high frequency region and fitted equivalent circuit as insets and (d) Cyclic 

stability test at a scan rate of 100 mV s
-1

 for 10000 cycles. 

The admittance plot for PG 28 is shown in the inset of Figure 2.13(d). From 

the admittance plots, the time constant (τo) value can be obtained using equation 

(2.14) by knowing the knee frequency values (fo). 
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From the knee frequency value, the relaxation time constant can be obtained. 

Above the knee frequency, the capacitor would be resistive in nature. Hence, the 

capacitor would be more useful below this knee frequency. The calculated knee 

frequency for the present material is 25.1 kHz and the corresponding time constant 

value is 39.8 μs. The result indicates that the material would be an efficient capacitor 

for a good range of frequency. The cyclic stability study is an important parameter for 

practical application of the supercapacitor. Hence, it was done for 10000 cycles at a 

constant scan rate of 100 mV s
-1 

in Figure 2.13(d). The test showed retention of 87% 

of the initial capacitance value even after 10000 cycles, suggesting the good stability 

of the material. The good performance executed by the material was mainly attributed 

to the porous nature of the sample. Further, the material exhibited a maximum energy 

density of 34.2 Wh kg
-1 

and a maximum power density of 2400.0 W kg
-1 

in the studied 

range of current density and is displayed in Table 2.3. 

The electrochemical analysis of PG 28 sample in the positive potential range 

of 0 V - 0.5 V is shown in Figure 2.14. The CV curves at various scan rates ranging 

from 5 to 50 mV s
-1

 is displayed in Figure 2.14(a). It is evident from the nature of the 

CV curves that they show pseudocapacitive trait in the positive potential. The pair of 

redox peaks observed here is due to the presence of oxygen functionalities present in 

the PG sample as it is not completely reduced. They show redox reactivity in the 

positive potential range. Such results have also been reported in the literature (Deng et 

al., 2018; Oyedotun et al., 2017). Oyedotun et al., 2017 reported such kind of CV 

pattern for carbon nanorods in the positive potential range of 0 to 0.4 V. The 

calculated specific capacitance values for the PG 28 material are 666, 581, 556, 542 

and 457 F g
-1

 at the scan rates of 5, 10, 20, 30 and 50 mV s
-1

, respectively.  

The GCD curves at different current densities ranging from 2 to 12 A g
-1

 are 

presented in Figure 2.14(b). The charge-discharge curves are also showing 

pseudocapacitive characteristics like that in the CV curves. The calculated specific 

capacitance values from the GCD data are 567, 501, 480, 427, 232, 392 and 373 F g
-1

 

for the current densities of 2, 3, 4, 6, 8 and 12 A g
-1

, respectively. The obtained 

coulombic efficiency η (%) value is more than 95% for the applied current density 
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range from 2-12 A g
-1 

which is corroborating the good charge-discharge profile of the 

electrode material. The calculated maximum energy density and maximum power 

density of the material from this GCD data in the studied range of current density are 

15.9 Wh kg
-1 

and 2569.2 W kg
-1

,
 
respectively and is presented in Table 2.4.  

Table 2.3 Energy density, power density and specific capacity values of PG 28 in a 3-

electrode system in negative potential (-0.6 V to 0.2 V). 

Current density   

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density   

(W kg
-1

) 
QS (C g

-1
) 

1 34.2 375.4 349.6 

1.5 29.7 574.6 303.9 

2 25.4 750.2 260.8 

2.5 19.5 937.5 200.0 

3 18.2 1125.0 185.4 

4 17.2 1546.9 176.0 

5 12.3 1932.0 126.4 

6 10.0 2400.0 102.4 

 

Figure 2.14 Electrochemical results of PG 28 in positive potential range (0 to 0.5 V). 

(a) CV curves at various scan rates and (b) GCD curves at various current densities. 
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Table 2.4 Energy density, power density and specific capacity values in positive 

potential (0 V to 0.5 V) window at various current density.  

Current density  

(A g
-1

) 

Energy density    

(Wh kg
-1

) 

Power density    

(W kg
-1

) 
QS (C g

-1
) 

2 15.9 463.0 283.5 

3 14.1 714.4 255.9 

4 13.5 972.0 240.0 

6 12.0 1441.1 213.5 

8 11.0 1748.5 196.0 

12 10.5 2569.2 186.0 

Further, to evaluate the contribution of the blank electrode to the specific 

capacitance value of the material in both negative and positive potential windows, CV 

analysis for blank electrode and the blank electrode coated with the active material is 

carried out (Figure 2.15). The results very clearly demonstrate that the contribution 

from the blank electrode in both the potential windows is negligible.  

To find the CEDL and CP in the PG 28 sample, equation 2.8 is used. It is known 

that the total capacitance is the sum of the double layer capacitance contribution 

(which occurs due to physisorption of electrolyte ions on to the surface of the 

electrode) and pseudocapacitance contribution (which is due to faradaic reactions/ 

diffusion of electrolyte ions inside bulk of the material), respectively. It is well known 

that, when the scan rate tends to infinity (ν
-1/2 

→ 0) the specific capacitance is due to 

the contribution from double layer capacitance and at low scan rates the contribution 

from the bulk dominates. The specific capacitance varies linearly with respect to ν
-1/2

 

at lower scan rates and at higher scan rates the linearity is deviated due to the 

improper utilization of electroactive sites. Further, to obtain the capacitance 

contribution graphical method was employed and the cumulated capacitance graphs 

are sketched by considering the specific capacitance values in the y-axis and inverse 

square root of the scan rate in the x-axis as shown in the Figure 2.18.   
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Figure 2.15 CVs of bare Ni sheet and PG 28 coated Ni sheet in (a) Negative and (b) 

Positive potential windows at a constant scan rate of 50 mV s
-1

. 

It  is known that, as the scan rate tends to infinity, the CEDL contribution 

dominates and the CP contribution dominates at lower scan rates. In order to find out 

the CEDL and CP contributions the lower scan rate points are considered and linearly 

fitted and higher scan rate points are excluded owing to the deviation from the 

linearity (may be due to the nonexistence of electroactive sites for electrochemical 

reaction). The intercept was obtained by extrapolating the fitted curve towards the y-

axis, which provides the CEDL contribution and subtracting this CEDL contribution from 

the total contribution CS (T) gives the CP. The calculated CEDL and CP contribution of 

PG 28 sample in the negative potential range is 88.8% and 11.2%, respectively and in 

the positive potential range is 69.1% and 30.9%, respectively. 

2.3.5 Electrochemical Study of Fabricated Supercapacitor Using PG Electrodes 

The electrochemical performance of the fabricated symmetrical supercapacitor 

employing PG 28 electrodes is presented in Figure 2.16. The CV curves at various 

scan rates ranging from 5 to 200 mV s
-1 

are displayed in Figure 2.16(a). The obtained 

CV curves are nearly rectangular in shape suggesting the EDLC behavior of the 

sample. The calculated specific capacitance values by using equation 2.1 (for n = 2) 

are 297, 259, 207, 179, 145, 122 and 73 F g
-1

 for the scan rates 5, 10, 20, 30, 50, 100 

and 200 mV s
-1

, respectively. In order to check the effect of carbon paper on the 
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capacitance performance, the CV curves of carbon paper and supercapacitor device at 

a constant scan rate of 100 mV s
-1

 are compared (Figure 2.17). It is evident that the 

current collecting ability of the carbon paper is very poor as compared to the device.   

 

Figure 2.16 Electrochemical results of symmetrical supercapacitor fabricated from 

PG 28 electrodes. (a) CV curves at various scan rates, (b) GCD curves at various 

current densities, (c) Nyquist plot inset: equivalent circuit and (d) Cyclic stability test 

at a scan rate of 100 mV s
-1

 for 5000 cycles. 

GCD curves at different current densities ranging from 1.5 to 6 A g
-1

 is shown in 

Figure 2.16(b). The near symmetrical charge-discharge curves are an indication of 

good electrochemical performance of the material. The calculated specific capacitance 

values employing equation 2.2 (for n = 2)  are 189, 121, 110, 80, 77, 70 and 61 F g
-1

 

for the current densities of 1.5, 2, 2.5, 3, 4, 5 and 6 A g
-1

, respectively. The computed 
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coulombic efficiency η (%) for the charge-discharge curves at various current 

densities (1.5-6 A g
-1

) were found more than 95% for the utilized current density. 

 

Figure 2.17 CV curves of carbon paper and PG 28 coated carbon paper at a scan rate 

of 100 mV s
-1

. 

Table 2.5 Energy density, power density and specific capacity values of the fabricated 

symmetrical supercapacitor. 

Current density   

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density     

(W kg
-1

) 
QS (C g

-1
) 

1.5 26.3 1502.8 189 

2 16.8 2016.7 121 

2.5 15.3 2503.6 110 

3 11.1 3078.0 80 

4 10.7 3850.0 77 

5 9.7 5000.0 70 

6 8.5 6120.0 61 



52 

 

The calculated maximum energy density and maximum power density of the 

material from this GCD data in the studied range of current density are 26.3 Wh kg
-1 

and 6120.0 W kg
-1

,
 
respectively (Table 2.5). The obtained Nyquist plot with fitted 

data is presented in Figure 2.16(c). The high frequency region shows a semicircle and 

an inclined line in the low frequency region. The lower radius of the semicircle 

depicts the low resistance and high capacitive nature of the PG 28 active material.  

The inset in Figure 2.16(c) shows the fitted equivalent circuit determined according to 

the Randles equivalent circuit fitting method (Sahoo et al., 2017). The intercept at the 

real part (Z') on x-axis refers to the Rs of 0.5 ohm which mainly consists of resistance 

of the electrolyte solution, the contact resistance between active materials and current 

collectors. The diameter of the semicircle in the real part (Z') on x-axis depicts the Rct 

of 6.9 ohm and the smaller diameter of the semicircle indicates the lesser resistance 

value of  PG 28 sample, consistent with the CV and GCD results. The Rct and Cdl of 

the supercapacitor is shown by the arc in the high frequency region. W is generated 

owing to the diffusion/transport of OH
-
 ions into the electroactive material.  

The fabricated supercapacitor is tested for its stability by cycling tests at a 

scan rate of 100 mV s
-1

 and is presented in Figure 2.16(d). It is evident from the figure 

that the supercapacitor has retained 93% of the initial capacitance value even after 

5000 cycles, indicating a fairly high stability of the material. The good performance 

executed by the material is mainly attributed to the porous nature of the sample. The 

specific capacitance values of PG 28 material was compared with those of the 

recently reported literatures and are presented in Table 2.6. It was seen from the table 

that our material exhibits highest capacitance amongst all other materials and it also 

has a merit of being synthesized using an eco-friendly and facile method. The 

calculated time constant plot from the admittance plot was found to be 3980 µs. The 

specific capacity values for the symmetrical supercapacitor device were calculated by 

following equation 2.6 and are presented in Table 2.5. Further, the calculated CEDL 

and CP contribution of PG 28 sample in fabricated device is found to be 57.4% and 

42.6 %, repectively (Figure 2.19). 
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Figure 2.18 Determination of the CEDL and CP contribution of PG 28 in (a) Negative 

and (b) Positive potential window. 

 

Figure 2.19 Determination of the CEDL and CP contribution of PG 28 in a symmetrical 

supercapacitor device.   

Table 2.6 Comparison of capacitance values of PG 28 from earlier reports and present 

work. 

Electrode material CS (F g
-1

) Electrolyte 
Cyclic 

stability 
References 

Holey graphene aerogel 

through hydrothermal 

method 

316 @ 1 A 

g
-1

 
6 M KOH 

98% after 1000 

cycles @ 20 

mV s
-1

 

Bai et al. 

(2019) 
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3D holey graphene 

through hydrothermal 

method 

141 @ 0.5 A 

g
-1

 

1 M 

Na2SO4 
--- 

Chai et al. 

(2019) 

3D RGH/Carbon dot 

composites by 

hydrothermal method 

264 @ 1 A 

g
-1

 

1 M 

H2SO4-

PVA 

91% after 5000 

cycles @ 5 A 

g
-1

 

Feng et al. 

(2018) 

3D graphene aerogel 

through hydrothermal 

method 

111 @ 1 A 

g
-1

 
6 M KOH --- 

Ghosh et 

al. (2018a) 

Winged graphene 

nanofibres through 

microwave approach 

60 @ 2 mV 

s
-1

 

1 M 

Na2SO4 
--- 

Gong et al. 

(2014) 

Graphene like foam 

through glucose 

blowing approach 

147 @ 1 A 

g
-1

 
6 M KOH --- 

He et al. 

(2020) 

PG network through 

hydrothermal method 

338 @ 1 A 

g
-1

 
1 M H2SO4 

100% after 

10000 cycles 

@ 1 A g
-1

 

Hwang et 

al. (2020) 

PG through microwave 

method 

133 @ 1 A 

g
-1

 
6 M KOH --- 

Kang et al. 

(2019) 

3D graphene hydrogel 

through hydrothermal 

method 

246 @ 1 A 

g
-1

 
1 M H2SO4 

94% after 

20000 cycles 

@ 2 A g
-1

 

Liu et al. 

(2018) 

3D graphene hydrogel 

through hydrothermal 

method 

113 @ 0.5 A  

g
-1

 

1 M 

Na2SO4 

83% after 1000 

cycles @ 5 A 

g
-1

 

Meng et al. 

(2018) 

Flexible RGO foam by 

hydrazine reduction 

110 @ 0.5 A  

g
-1

 
1 M H2SO4 --- 

Niu et al. 

(2012) 

Graphene paper 

through 

196 @ 1 mV  

s
-1

 
1 M H2SO4 

93% after 

10000 cycles 

Sadak et al. 

(2018) 
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electrochemical 

exfoliation 

@ 4 A g
-1

 

Activated carbon/MoS2 

composite by 

hydrothermal method 

251 @ 2 mV  

s
-1

 

1 M 

Na2SO4 

88% after 5000 

cycles @ 20 

mV s
-1

 

Sangeetha 

et al. 

(2018) 

Flexible graphene 

paper pillared by 

carbon black by 

vacuum filtration 

method 

138 @ 

10 mV s
-1

 

 

6 M KOH 

96% after 2000 

cycles @ 10 A 

g
-1

 

Wang et al. 

(2012) 

Holey graphene aerogel 

by solvothermal 

method 

178 @ 0.2 A  

g
-1

 
6 M KOH --- 

Zang et al. 

(2016) 

PG sheets by 

solvothermal method 

666 (+ ve 

potential) 

484 (- ve 

potential) @ 

5 mV s
-1

 

2 M KOH 

87% after 

10000 cycles 

@ 100 mV  s
-1

 

Present 

work 

2.4 CONCLUSIONS 

In summary, a greener approach for the synthesis of PG samples without 

addition of any toxic reducing agents and employing a 1:1 binary mixture of ethylene 

glycol and water as solvent in a solvothermal approach is reported. Morphological 

analysis revealed the formation of porous structure on the surface of the sheets. 

Among the synthesized PG samples, PG 28 showed a high surface area of 420 m
2
 g

-1
 

with mesoporous structure and mean pore diameter of 3.4 nm according to BET 

analysis. The DFT calculations showed that the introduction of defects in the form of 

pores led to the increase in the DOS near the Fermi level due to introduction of 2p 

states of the carbon atoms in the close vicinity of the vacancy defects leading to the 

increase in the capacitance value. The PG 28 sample exhibited an impressive high 
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capacitance value of 666 F g
-1

 at a scan rate of 5 mV s
-1

 in the positive potential range 

of 0 - 0.5 V.  The symmetrical supercapacitor fabricated using the PG 28 electrodes 

retained 93% of its initial capacitance value even after 5000 cycles of charge- 

discharge process and exhibited a maximum energy density of 26.3 Wh kg
-1

 and 

maximum power density of 6120.0 W kg
-1

 in the studied current density range. The 

impressive result shown by the material is mainly due to the high surface area of the 

sample with hierarchical porous structure which not only provided the open channels 

but also provided the conductive path for the efficient charge storage and transport of 

ions.  

 



 

 

 

 

CHAPTER 3 

SOLVOTHERMAL SYNTHESIS OF NiO 

NANOFLAKES FOR SUPERCAPACITOR 

APPLICATION 
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Chapter 3 describes the synthesis of NiO nanoflakes through a solvothermal 

approach and its thorough diffraction, microscopic, spectroscopic and surface area 

characterization. The electrochemical analysis of the NiO electrode material is 

studied and reported here in detail. 

3.1 INTRODUCTION 

Advancement in the field of science and technology has led to increase in the 

consumption of energy as well as increased quest for renewable sources of energy and 

materials for energy conversion and storage like thermoelectrics, fuel cells, batteries 

and supercapacitors (Bhat et al., 2020; Fang et al., 2020; Shenoy et al., 2020; Tian et 

al., 2020; Wu et al., 2020). The transition metal oxides are considered suitable 

electrode materials for supercapacitors owing to their high abundance, low cost, high 

electrical conductivity and resistance to corrosion. Oxides of Ni are particularly 

interesting due to the multiple oxidation states exhibited by Ni. In this context, NiO 

has gained considerable attention as an electrode material for supercapacitors due to 

high theoretical capacitance, low cost, thermal and chemical stability (Ahmed et al., 

2019; Li et al., 2018; Lv et al., 2018; Mondal et al., 2018; Sannasi et al., 2020; Wang 

et al., 2019; Yang et al., 2014; Yus et al., 2019). 

Various NiO nanostructures (nanoparticles, nanoplatelets, nanocubes and 

nanosheets) are synthesized by employing hydrothermal, sonochemical and 

precipitation method followed by calcination in air. The NiO nanomaterials 

previously reported have displayed capacitance values in the range from 47.6 to 720 F 

g
-1

 (Ahmed et al., 2019; Li et al., 2018; Lv et al., 2018; Mondal et al., 2018; Sannasi 

et al., 2020; Wang et al., 2019; Yang et al., 2014; Yus et al., 2019). But the thorough 

literature survey points out that, very few reports are available for the synthesis of 

NiO nanoflakes and most of this use only water as a solvent. Mixture of solvents has 

not been reported so far for the synthesis of nanoflake. The synthesized nanoflakes by 

microwave, hydrothermal and co-precipitation method by using water as a solvent 

have depicted capacitance values in the range from 120–720 F  g
-1

 (Goel et al., 2018; 

Lv et al., 2018; Mondal et al., 2018; Sannasi et al., 2020). The observed high 
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capacitance value for the NiO nanoflakes was due to the use of high concentration (6 

M) KOH as an electrolyte and Ni foam as a conducting substrate, respectively. Also 

in the reported literature the cyclic stability study is not so impressive and is studied at 

lower current densities which are not suitable for the commercial applications.   

3.2 EXPERIMENTAL SECTION 

The solvothermal method is an easy, low cost method, where the desired 

nanostructures can be synthesized by minimal energy consumption. For the synthesis 

of NiO nanoflakes, first 0.95 g of NiCl2.6H2O was added to a 50 mL of mixed solvent 

(1:1; ethylene glycol: water) system and stirred for 1 h. To this, 0.16 g of NaOH was 

added under stirring. After an hour, the whole reaction mixture was transferred to a 

teflon lined stainless steel autoclave of 100 mL capacity and heated at 160 °C for 16 

h. After completion of the reaction, the autoclave was brought to room temperature 

and the green product was collected and washed with ethanol till the pH of the 

supernatant turned neutral. The green powder was dried at 80 °C overnight followed 

by calcination in air at 400 °C for 2 h to obtain the black NiO powder. The 

characterization and electrochemical studies were carried out as mentioned in chapter 

2. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Structural, Elemental and Morphological Analysis 

XRD analysis was carried out to study the crystal structure and phase of the 

synthesized NiO nanoflakes. The XRD peaks appearing at 2θ positions of 37.2°, 

43.2°, 62.8°, 75.2°, 79.4° were indexed to (111), (200), (220), (311) and (222) crystal 

planes of NiO respectively which is consistent with the standard JCPDS file number 

of 47−1049 in Figure 3.1(a) (Wang et al., 2019). The absence of impurity peaks 

indicated the successful formation of pure NiO. The broadening of the XRD peaks 

suggested the flakes could be of nano dimension. Hence, the average crystallite size 

was calculated by Scherer’s formula (D = 0.89λ/β cosθ) and found to be 15 nm.  
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The Raman spectrum revealed bands at 396 cm
-1

 and 499 cm
-1

 corresponding 

to the first order transverse optical (TO) and longitudinal optical (LO) phonon modes 

of NiO (Figure 3.1b). Similarly, the peaks observed at 705 cm
-1

 and 1080 cm
-1

 

corresponded to the combination of 2TO and 2LO phonon modes of NiO, respectively 

(Bose et al., 2016; Yang et al., 2013). The above results suggested the formation of 

NiO nanostructure. 

 

Figure 3.1 (a) XRD pattern of NiO with standard data and (b) Raman spectrum of 

NiO. 

Figure 3.2(a) represents the FESEM image of the synthesized sample with 

flakes ranging in diameter from 35 to 75 nm. The EDX analysis indicates the presence 

of elements like Ni and O and a slight amount of C due to the carbon tape used during 

measurements (Figure 3.2b). The elemental mapping was carried out which showed 

presence of Ni and O uniformly distributed (Figure 3.2c-e). The low magnification 

TEM image clearly reveals the flake like structure of NiO nanoparticles (Figure 3.3a). 

The high resolution transmission electron microscopy (HRTEM) image showed two 

distinct set of planes viz. (111) and (200) with interplanar distances matching with 

those of XRD results (Figure 3.3b). The SAED pattern of the NiO presented as an 

inset of Figure 3.3(b) shows several concentric rings indicating the polycrystalline 

nature of the NiO sample. The indexing of the rings matches those with the XRD 

results. 
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Figure 3.2 (a) FESEM image of NiO nanoflakes, (b) EDX pattern with elemental 

distribution profile, (c) Region of elemental mapping; elemental mapping profile of 

(d) O and (e) Ni.   

 

Figure 3.3 (a) TEM image of NiO nanoflake and (b) HRTEM image (SAED pattern 

as an inset).  
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The BET surface area plot of NiO nanoflakes can be categorized as type-IV 

isotherm with H3 hysteresis according to the IUPAC classification, as shown in 

Figure 3.4. The nanoflakes possessed a surface area of 35 m
2
 g

-1
. The pore size 

distribution of the materials analysed by BJH method revealed a total pore volume of 

0.086 cm
3
 g

-1
 with an average pore diameter of 3.64 nm. The high surface area and 

mesoporous structure is believed to enhance the electrochemical properties by 

facilitating easier migration of ions during charging and discharging. The observed 

values of BET surface area of the NiO nanoflakes is higher or comparable to that 

obtained for NiO nanoplates (18 m
2
 g

-1
), NiO nanosheets (12 m

2 
g

-1
), NiO nanowires 

(31.18 m
2 

g
-1

), NiO nanostructure (31.4 m
2 

g
-1

), Co3O4-NiO fish thorn like 

nanostructure (5.17 m
2
 g

-1
), NiO nanoplates (28.7 m

2 
g

-1
), NiO nanoparticles (34.6 m

2
 

g
-1

), hexagon like NiO (39.1 m
2 

g
-1

)  (Cuong et al., 2019; Hoa et al., 2018; Nguyen et 

al., 2018; Sancheti et al., 2018; Sekhar et al., 2018; Su et al., 2019; Voskanyan et al., 

2018; Yu et al., 2019) as reported previously. 

 

Figure 3.4 BET surface area of NiO (pore size distribution plot as an inset). 

3.3.2 Electrochemical Study of NiO as an Electrode 

The electrochemical performance of NiO electrode was studied by using CV, 

GCD and EIS analysis in a 3-electrode method by using 2 M KOH as an electrolyte. 

The CV curves of the NiO electrode in the potential range of 0-0.5 V at scan rates 

from 5-50 mV s
-1

 shows a pair of redox peaks indicating the faradic nature of the 
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material (Figure 3.5a). The calculated specific capacitance values were 305, 230, 163, 

151 and 111 F g
-1

 for the scan rates from 5 to 50 mV s
-1

. 
 
The GCD curves for NiO 

electrode material measured at variable current densities in the range of 1-12 A g
-1 

at a 

fixed potential window of 0-0.45 V depicted nearly symmetrical GCD curves with 

faradic nature (Figure 3.5b). The measured capacitance values were 190, 173, 

147,138, 126, 120 and 112 F g
-1

 for the current densities ranging from 1-12 A g
-1

.  

 

Figure 3.5 Electrochemical analysis of NiO in a 3-electrode system. (a) CV curves, 

(b) GCD curves, (c) Nyquist plot (fitted equivalent circuit as an inset) and (d) Cyclic 

stability data of NiO for 5000 cycles at a current density of 8 A g
-1

 (inset shows the 

admittance plot of NiO electrode). 

The comparison of the obtained capacitance values of NiO electrode with 

other reported NiO materials given in Table 3.1 reveals the success of the utilized 

synthetic technique in enhancing the performance of NiO which can be attributed to 

the mesoporous structure of the material which facilitates the ion transport and 



64 

 

reasonable occupation of the DOS near the Fermi level as indicated by the DFT 

calculations leading to increased quantum capacitance (Sethi et al., 2019b).  

It can be seen from the CV and GCD study, as the scan rate/current density 

increases the capacitance value decreases. This phenomenon can be explained based 

on the equilibration time, as the scan rate increases there is very less time for the 

electrode material to store charge as the electrolyte interacts only on the surface of the 

electrode material whereas at low scan rate/current density the electrolyte ions can 

percolate inside the porous electrode due to longer duration available leading to the 

increase in the capacitance value (Dupont et al., 2016). The measured coulombic 

efficiency η (%) is more than 95% for the charge-discharge curves of NiO electrode 

material, which suggests good stability. The measured energy density, power density 

and specific capacity values for the electrode material are presented in Table 3.2. 

Table 3.1 Comparison of electrochemical performance of NiO electrode with 

previously reported literatures.  

Electrode 

material 

CS from 

CV (F g
-1

) 

CS from 

GCD        

(F g
-1

) 

Electrolyte 

and 

substrate 

Cyclic 

stability 
References 

NiO 

nanoparticles 

47 @ 10 

mV s
-1

 
--- 

3 M KOH  

--- 
--- 

Ahmad et 

al. (2019) 

NiO 

nanoparticles 
--- 

112 C g
-1

 

@ 1 A g
-1

 

2 M KOH 

Ni foam 

˃ 95% after 

10000 

cycles @ 3 

A g
-1

 

Edison et 

al. (2018) 

NiO 

nanoflakes 

308 @ 5 

mV s
-1

 

307 @ 0.5 

mV s
-1

 

6 M KOH 

graphite 

plate 

96% after 

3000 cycles 

@ 2 A g
-1

 

Goel et al. 

(2018) 

NiO thin film 
674 @ 5 

mV s
-1

 

672 @ 0.5 

mA cm
-2

 

2 M KOH 

Thin film 

72% after 

2000 cycles 

Gund et al. 

(2018) 
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@ 100 mV 

s
-1

 

NiO 

nanopyramids 

305 @ 2 

mV s
-1

 

325 @ 0.4 

mA cm
-2

 

1 M KOH 

Stainless 

steel 

91% after 

1000 cycles 

@ 1 mA 

cm
-2

 

Kumar et 

al. (2017) 

NiO 

nanosheets 
--- 

385 @ 1 

A g
-1

 

6 M KOH 

Ni foam 

82% after 

4000 cycles 

@ 3 A g
-1

 

Li et al. 

(2018) 

NiO 

nanoflakes 
--- 

720 @ 1 

A g
-1

 

2 M KOH 

Ni foam 

˃ 80% after 

5000 cycles 

@ 1 A g
-1

 

Lv et al. 

(2018) 

NiO 

nanoflakes 

406 @ 2 

mV s
-1

 

224 @ 0.1 

A g
-1

 

1 M KOH 

Ni foam 
--- 

Mondal et 

al. (2018) 

NiO 

nanoplates 
--- 

297 @ 2 

A g
-1

 

2 M KOH 

Graphite 

sheet 

70% after 

2000 cycles 

@ 20 A g
-1

 

Qiu et al. 

(2018) 

NiO 

nanoflakes 
--- 

120 @ 1 

A g
-1

 

3 M HCl 

Ni foam 
--- 

Sannasi et 

al. (2020) 

NiO nanocubes --- 

1012 mF 

cm
-2

 @ 1 

mA cm
-2

 

6 M KOH 

Ni foam 

70% after 

6000 cycles 

@ 10 mA 

cm
-2

 

Sun et al. 

(2019) 

NiO 

nanoplates 

144 @ 2 

mV s
-1

 

250 @ 2 

A g
-1

 

1 M KOH 

Ni foam 
--- 

Yus et al. 

(2019) 

Hollow NiO 

nanostructures 
--- 

580 @ 1 

A g
-1

 

6 M KOH  

--- 

56% after 

2000 cycles 

@ 2 A g
-1

 

Wang et al. 

(2019) 
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Table 3.2 Energy density, power density and specific capacity values for the 

electrode. 

Current density 

(A g
-1

) 

Energy density        

(Wh kg
-1

) 

Power density         

(W kg
-1

) 
QS (C g

-1
) 

1 5.3 225.0 85.5 

2 4.8 449.8 77.8 

3 4.1 674.3 66.2 

4 3.9 901.1 62.1 

6 3.5 1348.6 56.7 

8 3.3 1773.1 54.0 

12 3.1 2657.2 50.4 

The Nyquist plot does not show semicircle in the high frequency region due to 

low Rs and Rct in the electrode. The nearly flat tail parallel to the imaginary axis (Z'') 

in the medium low frequency region indicates the ideal capacitive behavior and faster 

kinetics of the electrode material (Sethi et al., 2020c). The good impedance values 

observed may be attributed to the mesoporous structure of NiO nanoflakes. The fitted 

equivalent circuit in the inset of Figure 3.5(c) represents the series connection of Rs, 

Rct, W and Q. The vertical line in the medium low frequency which is nearly parallel 

to the imaginary axis is slightly deviated from the ideal capacitive nature due to the 

parallel connection of RL with capacitive element (C). The obtained value of Rs is 

0.48 ohm.  

The stability of the electrode material was tested for 5000 cycles at a high 

current density of 8 A g
-1

. The electrode was able to retain 100% capacity upto 200 

cycles, after which a slight decrease in the value was observed due to the 

agglomeration of the nanostructures after repeated discharge cycles which restricted 

the passage of electrolyte ions into the porous electrode. After 5000 discharge cycles, 

the electrode was still able to maintain 84% of its initial value, which is higher than 

the reported values by various NiO nanostructures (Table 3.1). The admittance plot of 

NiO electrode is presented in the inset of Figure 3.5(d). The obtained knee frequency 
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is 3.98 kHz with a time constant (τo) value of 251 μs. The obtained good capacitance 

value for NiO electrode is in accordance with the low time constant value (Sethi et al., 

2020a; Sethi et al., 2019b).  

3.3.3 Electrochemical Study of Fabricated Supercapacitor Using NiO Electrodes 

The CV curves of the NiO electrodes in the potential range of 0-1 V at scan 

rates from 5-200 mV s
-1

 indicates that as the scan rate increases the current collecting 

ability of the device increases as shown in Figure 3.6(a). The calculated specific 

capacitance values were found to be 30.2, 22.8, 17.2, 14.9, 10.6, 8.5, 7.4 and 5.3 F g
-1

 

for the scan rates of 5-200 mV s
-1

, respectively. The GCD curves of the device at a 

variable current density from 3-8 A g
-1 

at a fixed potential window of 1 V shows 

nearly symmetric nature, as shown in Figure 3.6(b). The capacitance values calculated 

for the device from GCD plots were 8.8, 6.2, 4.6, 3.5 and 3.2 F g
-1

 for the current 

densities ranging from 3-8 A g
-1

. The corresponding energy density, power density 

and specific capacity values for the device are presented in Table 3.3.  

The Nyquist plot of the supercapacitor device in the high frequency region 

showed a large semicircle corresponding to the large Rct value (Figure 3.6c). The 

observed large semicircle points towards low conductivity of the device resulting in 

lower capacitance value. The observed value of Rs was 0.49 ohm whereas Rct was 

109.5 ohm. 

The fitted equivalent circuit presented as an inset in Figure 3.6(c) shows Rs, 

Rct and W is in series connection while the real capacitance (Q1) is in parallel 

connection with W. The deviation of the supercapacitor behavior from an ideal 

capacitive trait is believed to be due to the parallel connection of RL with mass 

capacitance (Q2) (Rantho et al., 2020; Zhou et al., 2014). The admittance plot of the 

supercapacitor device yields a knee frequency value of 2.51 Hz with the 

corresponding time constant value of 0.398 s (398000 μs). The observed lower 

capacitance value is in agreement with the higher time constant value. 
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Figure 3.6 Electrochemical analysis of fabricated supercapacitor device by using NiO 

electrodes. (a) CV curves, (b) GCD curves, (c) Nyquist plot (fitted equivalent circuit 

as an inset) and (d) Cyclic stability data of NiO for 3000 cycles at a current density of 

8 A g
-1

 (inset shows the admittance plot of NiO device). 

To figure out why the material showed good capacitance values in a 3-

electrode system but exhibited mediocre performance in device, surface reactive sites 

were determined. The participation of surface reactive sites (Z) in the course of the 

redox process of NiO can be computed by using equation (3.1) (Umeshbabu et al., 

2018). 
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Where, M is the molecular mass of NiO (74.6928 g mol
-1

), ΔV (V) is the 

potential window, Cs (F g
-1

) is the specific capacitance (obtained from CV curve) and 

F is the faraday constant (96,485 C mol
-1

). The Z value indicates the number of 

electroactive sites participating in the electrochemical redox reaction and it will be 

equal to 1 if all the electrochemical active sites are participating. The obtained value 

of Z for the NiO electrode is 0.12 and that for supercapacitor device is 0.02. The 

obtained result shows that around 12% of the active sites are involved in the 3-

electrode method and only 2% active sites are involved in the redox reaction for the 

device. The obtained capacitance values are in agreement with the Z values. 

Table 3.3 Energy density, power density and specific capacity values for the device. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 
QS (C g

-1
) 

3 1.20 3013.7 8.8 

4 0.86 4000.0 6.2 

5 0.64 5000.0 4.6 

6 0.48 6034.5 3.5 

8 0.44 8000.0 3.2 

 

Figure 3.7 Determination of the CEDL and CP contribution of NiO in (a) 3-electrode 

and (b) Fabricated supercapacitor device.  
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The contribution of CEDL and CP to the total capacitance was determined by 

graphical method (Figure 3.7). The estimated CP contribution for the 3-electrode and 

supercapacitor device is 82.2% and 81.5%, respectively. These results displayed that 

NiO is CP dominant. These results indicate that compositing NiO with layered 

material would lead to even high performance. 

3.4 CONCLUSIONS 

NiO nanoflakes with a mesoporous structure of good crystallinity and surface 

area have been prepared employing a solvothermal approach. The material, when 

studied as an electrode, displayed a high capacitance value of 305 F g
-1

 at a scan rate 

of 5 mV s
-1 

apart from good rate capability and an appreciable coulombic efficiency 

of 95%. Along with high capacitance value, the electrode material has also retained 

84% of its initial capacitance after 5000 cycles at a higher current density of 8 A g
-1

. 

The fabricated symmetrical supercapacitor device also displayed high power density 

of 8000 W kg
-1

 at a higher applied current density of 8 A g
-1

. The promising results 

displayed by the NiO nanoflakes was believed to be due to the high surface area of the 

mesoporous structure which acted as an ion-buffering reservoir for the diffusion of 

electrolyte ions within the porous network which ultimately imparted good 

electrochemical properties. These results indicate that the employed low cost 

technique can very well be utilized for the synthesis of other oxide materials for 

supercapacitor applications. 



 

 

 

CHAPTER 4 
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Chapter 4 presents PGNiO nanocomposite synthesis employing a mixed 

solvent system under a facile solvothermal method. The electrochemical performance 

of PGNiO composite is studied both as an electrode and a supercapacitor device.  

4.1 INTRODUCTION 

Supercapacitors store large amount of energy and deliver it very quickly and 

hence are used in a plethora of applications. Nowadays, hybrid supercapacitors, which 

are the combination of EDLC and pseudocapacitive materials, are in demand. In these 

supercapacitors, the electrochemical properties such as specific capacitance, cyclic 

stability, energy/power density have lot of scope for improvement (Liu et al., 2019; 

Sethi et al., 2020a; Sudhakar et al., 2018). Many authors have reported the synthesis 

of hybrid composites of NiO with different graphenic forms such as 3D N-doped 

carbon, reduced graphene oxide, porous carbon, graphene foam, mesoporous carbon 

sphere and graphene sheets with capacitance values in the range from 79.4 F g
-1

 to 

1161 F g
-1

 (Banerjee et al., 2018; Chen et al., 2018; Huang et al., 2020; Li et al., 2020; 

Liu et al., 2019; Razali et al., 2018; Wang et al., 2018; Wu et al., 2019; Yus et al., 

2019) at beneficial current densities. However, the obtained high specific capacitance 

values are mainly due to the utilization of 6 M KOH electrolyte or Ni foam as current 

collector. Although the use of Ni foam along with the concentrated KOH electrolyte 

increases the specific capacitance value due to the presence of interlinked pores in the 

Ni foam, the high cost and tedious procedure of its usage have limited its utility. 

Many previous studies have reported good or moderate capacitance values but the 

cyclic stability performance of the composites was not satisfactory even after the use 

of Ni foam current collector, due to the use of concentrated KOH electrolyte (4 M - 6 

M) which triggers the delamination of electroactive material leading to the hampering 

of long term cyclic stability at higher current densities (Banerjee et al., 2018; Chen et 

al., 2018; Huang et al., 2020; Li et al., 2020; Liu et al., 2019; Razali et al., 2018; 

Wang et al., 2018; Wu et al., 2019; Yus et al., 2019). 
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4.2 EXPERIMENTAL SECTION 

For the synthesis of x-PGNiO (x = 5, 10, 15, 20, 25 and 30 wt% GO loading) 

composite, a calculated quantity of GO (16 mg, 34.4 mg, 54 mg, 77.5 mg, 103 mg, 

130 mg for 5, 10, 15, 20, 25 and 30 PGNiO, respectively) was dispersed in 1:1 

mixture of water and ethylene glycol and sonicated in a bath sonicator for 2 h in order 

to achieve complete dispersion. Then, calculated amount of NiCl2.6H2O (0.2 M) was 

added to the mixed solvent of 10 mL (1:1, water + ethylene glycol mixture, 5 mL + 5 

mL) which was then added to the GO dispersion dropwise and it was stirred 

continuously for 1 h. After 1 h stirring, 0.1 g NaOH (10 mL, 1:1, water + ethylene 

glycol mixture, 5 mL + 5 mL) was added dropwise and again stirred for 30 min. Then, 

the reaction mixture was transferred into a stainless steel autoclave of 100 mL 

capacity and heated at 160 °C for 16 h.  Afterward, the oven was cooled to room 

temperature and the collected products were washed with deionized water several 

times followed by 1:1; water: ethanol mixture till the pH of the solution becomes 

neutral and dried at 70 °C overnight. Later, the products were calcined at 400 °C for 2 

h in air to obtain PGNiO composite and named as 5 PGNiO - 30 PGNiO, respectively 

depending on the amount of GO loading. The characterization and electrochemical 

studies were carried out as mentioned in chapter 2. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Structural, Elemental and Morphological Analysis 

The XRD patterns of NiO and 10 PGNiO composite reveals peaks at 37.2°, 

43.2°, 62.8°, 75.2°, 79.4° which could be readily indexed to (111), (200), (220), (311) 

and (222) crystal planes. The pattern corresponding to cubic NiO is consistent with 

the standard JCPDS file number of 47−1049 (Figure 4.1a) (Lu et al., 2018; Sun et al., 

2018). The average crystallite size of pure NiO and 10 PGNiO are 15 nm and 12 nm 

as calculated by Scherer’s formula (D = 0.89λ/βcosθ) and is supported by the 

broadened diffraction peaks indicating the nano domain of NiO structures. The 
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absence of other diffraction peaks in the XRD pattern suggests the purity of the 

prepared samples. 

The Raman spectra for GO, PG and 10 PGNiO shown in Figure 4.1(b) reveals 

the presence of characteristic Raman signature for carbon materials viz. the D band 

and the G band in all the 3 samples. In GO, the D band intensity is low indicating 

lower amount of defects in the sample while PG reveals high degree of defects 

consistent with higher intensity of D band (Bantawal et al., 2019; Sadiq et al., 2017c; 

Sethi et al., 2019b). The intensity ratio of D to G band (ID/IG) indicates the degree of 

defect induced in the prepared sample. The calculated ID/IG ratio values are 0.76, 1.07 

and 0.96 for GO, PG and 10 PGNiO composite, respectively. The successful 

formation of PG from GO is indicated by the increased ID/IG ratio. Further, this ratio is 

lower than that of PG in case of 10 PGNiO due to anchoring of NiO flakes on PG 

sheets.  

 

Figure 4.1 (a) XRD pattern of NiO, 10 PGNiO and (b) Raman spectra of GO, PG and 

10 PGNiO composite.  

The XPS survey spectrum in Figure 4.2(a) shows the existence of the C, O and 

Ni confirming the presence of the elements. The high resolution C 1s spectrum in 

Figure 4.2(b) is deconvoluted into three peaks of binding energies of 284.8 eV, 286.9 

eV and 288.9 eV assigned to C-C/C=C, C-OH and C=O, respectively (Sethi et al., 

2019b). The high resolution O 1s spectra in Figure 4.2(c) is also deconvoluted into 
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three peaks of binding energies of 530.0 eV, 531.9 eV, 534.3 eV corresponding to the 

M-O-M, O-C=O and C=O bonds, respectively (Sadiq et al., 2017d). The high 

resolution Ni 2p spectra in Figure 4.2(d) is deconvoluted into two spin doublets of 

2p3/2 and 2p1/2 with their corresponding satellite peaks at binding energies of 855.4 eV 

(2p3/2), 861.8 eV (Sat.), 873.5 eV (2p1/2) and 880.1 eV (Sat.), respectively (Sadiq et 

al., 2017d).  

 

Figure 4.2 (a) XPS survey spectrum of 10 PGNiO; high resolution spectrum of (b) C 

1s, (c) O 1s and (d) Ni 2p. 

The FTIR spectrum of NiO shows a prominent peak at 588 cm
-1

, which could 

be ascribed to the stretching modes of Ni-O in the sample. The FTIR spectrum of 10 

PGNiO reveals the presence of peaks at 1630 cm
-1

 corresponding to the skeletal 

vibration from PG; apart from this, a sharp peak appeared at 590 cm
-1

, which could be 
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ascribed to the Ni-O/Ni-O-Ni stretching vibration, indicating the incorporation of NiO 

into the PG (Figure 4.3) (Chime et al., 2020; Liu et al., 2019).    

 

Figure 4.3 FTIR spectra of PG, NiO and 10 PGNiO.  

The use of solvothermal method with mixed solvent system is believed to give 

rise to unique porous morphology with high surface area (Sethi et al., 2019a). The 

TEM image of the 10 PGNiO reveals NiO flakes distributed on PG sheets in various 

orientations as shown in Figure 4.4(a). The EDX spectra reveals Ni, O and C as the 

only detectable elements indicating the purity of the product obtained (Figure 4.4b). 

The elemental mapping profile of 10 PGNiO composite studied from the highlighted 

image in Figure 4.5 also supports the results from EDX. The HRTEM image displays 

planes corresponding to (200) of NiO with interplanar distances matching that from 

XRD results (Figure 4.4c). The concentric rings observed in the SAED pattern 

suggest good crystallinity of 10 PGNiO (Figure 4.4d).  

The observed porous structure of 10 PGNiO composite from the 

morphological study led to probing into the surface area of the synthesized material. 

The BET curves obtained for 10 PGNiO indicated type IV isotherm of IUPAC 

classification (Figure 4.6). The anchoring of NiO flakes on PG decreased the surface 

area of PG from 126 m
2
 g

-1
 to 87 m

2
 g

-1
 in 10 PGNiO with a total pore volume of 

0.265 cm
3
 g

-1
 with an average pore diameter of 3.52 nm. Inspite of possessing lower 



77 

 

surface area than PG, 10 PGNiO has higher surface area than NiO, contributing to the 

improvement of electrochemical performance. 

 

Figure 4.4 (a) TEM image, (b) EDX spectra, (c) HRTEM image and (d) SAED 

pattern of 10 PGNiO.    

 

Figure 4.5 (a) Highlighted image from where the EDS mapping is done, elemental 

mapping of (b) O, (c) Ni and (d) C. 
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Figure 4.6 BET surface area plot of 10 PGNiO (pore size distribution plot of 10 

PGNiO is shown in inset).   

4.3.2 Electrochemical Study of PGNiO Composite Electrodes 

The electrochemical performance of the PGNiO composites was analyzed by 

using CV, GCD and EIS in a 3-electrode method by using 2 M KOH as an electrolyte. 

The CV curves of the PGNiO composite materials in the potential range of 0-0.5 V at 

a constant scan rate of 5 mV s
-1

 reveals a pair of redox peaks indicating the faradaic 

nature of the material (Figure 4.7a). The 10 PGNiO composite occupied more area in 

CV plot as compared to the other electrode materials hinting towards higher 

capacitance value. The calculated specific capacitance values of 356, 511, 287, 239, 

187 and 140 F g
-1

 for 5, 10, 15, 20, 25 and 30 PGNiO composites, respectively 

confirmed the previous statement. Here it is observed that after the incorporation of 

PG with NiO the capacitance values increased till the optimum loading. There after 

the capacitance values decreased owing to the agglomeration of PG sheets at higher 

concentration leading to decreased conductance. 

Similar to CV, the GCD curves for all PGNiO composite materials measured 

at a constant current density of 1 A g
-1

 at a fixed potential window of 0-0.45 V 

showed faradaic type behavior of the composites (Figure 4.7b). The measured 

capacitance values for the composites (5-30 PGNiO) were 276, 477, 212, 151, 115 
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and 102 F g
-1

, respectively. The measured coulombic efficiency η (%) of more than 

90% for the electrode materials indicates the good charge-discharge feature of the 

electrode materials. The 10 PGNiO displayed more discharging time as compared to 

other materials and exhibited higher capacitance value. The estimated specific 

capacity values from the GCD curves were 124.2, 214.7, 93.2, 67.9, 51.8 and 45.9 C 

g
-1

 for the 5-30 PGNiO composites, respectively. 

The EIS spectrum in the form of Nyquist plot of all the materials is shown in 

Figure 4.7(c). The Nyquist plots revealed the presence of a very small semicircle in 

the high frequency region, which suggested the low resistance value offered by the 

material and nearly a straight line towards the Y-axis, in the medium to low frequency 

region. This is suggestive of good capacitive trait of the materials. The obtained 

resistance and conductance values for the electrode materials are given in Table 4.1 

below. These values follow the same trend shown by the capacitance values estimated 

by the CV and GCD datas. The knee frequency values obtained from the admittance 

plot (Figure 4.7d) and the corresponding time constant values tabulated clearly 

indicate that 10 PGNiO composite shows less resistance and more admittance value, 

therefore has less time constant value, strongly agreeing with the high capacitance 

value offered by it (Table 4.1) (Sethi et al., 2020b). 

Table 4.1 Resistance, conductance, knee frequency and time constant values of 

electrode materials. 

Electrode 

material 

Resistance 

(Ω) 

Conductance 

(S) 

Knee frequency 

(kHz) 

Time constant 

(μs) 

5 PGNiO 0.28 3.6 15.90 62.9 

10 PGNiO 0.24 4.1 25.10 39.8 

15 PGNiO 0.31 3.2 10.00 100.0 

20 PGNiO 0.52 1.92 2.51 398.4 

25 PGNiO 0.63 1.58 1.59 628.9 

30 PGNiO 0.65 1.53 1.00 1000.0 
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Figure 4.7 Electrochemical analysis of PGNiO composite electrodes. (a) CV plots at 

a constant scan rate of 5 mV s
-1

, (b) GCD plots at a constant current density of 1 A    

g
-1

, (c) EIS plots in the high frequency region and (d) Admittance plots. 

4.3.3 Electrochemical Study of 10 PGNiO Composite Electrode 

Among the composites, it is found that the 10 PGNiO composite delivered 

good electrochemical performance and hence it was further studied as an electrode 

material. The CV curves of 10 PGNiO at various scan rates ranging from 5-300 mV  

s
-1

 are shown in Figure 4.8(a). The graphs exhibit redox peaks for the anodic and 

cathodic sweeps demonstrating the faradaic type trait of the material. As the scan rate 

increase from 5 mV s
-1

 to 300 mV s
-1

, the CV curves show the same trend without any 

significant deviation suggesting the good stability of the composite material. The 

computed capacitance values are 511, 405, 333, 259, 207, 172, 112, 91 and 78 F g
-1

 

for the scan rates of 5-300 mV s
-1

,
 
respectively. A capacitance value of 78 F g

-1
 is 
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obtained even with 60 fold increase in the scan rate, suggesting the good rate 

capability of the material.  

The GCD study of 10 PGNiO at different current densities ranging from 1-12 

A g
-1

 is shown in Figure 4.8(b). The nearly symmetrical GCD curves lead to specific 

capacitance values of 477, 413, 394, 240, 163, 137 and 133 F g
-1

 for the current 

density of 1, 2, 3, 4, 6, 8 and 12 A g
-1

, respectively. The computed energy density, 

power density and specific capacity values for the current densities ranging from 1-12 

A g
-1

 is given in Table 4.2. The calculated coulombic efficiency of > 90% from the 

GCD curves suggested good charge-discharge profile of the material.  

 

Figure 4.8 Electrochemical analysis of 10 PGNiO composite electrodes. (a) CV 

curves at various scan rates, (b) GCD curves at different current densities, (c) Fitted 

Nyquist plot (inset represents the fitted equivalent circuit) and (d) Cyclic stability plot 

at a current density of 8 A g
-1

 for 10000 charge-discharge cycles (inset shows the 

admittance plot of 10 PGNiO composite electrode).   
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Table 4.2 Energy density, power density and specific capacity values of 10 PGNiO 

composite electrode. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 
QS (C g

-1
) 

1 13.4 225.0 214.7 

2 11.6 450.1 185.9 

3 11.1 676.1 177.3 

4 6.7 893.3 108.0 

6 4.6 1358.0 73.4 

8 3.9 1823.4 61.7 

12 3.7 2748.2 59.9 

The Nyquist plot of 10 PGNiO composite in Figure 4.8(c) showed a straight 

line without any deviation in the low frequency region and absence of semicircle in 

the high frequency region indicating low Rs and Rct value. A nearly flat tail parallel to 

the Z"-axis (imaginary axis) in the low frequency region again suggests the faster 

kinetics and ideal capacitive nature of the material. This is attributed to the high 

surface area with large pore volume of the composite material. This type of 

impedance behavior is highly suitable for supercapacitor utility and the obtained high 

specific capacitance values are in strong agreement with the impedance results. The 

obtained Nyquist plot is best fitted by using Randle’s circuit and the fitted data with 

the corresponding equivalent circuit is presented in inset of Figure 4.8(c) (Barzegar et 

al., 2016a; Sethi et al., 2020c).  

10000 cycles were run to test the cyclic stability of 10 PGNiO electrode at a 

constant current density of 8 A g
-1

 (Figure 4.8d). It was found that after 10000 cycles; 

almost 80% of the initial capacitance was still retained. The admittance plot of 10 

PGNiO composite is displayed as an inset in Figure 4.8(d).  
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The CV curves of all the composites (5-30 PGNiO) at different scan rates 

ranging from 5−50 mV s
-1

 are given in Figure 4.9. The specific capacitance values for 

all the composites are presented in Table 4.3. The estimated CEDL and CP 

contributions for PGNiO composites determined via graphical method and tabulated 

indicates that the CEDL contribution increased with the increase in the PG content and 

led to decrease in CP contribution (Table 4.4; Figure 4.10). 

 

Figure 4.9 CV curves for (a) 5 PGNiO, (b) 10 PGNiO, (c) 15 PGNiO, (d) 20 PGNiO, 

(e) 25 PGNiO and (f) 30 PGNiO composite electrodes. 

Table 4.3 Specific capacitance values of all PGNiO composites in different scan 

rates. 

Composite Scan rate (mV s
-1

) CS (F g
-1

) 

5 PGNiO 

5 356 

10 274 

20 217 

30 154 

50 113 
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10 PGNiO 

5 511 

10 405 

20 333 

30 259 

50 207 

15 PGNiO 

5 287 

10 228 

20 189 

30 138 

50 101 

20 PGNiO 

5 239 

10 192 

20 158 

30 113 

50 82 

25 PGNiO 

5 187 

10 150 

20 125 

30 77 

50 53 

30 PGNiO 

5 140 

10 114 

20 95 

30 58 

50 39 
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Figure 4.10 Determination of the CEDL and CP contribution of (a) 5 PGNiO, (b) 10 

PGNiO, (c) 15 PGNiO, (d) 20 PGNiO, (e) 25 PGNiO and (f) 30 PGNiO composite 

electrodes. 

Table 4.4 CEDL and CP contribution of electrode materials. 

Composite CEDL (%) CP (%) 

5 PGNiO 22.8 77.2 

10 PGNiO 29.0 71.0 

15 PGNiO 32.7 67.3 

20 PGNiO 34.7 65.3 

25 PGNiO 35.8 64.2 

30 PGNiO 36.3 63.7 

4.3.4 Electrochemical Study of Fabricated Supercapacitor Using 10 PGNiO 

Composite Electrodes 

The 10 PGNiO nanocomposite is used as both cathode and anode for the 

fabrication of symmetrical supercapacitor in aqueous 2 M KOH electrolyte. The 

rectangular CV curves for supercapacitor device at varied scan rates ranging from 5-
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700 mV s
-1

 depicts good electrochemical feature of the material, as shown in Figure 

4.11(a). The calculated capacitance values from the CV curves are 86, 68, 55, 41, 29, 

19, 16, 10, 8, 7, 6, 5 and 4 F g
-1

 for the scan rates ranging from 5-700 mV s
-1

, 

respectively.  

 

Figure 4.11 Electrochemical analysis of symmetric supercapacitor fabricated from 10 

PGNiO nanocomposite electrodes. (a) CV Graphs at various scan rates, (b) GCD 

graphs at various current densities, (c) Fitted Nyquist plot with the equivalent circuit 

as an inset and (d) Cyclic stability study at a current density of 8 A g
-1

 with 

admittance plot in the inset. 

The GCD curves for the current densities varying from 2-12 A g
-1 

are shown 

in Figure 4.11(b) and the calculated capacitance values are 43.0, 24.0, 14.5, 13.8, 

12.0, 11.0, 9.8 and 8.4 F g
-1

 for the current densities varying from 2-12 A g
-1

. The 

calculated coulombic efficiency of > 90% from the GCD curves suggested good 

charge-discharge profile of the material. The calculated energy density, power density 
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and specific capacity values from the GCD curves (Table 4.5) for the varying current 

densities of 2-12 A g
-1

 tabulated indicates promising values ascribed to the good 

synergistic effect of the constituents in the PGNiO composite.  

Table 4.5 Energy density, power density and specific capacity values of the fabricated 

symmetrical supercapacitor.   

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 
QS (C g

-1
) 

2 5.9 2000.0 43.0 

3 3.3 3000.0 24.0 

4 2.1 4200.0 14.5 

5 1.9 5000.0 13.8 

6 1.7 6120.0 12.0 

8 1.5 8088.2 11.0 

10 1.3 10000.0 9.8 

12 1.1 12000.0 8.4 

The Nyquist plot depicts a very small semicircle in the high frequency region 

and an inclined line in the low frequency region (Figure 4.11c). The plot is best fitted 

by using Randle’s equivalent circuit shown in Figure 4.11(c) as an inset. Here, the 

obtained low value of Rs is 2.0 ohm and Rct of 4.1 ohm, consistent with the CV and 

GCD results.   

The cycle life of the fabricated supercapacitor is tested for 10000 cycles at an 

applied current density of 8 A g
-1

. Until 1500 cycles, the capacitance retention is 

100%. Then there is a slight decrease in the retention value and after 10000 cycles, 

around 84% of initial capacitance value is retained for the fabricated supercapacitor 

demonstrating its good retention capability (Figure 4.11d). The obtained knee 

frequency value of 251 Hz with a time constant value of 3980 μs from the admittance 

plot indicates the promising nature of the nanocomposite (Figure 4.11d inset). The 

CEDL and CP contribution for the fabricated supercapacitor device are 29.6% and 
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70.4%, respectively (Figure 4.12). The comparison of electrochemical performance of 

PGNiO electrodes with other reported literatures presented in Table 4.6 indicates that 

the current synthetic technique is able to produce superior electrochemical material 

and can be extended in the synthesis of other materials as well. 

 

Figure 4.12 Determination of the CEDL and CP contribution of 10 PGNiO 

supercapacitor device.  

Table 4.6 Comparison of 10 PGNiO electrodes with other reported literatures. 

Electrode material CS (F g
-1

) Electrolyte Cyclic stability References 

Amorphous carbon-

NiO nanoflowers 

composite 

79 @ 0.2  A 

g
-1

 

1 M 

Na2SO4 
--- 

Banerjee et 

al. (2018) 

Core shell carbon 

sphere-NiO 

composite 

555 @ 1 A 

g
-1

 
6 M KOH 

95% after 1000 

cycles @ 10 A g
-1

 

Chen et al. 

(2018) 

RGO-NiO 

nanocrystals 

composite 

422 @ 1 A 

g
-1

 
2 M KOH 

137% after 2000 

cycles @ 4 A g
-1

 

Gui et al. 

(2017) 
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NiO/sulphonated 

graphene composite 

520 @ 1 A 

g
-1

 
6 M KOH 

79% after 5000 

cycles @ 10 A g
-1

 

Huang et 

al. (2020) 

NiO-RGO 

composite 

590 @ 1 A 

g
-1

 
1 M KOH 

100% after 1000 

cycles @ 1 A g
-1

 

Kahimbi et 

al. (2017) 

NiO/graphene 

composite 

385 @ 1 A 

g
-1

 
6 M KOH 

82% after 4000 

cycles @ 3 A g
-1

 

Li et al. 

(2018) 

3D NC/Ni@NiO 

composite 

390 @ 1 A 

g
-1

 
6 M KOH 

70% after 5000 

cycles @ 2 A g
-1

 

Li et al. 

(2020) 

NiO 

nanoparticles/meso

porous carbon 

nanospheres 

406 @ 1 A 

g
-1

 
6 M KOH 

91% after 10000 

cycles @ 3 A g
-1

 

Liu et al. 

(2017) 

Hierarchical shell-

core structure, NiO 

nano spines @ C 

composite 

1161 @ 2 A 

g
-1

 
6 M KOH 

92% after 3000 

cycles @ 2 A g
-1

 

Liu et al. 

(2019) 

NiO nanodots on 

graphene composite 

1020 @ 1 A 

g
-1

 
2 M KOH 

78% after 2000 

cycles @ 5 A g
-1

 

Lu et al. 

(2018) 

Etched Carbon 

cloth-NiO-PANI 

composite 

192 @ 0.5 A 

g
-1

 

0.5 M 

H2SO4 
--- 

Razali et 

al. (2018) 

RGO-NiO 

composite 

880 @ 1 A 

g
-1

 
6 M KOH 

93% after 5000 

cycles @ 5 A g
-1

 

Sun et al. 

(2018) 

N-Doped porous 

carbon/NiO 

nanosheet 

composite 

404 @ 1 A 

g
-1

 
6 M KOH 

84% after 5000 

cycles @ 5 A g
-1

 

Wang et al. 

(2018) 

NiO @ graphite 

carbon nano 

composite 

317 @ 1 A 

g
-1

 
6 M KOH 

71% after 1500 

cycles @ 2 A g
-1

 

Wu et al. 

(2019) 
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RGO-NiO 

nanoplates hybrid 

structure 

484 @ 1 A 

g
-1

 
1 M KOH --- 

Yus et al. 

(2019) 

PGNiO electrode 

511 @ 5 mV 

s
-1

            

477 @ 1 A 

g
-1

 

2 M KOH 
80% after 10000 

cycles @ 8 A g
-1

 

Present 

work 

4.4 CONCLUSIONS 

Superior quality PGNiO composite can be synthesized following an 

ecofriendly solvent mediated solvothermal method. Appropriate loading of the PG 

content on to the NiO nano flakes results in a robust composite structure which helps 

to prevent the volumetric shrinkage during electrochemical cyclings. The material 

displayed an impressive specific capacitance value of 511 F g
-1

 at a scan rate of 5 mV 

s
-1

 for the single electrode and an appreciable power density and long term 

electrochemical stability as a supercapacitor. The superior electrochemical 

performance of this composite is mainly due to the synergistic effect of the 

constituent materials, which provided effective ion reservoir and mechanical strength 

facilitating smooth diffusion of electrolyte ions throughout the electroactive material 

when the material is subjected to charge-discharge processes. Overall, the study 

portrays the PGNiO nanocomposite as a promising candidate for energy storage 

applications. 

 



 

 

 

CHAPTER 5 

SOLVOTHERMAL SYNTHESIS OF NiFe2O4 

NANOPARTICLES FOR HIGH-PERFORMANCE 

SUPERCAPACITOR APPLICATIONS 
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Chapter 5 deals with the synthesis and detailed characterization of NF 

nanoparticles prepared through a solvothermal route. The synthesized material was 

studied for its utility as supercapacitors.   

5.1 INTRODUCTION 

Recently mixed metal oxides/spinels are considered as superior electrode 

materials for supercapacitors as compared to the single oxides owing to the mixture of 

two metal domains, various oxidation states, easy synthesis and high electrochemical 

response. Among the spinels, NC has exhibited good electrochemical activity due to 

its high electrical conductivity (Sethi et al., 2019a; Pan et al., 2019). But the other 

spinels such as ZnCo2O4, MnCo2O4, CoFe2O4 and NF are less studied owing to their 

inadequate electrical conductivity (Aparna et al., 2018; Gao et al., 2019). It is known 

that the cubic spinel structure of NF possesses stronger bonds between oxygen and 

metal ions, which makes them more attractive for use in electrochemical energy 

storage devices (Javed et al., 2016; Sethi et al., 2020b). In NF, both Ni and Fe atoms 

with more than 2 oxidation states facilitate higher electrical conductivity and superior 

energy storage properties. 

There are many studies on the synthesis of NF nanostructures by mainly 

hydrothermal and wet chemical methods and a few by sol-gel method (Anwar et al., 

2011; Aparna et al., 2018; Bandgar et al., 2018; Bhojane et al., 2017; Gao et al., 2019; 

Hua et al., 2018; Kumar et al., 2013; Zhang et al., 2018).
 
But the electrochemical 

study of thus synthesized NF reported very less specific capacitance value ranging 

from 95 to 350 F g
-1

 (Anwar et al., 2011; Bhojane et al., 2017). Wherever high values 

were reported ranging from 435 to 677 F g
-1

, it was due to the usage of Ni foam or 

high concentration of KOH (6 M), which are not desirable for a low cost and facile 

experimentation (Bandgar et al., 2018). In some cases, where the capacitance values 

were of the order of 342-562 F g
-1

, the capacitance retention ability was very low even 

for 1000 cycles making it unsuitable for commercialization (Bhojane et al., 2017; Hua 

et al., 2018). Hence, there is a requisite to synthesize NF by solvothermal method 
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such that it exhibits high value of supercapacitance without using Ni foam or high 

concentration of KOH and systematically study its electrochemical activities. 

5.2 EXPERIMENTAL SECTION 

NF was synthesized by solvothermal method using mixed solvents. First, 

Ni(NO3)2.6H2O and Fe(NO3)3.9H2O (1:2 mmol) are dissolved in 50 mL  (1:1 mixture, 

deionized water + ethylene glycol) and it is sonicated in a bath sonicator for 30 min to 

ensure complete dissolution. Urea (9 mmol) is added to the mixture while stirring and 

the solution is kept stirred continuously for one hour to obtain homogeneity, which 

was then added to a teflon lined stainless steel autoclave and heated for 18 h at a 

temperature of 160 °C. Then, the autoclave is brought to room temperature gradually. 

The obtained brown color product is washed several times with deionized water 

followed by ethanol till neutral pH, after which it is dried at 70 °C. Later it is calcined 

at 400 °C for 2 h in air to get pure NF nanoparticles. The characterization and 

electrochemical studies were carried out as mentioned in chapter 2. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Structural, Elemental and Morphological Analysis  

The phase and crystallinity of the as synthesized NF are analyzed by XRD. 

Figure 5.1(a) shows the XRD pattern of NF with standard data (JCPDS card number # 

074-2081). The XRD peaks show the crystalline nature of the material with 

broadened base suggesting the nano dimension of the synthesized NF. The absence of 

any other kind of peaks in the XRD pattern suggests the formation and high purity of 

the sample. The average crystal size is determined from the highest intensity peak 

from (311) crystal plane by using Debye-Scherrer’s equation and the crystallite size is 

found to be around 17 nm.  

Raman spectra of NF nanoparticles (Figure 5.1b) showed five Raman active 

modes i.e. A1g + Eg + 3 T2g modes according to the group theory calculations (Kumar 

et al., 2013; Sadiq et al., 2017c; Sadiq et al., 2017d; Zhao et al., 2017). The T2g mode 
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possesses three Raman bands including 206, 483 and 562 cm
-1

. The bands at 321 and 

692 cm
-1

 are assigned to Eg and A1g modes, respectively. Raman signal of cubic NF at 

692 cm
-1

 is attributed to the A1g symmetry of oxygen in tetrahedral group, while the 

other modes describe the octahedral sites. Raman spectrum shows three different 

kinds of vibrational modes in the lattice. The A1g mode arises due to the symmetric 

stretching of O atoms with Ni-O and Fe-O bonds in a tetrahedral structure. The three 

T2g modes are generated due to the asymmetric stretching of Ni/Fe/O and asymmetric 

bending of O relative to the metal ion. The Eg mode is symmetric bending of O atom 

relative to the metal ion. 

 

Figure 5.1 (a) XRD pattern of NF with the standard data and (b) Raman spectrum of 

NF nanoparticles. 

The mixed solvent solvothermal approach led to the formation of uniformly 

distributed spherical nanoparticles as revealed by FESEM image of the size from 13 

nm to 17 nm (Figure 5.2a). The EDX shows the presence of Ni, Fe and O as elemental 

constituents (Figure 5.2b). The presence of C peak is due to the carbon tape used 

during analysis. The observed atomic ratio of elements Ni, Fe and O in the sample is 

found to be approximately 1: 2: 4, supporting the formation of NF. The pores within 

NF nanoparticles are seen in the TEM images (Figure 5.2c and 5.2d). The measured 

interplanar distance in HRTEM image (Figure 5.2e) matches with (311) and (422) 

crystal planes of NF. The SAED patterns show well formed concentric rings, 
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depicting the polycrystalline nature of the NF (Figure 5.2f). The concentric rings 

correlate well with the XRD pattern of the NF nanoparticles, which further supports 

the formation of NF.  

 

Figure 5.2 (a) FESEM image, (b) EDX data (inset shows the elemental composition), 

(c) Low magnification TEM image, (d) High magnification TEM image, (e) HRTEM 

image with measured interplanar distance matching with the (422) and (311) crystal 

planes and (f) SAED pattern of NF nanoparticles. 
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The BET surface area analysis is a prominent measurement tool to obtain 

information about the specific surface area value along with the pore volume and pore 

diameter. The BET plot determined is shown in Figure 5.3 and it belongs to type-IV 

class of isotherms. This kind of isotherm with H3 hysteresis loop is in general 

suggestive of porous nature of the material. The measured BET surface area of the NF 

nanoparticles is 80 m
2
 g

-1
, seeming to be higher or comparable than previously 

reported values of NF nanomaterials (0.968 m
2
 g

-1
), NF nano flower (25 m

2
 g

-1
) and 

nano feather (11 m
2
   g

-1
), NF nanoarchitectures (73 m

2
 g

-1
), NF nanoparticles (77 m

2
 

g
-1

), NF nanocrystals (39 m
2
 g

-1
), NF nanoparticles (76 m

2
 g

-1
) and NF/RGO 

composite (57 m
2
 g

-1
) (Anwar et al., 2011; Bandgar et al., 2018; Cao et al., 2015; Gao 

et al., 2019;  Liu et al., 2014; Peng et al., 2012; Wu et al., 2016). Also, the BJH plot 

analysis revealed a large pore volume of 0.54 cm
3
 g

-1
 and mesoporous nature of the 

material.  

 

Figure 5.3 BET surface area plot of NF (inset shows BJH plot). 

5.3.2 Electrochemical Study of NF as an Electrode 

The electrochemical analyses of the NF electrodes are carried out using a 3-

electrode method with 2 M KOH as electrolyte. The Figure 5.4(a) shows CV curves 
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of NF at varying scan rates ranging from 5-100 mV s
-1

, which are typically of 

pseudocapacitive nature, showing a redox peak pair in the anodic and cathodic 

sweeps. The anodic part of the CV curve is asymmetric in nature. It is well known 

that the peaks are representative of reversible charge transfer reactions taking place on 

the material surface and obviously, in NF sample, faradic charge storage mechanism 

dominates over electrostatic charge storage mechanism. Thus, the major contribution 

to the capacitance of the sample is from pseudocapacitance due to reversible 

electrochemical reactions associated with [Ni/Fe]-O/[Ni/Fe]-O-OH (Kumar et al., 

2018). The observed asymmetric trait in the anodic peak of the CV curve is attributed 

to these processes. The calculated specific capacitance values are 478, 409, 289, 263, 

203, 188 and 176 F g
-1

 for the scan rates of 5, 10, 20, 30, 50, 75 and 100 mV s
-1

, 

respectively.  

The GCD curves of NF at different current densities in the range from 1 to 16 

A g
-1

 are displayed in Figure 5.4(b). The pseudocapacitive GCD curves with 

symmetrical loops are of high significance in the supercapacitor application. The high 

discharging time of the electrode material resulted in high specific capacitance values 

(Foo et al., 2016). The calculated specific capacitance values are 368, 360, 338, 320, 

293 and 266 F g
-1

 for the current densities of 1, 2, 4, 8, 12 and 16 A g
-1

, respectively. 

The calculated coulombic efficiency value is more than 95% for the GCD curves, 

which suggests the good charge-discharge profile of the electrode material. The 

computed specific capacity values are 165.6, 162.0, 152.1, 144.0, 131.8 and 119.7 C 

g
-1

 for the current densities of 1-16 A g
-1

. A high power density of 3375.0 W kg
-1

 was 

obtained for the material while maintaining an energy density of 7.5 Wh kg
-1

 at a 

current density of 16 A g
-1

. The energy density and power density values are tabulated 

in Table 5.1. 

The reported specific capacitance values in 2 M KOH electrolyte, from the CV 

and GCD curves, are high as compared to previous reported literature, and are 

summarized in Table 5.2 
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Figure 5.4(c) shows the electrochemical impedance spectra in the form of 

Nyquist plot of NF along with a fitted equivalent circuit, in 2 M KOH electrolyte in 

the frequency range of 10
5 

Hz - 0.01 Hz. From this Figure, it is evident that the 

material has good electrochemical characteristics such as high capacitance and 

conductivity. As can be seen from the inset of Figure 5.4(c), there is no semicircle in 

the high frequency region indicating the low Rs and Rct values. The obtained value of 

Rs is 0.76 ohm with the conductance value of 1.28 S. An almost flat tail nearly 

parallel to the Z"-axis (imaginary axis) in the low frequency region suggests the faster 

kinetics and ideal capacitive nature of the material. These features may be attributed 

to the nanoparticle structure with high surface area and large pore volume.  

Table 5.1 Energy density and power density values of the NF electrode. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 

1 10.4 225.8 

2 10.1 450.0 

4 9.5 900.6 

8 9.0 1800.0 

12 8.2 2696.9 

16 7.5 3375.0 

The superior electrochemical performance is again tested for cyclic stability 

for continuous 10000 cycles at a high current density of 8 A g
-1

. The structure of NF 

is such that it is able to sustain a rapid electron insertion/de-insertion process and in 

addition to that the high pore volume allowed the electrolyte ions to move freely 

across the bulk into the interior of the particles. The cyclic stability test (Figure 5.4d), 

clearly indicates that the electrode maintains its initial value upto 1500 cycles, 

thereafter the values slightly decrease. After large number of cycles, the particle 

aggregation may create hindrance to the transport of the ions inside the pores, which 

ultimately decreases the capacitance retention ability. At an applied current density of 

8 A g
-1

, 88% initial capacitance value is retained even after 10000 cycles for the NF 
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electrode material, which is higher than the reported NF and graphene/NF electrode 

material (Anwar et al., 2011; Aparna et al., 2018; Askari et al., 2020; Bandgar et al., 

2018; Bhojane et al., 2017; Gao et al., 2019; Hua et al., 2018; Zhang et al., 2019). The 

capacitance retention values are compared in Table 5.2. The admittance plot for the 

single electrode is displayed in inset of Figure 5.4(d). The calculated time constant 

(τo) value for the single electrode is 398 μs. The obtained high capacitance values are 

supported by low time constant values. 

 

Figure 5.4 Electrochemical analysis of NF in a 3-electrode system: (a) CV curves, (b) 

GCD curves, (c) Nyquist plot (inset shows the fitted equivalent circuit) and (d) Cyclic 

stability data of NF for 10000 discharge cycles at a constant current density of 8 A g
-1

 

(inset shows the admittance plot of NF).  
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Table 5.2 Comparison of electrochemical performance of NF nanoparticles from this 

work with other reported NF nanostructures in a 3-electrode set up. 

Electrode 

material 

CS from 

CV (F g
-1

) 

CS from 

GCD       

(F g
-1

) 

Electrolyte 
Cyclic 

stability 
References 

NF 

nanoparticles 

97 @ 2 mV 

s
-1

 
--- 

0.1 M 

NaCl 

100% 

after 100 

cycles   

@ 5 mV 

s
-1

 

Anwar et 

al. (2011) 

NF 

nanoassemblies 

109 @ 2 

mV s
-1

 
--- 3 M KOH 

> 90% 

after 

1000 

cycles @ 

10 mV   

s
-1

 

Aparna et 

al. (2018) 

NF 

nanoparticles 

229 @ 10 

mV s
-1

 

183 @ 0.5 

mA cm
-2

 
1 M KOH 

88% after 

2000 

cycles @ 

10 mV s
-1

 

Askari et 

al. (2020) 

NF nanoflowers --- 
435 @ 5 

mA cm
-2

 
6 M KOH 

80% after 

7000 

cycles 

Bandgar et 

al. (2018) 

NF 

nanoparticles 
--- 

174 @ 1 A  

g
-1

 
1 M KOH 

130% 

after 

2000 

cycles @ 

1 A g
-1

 

Gao et al. 

(2019) 

NF nanocrystals --- 562 F g
-1

 2 M KOH 
84% after 

1000 

Hua et al. 

(2018) 
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cycles @ 

4 A g
-1

 

NF nanocubes --- 
325 @ 3 A   

g
-1

 
1 M KNO3 

79% after 

10000 

cycles @ 

3 A g
-1

 

Zhang et 

al. (2019) 

NF 

nanoparticles 

478 @ 5 

mV s
-1

 

368 @ 1 A  

g
-1

 
2 M KOH 

88% after 

10000 

cycles @ 

8 A g
-1

 

Present 

work 

5.3.3 Electrochemical Study of Fabricated Supercapacitor Using NF Electrodes 

The electrochemical performance of the fabricated supercapacitor is displayed 

in Figure 5.5. The CV curves at the scan rates ranging from 2-100 mV s
-1

 are 

rectangular in shape indicating a signature of good electrochemical performance of 

the material and are suitable for supercapacitor application (Figure 5.5a) (Sethi et al., 

2019b). The calculated specific capacitance values are 89, 77, 71, 64, 58 and 45 F g
-1

 

for the scan rates ranging from 2-100 mV s
-1

. The GCD studies for the current 

densities ranging from 0.5-8 A g
-1

 are displayed in Figure 5.5(b) and the symmetrical 

nature is an indication of good capacitive property. The calculated specific 

capacitance values are 64.0, 58.4, 52.0, 45.7, 39.0 and 23.6 F g
-1

 for the current 

densities ranging from 0.5-8 A g
-1

. 

The Nyquist plot of the fabricated supercapacitor along with equivalent circuit 

displayed in Figure 5.5(c) shows a semicircle in the high frequency region and a large 

arc related to the resistance offered by the symmetrical cell. Here, the obtained low 

value of Rs is 1.25 ohm and Rct value of 35.6 ohm.  

The cyclic stability study for the symmetrical supercapacitor is performed for 

10000 cycles at a higher applied current density of 8 A g
-1

 (Figure 5.5d). After the 

10000
th

 cycle the cell was able to retain 81% of its initial capacitance. The decrease in 
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the retention value may be due to the particle agglomeration, drying of electrolyte 

owing to which the electrolyte ions cannot pass through the inner pores and interact 

only at the surface. The admittance plot for the supercapacitor device is displayed in 

inset of Figure 5.5(d). The calculated time constant (τo) value for the supercapacitor 

device is 10000 μs. The obtained low capacitance values are supported by high time 

constant values. The calculated energy density and power density values from the 

GCD curves are tabulated in Table 5.3. Also, the obtained capacitance value for the 

supercapacitor cell is compared with the recently reported literature (Table 5.4). 

 

Figure 5.5 Electrochemical analysis of the fabricated supercapacitor device: (a) CV 

curves, (b) GCD curves, (c) Nyquist plot and (d) Cyclic stability study for 10000 

discharge cycles at a constant current density of 8 A g
-1

 in 2 M KOH electrolyte (inset 

shows the admittance plot). 
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Table 5.3 Energy density and power density values of the symmetrical 

supercapacitor. 

Current density 

(A g
-1

) 

Energy density           

(Wh kg
-1

) 

Power density              

(W kg
-1

) 

1 9.0 506.3 

2 8.1 1017.4 

4 7.2 2031.3 

8 6.3 4053.6 

12 5.4 6000.0 

16 3.2 8027.2 

The Z values for the single electrode is estimated to be 0.50 and that for 

supercapacitor device is 0.22. The obtained values show that nearly 50% and 22% of 

the active sites are involved in the redox reaction for the electrode and supercapacitor 

device, respectively indicating the effect of the nano scale morphology along with 

porous nature of the material. 

Table 5.4 Comparison of electrochemical properties of NF supercapacitor device of 

the present work with that reported in the literature.  

Electrode 

material 
CS (F g

-1
) Electrolyte 

Cyclic 

stability 
References 

NF nanosheet 

symmetric 

supercapacitor 

device 

236 @ 2 mA 

cm
-2

 
PVA-KOH 

98% after 7000 

cycles (---) 

Bandgar et al. 

(2018) 

NF@rGO 

hybrid 

supercapacitor 

device 

211 @ 0.5  A 

g
-1

 
1 M Na2SO4 

94% after 5000 

cycles @ 10 A 

g
-1

 

Cai et al. 

(2019a) 
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1D 

NF/Graphene 

composite 

symmetric 

device 

138 @ 0.1  A 

g
-1

 
6 M KOH 

40% after 

10000 cycles 

@ 1 A g
-1

 

Fu et al. (2018) 

NF@NF//AC 

asymmetric 

device 

--- 2 M KOH 

95% after 3000 

cycles @ 10 

mA  cm
-2

 

Zhang et al. 

(2018) 

NF@rGO 

symmetric 

supercapacitor 

device 

139 @ 0.5  A 

g
-1

 
1 M KNO3 

93% after 6000 

cycles @ 3  A 

g
-1

 

Zhang et al. 

(2019) 

NF 

nanoparticles 

symmetric 

supercapacitor 

device 

89 @ 2 mV s
-1

 

64 @ 0.5 A g
-1

 

2 M KOH 

81% after 

10000 cycles 

@ 8 A g
-1

 

Present work 

 

Figure 5.6 Determination of CEDL and CP contribution of NF in (a) 3-electrode system 

and (b) The fabricated supercapacitor device. 
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The graphically estimated value of CP is 50.3% and CEDL is 49.7% for the NF 

electrode material (Figure 5.6). Similarly, the CEDL and CP of the NF in a 

supercapacitor device are 67.9% and 32.1%, respectively. 

5.4 CONCLUSIONS 

A solvothermal method is applied for the synthesis of NF nanoparticles 

possessing high surface area. The NF nanoparticles when tested in a 3-electrode 

method showed a high capacitance value of 478 F g
-1

 from the CV study at a scan rate 

of 5 mV s
-1

 and 368 F g
-1

 at a current density of 1 A g
-1

. The electrode material also 

depicted high energy density value of 10.4 Wh kg
-1

 and high power density value of 

225.8 W kg
-1

 at the applied current density of 1 A g
-1

. The life span of the material is 

tested for 10000 cycles and 88% of the initial capacitance value is retained after the 

charge-discharge cycles at a high current density of 8 A g
-1

. The superior 

electrochemical performance of the nanoparticles is mainly ascribed to the nanoscale 

morphology with high surface area and high porosity providing substantial 

electroactive sites for the electrolyte ions insertion/de-insertion apart from sustaining 

its mechanical stability during the electrochemical process. 

 

 

 



 

 

 

CHAPTER 6 
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Chapter 6 presents the synthesis and characterization of PGNF 

nanocomposites prepared through a solvothermal method. The morphological and 

structural features are thoroughly studied by sophisticated analytical tools. The 

synthesized material is studied for its utility in supercapacitors. 

6.1 INTRODUCTION 

The search for the novel multifunctional materials has attracted great interest 

among the scientific community owing to their peculiar traits. PG, a wonder material 

is one among such kinds, which exhibits excellent physical, chemical and electrical 

properties. Although the presence of pores increases the surface area, it suffers from 

the disadvantage of restacking of the sheets due to the π−π interaction. In order to 

solve this issue, researchers have tried to incorporate oxides of metals/spinels inside 

the sheets so as to keep the sheets apart by adding the foreign molecules as spacers 

(Ghosh et al., 2018; Meng et al., 2018; Sethi et al., 2020a). In this scenario, spinels are 

of much interest, as they provide high electrical conductivity owing to their 

abundance, presence of two metal domains and their environmentally benign nature 

(An et al., 2019). Thus, composite of PG and spinels are expected to provide superior 

electrochemical properties compared to single oxides due to their high mechanical 

strength, stability, high electrical conductivity and enhanced physico-chemical 

properties (Sethi et al., 2020a).  

Many spinels of Ni, such as NC, NiMoO4 and NiMn2O4 with their graphene 

composites have been utilized as attractive electrode materials for supercapacitors. 

However, not much is explored with regard to the spinel NF and its graphene 

composites (Bashir et al., 2019; Fu et al., 2018; Wang et al., 2013). NF nanostructures 

and its composites with materials such as graphene, polyaniline, carbon nanofibers, 

poly(3,4-ethylenedioxythiophene) (PEDOT), carbon nano tube (CNT), MoS2 etc., 

have been prepared and studied for their electrochemical performance (Bashir et al., 

2019; Fu et al., 2018; Ge at al., 2016; Ghosh et al., 2018; Hareesh et al., 2016; Kumar 

et al., 2018; Wang et al., 2013; Zhang et al., 2019; Zhao et al., 2017). The reports 

reveal the versatile utility of the NF composites, but when checked for the 
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supercapacitive performance it is found that their performance is not appreciable 

either in terms of capacitance value, cyclic stability or rate capability values. 

6.2 EXPERIMENTAL SECTION 

For the synthesis of x-PGNF (x = 5, 10, 15, 20, 25 and 30 wt% GO loading) 

composites, a calculated quantity of GO (30 mg, 60 mg, 102 mg, 145 mg, 193 mg, 

248 mg for 5, 10, 15, 20, 25 and 30 PGNF, respectively) was dissolved in a 1:1 

mixture of water and ethylene glycol and sonicated in a bath sonicator for 2 h in order 

to achieve complete dispersion. Then, 1 mmol Ni(NO3)2.4H2O and 2 mmol 

Fe(NO3)3.9H2O were mixed separately in a 10 mL mixture of water and ethylene 

glycol (1:1) and were added to the dispersion and stirred continuously for 1 h. Then, 6 

mmol of urea was added slowly and again stirred for 30 minutes. The whole reaction 

mixture was then transferred into a stainless steel autoclave of 100 mL capacity and 

was heated at 160 °C for 18 h. Afterward, the oven was cooled to room temperature 

and the products were collected and washed with deionized water several times 

followed by washing with a 1:1 water: ethanol mixture till the pH became neutral and 

dried at 70 °C overnight. The products were calcined at 400 °C for 2 h in a muffle 

furnace to obtain PGNF composites and were named 5 PGNF, 10 PGNF, 15 PGNF, 

20 PGNF, 25 PGNF and 30 PGNF, respectively depending on the % of GO loading. 

The characterization and electrochemical studies were carried out as mentioned in 

chapter 2. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Structural, Elemental and Morphological Analysis 

The powder XRD patterns of NF and 10 PGNF at angles 18.4°, 30.29°, 

35.67°, 37.6°, 43.38°, 53.95°, 57.38°, 63.02°, 74.60° correspond to the (111), (220), 

(311), (222), (400), (422), (511), (440) and (533) crystal planes of the NF which 

match well with the standard JCPDS card number # 074-2081 (Bhosale et al., 2015; 

Sethi et al., 2020b) as shown in Figure 6.1(a).  
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Figure 6.1 (a) XRD pattern of NF and 10 PGNF, (b) Raman spectra of 10 PGNF 

(inset shows the Raman spectra of NF, GO and PG).   

The XRD peaks are sharp at the top and slightly broadened at the base, which 

suggests the crystalline nature and nano dimension of the synthesized NF and 10 

PGNF material. In the 10 PGNF composite sample, widening of the XRD peaks is 

observed as compared to bare NF sample, this can be attributed to the introduction of 

PG in the NF phase. Also, no other diffraction planes are present in the XRD pattern, 

indicating the purity of the prepared material.  

The Raman spectrum for GO, PG, NF and 10 PGNF is shown in Figure 6.1(b). 

The Raman spectra of GO and PG depicts the appearance of D, G, 2D and D+G bands 

which suggest the formation of oxide of graphite and PG (inset of Figure 6.1b) 

(Mohamed et al., 2017a; Sethi et al., 2019a). The Raman spectra of 10 PGNF 

composite shows the Raman signatures of D band at 1347.3 cm
-1

, G band at 1597.8 

cm
-1

, 2D band at 2703.3 cm
-1 

and D+G band at 2949.8 cm
-1

. The intensity of D band 

in 10 PGNF composite is somewhat higher as compared to the G band, suggesting 

that good amount of defect sites is introduced in the composite sample. Also, the 

appearance of D+G band in the composite strongly supports the presence of defects in 

the sample (Sethi et al., 2020a). The peaks in the range, 200-750 cm
-1

 correspond to 

the vibrational modes of NF (Sethi et al., 2020b). The magnified spectrum of NF is 

shown as an inset, where the assigned Raman peaks correspond to the spinel NF phase 
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(Sethi et al., 2020b; Zhao et al., 2018).
 
The above result confirms the formation of 

PGNF composite under solvothermal method. The ratio of ID/IG is a measure of the 

formation of the defects in the carbon materials (Sadiq et al., 2018b). The calculated 

ID/IG values for GO, PG and 10 PGNF are 0.76, 1.01 and 1.06, respectively. The 

increase in the ID/IG value for 10 PGNF composite as compared to PG strongly 

supports the presence of defects in the sample which may offer many active sites for 

the storage of charge and can contribute to the enhancement of the specific 

capacitance values of the material (Zhang et al., 2019).
 
  

 

Figure 6.2 XPS survey spectrum of 10 PGNF composite. 

The XPS survey spectrum of 10 PGNF composite is shown in Figure 6.2, 

displaying the presence of elements like C, O, Fe and Ni in the sample without any 

other elements, depicting the purity of the sample. From the XPS spectrum, the 

oxidation states of the metal with their corresponding binding energies and metal-

oxygen binding energies can be determined. The high resolution deconvoluted XPS 

spectrum of C 1s is shown in Figure 6.3(a) and the binding energies at 284.2, 285.6, 

286.2 and 288.1 eV corresponds to the C=C, C-O, C=O and O-C=O bonds, 

respectively (Mohamed et al., 2017a; Sadiq et al., 2017d). The high resolution O 1s 

spectrum is deconvoluted into 3 peaks in Figure 6.3(b) with binding energies of 529.4, 

531.0 and 532.0 eV ascribed to the M−O−M, O−C=O and C=O bonds, respectively 
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(Sadiq et al., 2017d). The high resolution Ni 2p spectrum, in Figure 6.3(c) and Fe 2p 

spectrum in Figure 6.3(d) shows the presence of +2 and +3 oxidation states of Ni and 

Fe, respectively and are well consistent with the reported literatures (Subramanya et 

al., 2015c; Badrayyana et al., 2015d; Zhang et al., 2016; Zheng et al., 2018). 

 

Figure 6.3 XPS deconvoluted spectra of (a) C 1s, (b) O 1s, (c) Ni 2p and (d) Fe 2p, of 

10 PGNF composite. 

The FTIR spectrum for 10 PGNF is presented in Figure 6.4 along with that of 

NF and PG for comparison. In the 10 PGNF sample the observed peak at 1568 cm
-1

 is 

due to the skeletal vibration from PG sample. The peak at 591 cm
-1

 corresponds to the 

metal-oxygen vibrational modes of NF (Bashir et al., 2019; Wang et al., 2013). The 

FTIR result is again corroborating the results from Raman analysis. 
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Figure 6.4 FTIR spectra of PG, NF and 10 PGNF.   

 

Figure 6.5 FESEM image of (a) 10 PGNF and (b) EDX profile of 10 PGNF.  

The 10 PGNF composite shown in Figure 6.5(a) displays slightly aggregated 

distribution of NF nanoparticles over the PG surface, ensuring the anchoring of NF 

nanoparticles over PG surface. The EDX image in Figure 6.5(b) reveals the presence 

of C, O, Ni and Fe only and confirms the purity of the material formed. The TEM 

images of the composites are displayed in Figure 6.6. The low and high magnification 

image in Figure 6.6(a) and 6.6(b) shows the presence of NF nanostructures anchored 

on the PG surface. The HRTEM image is shown in Figure 6.6(c), where the measured 

lattice fringe corresponds to the (311) crystal plane of NF. The SAED pattern of NF in 
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Figure 6.6(d) confirms the polycrystalline nature of the material and the concentric 

patterns matches with the crystal plane details of NF nanoparticles.  

 

Figure 6.6 TEM (a) Low magnification image, (b) High magnification image (pores 

are marked with white circles), (c) HRTEM image and (d) SAED pattern of 10 PGNF. 

The elemental profile determined from the highlighted portion of 10 PGNF 

composite (Figure 6.7a) for C, Ni, Fe and O are presented in the Figure 6.7(b), 6.7(c), 

6.7(d) and 6.7(e), respectively showing uniform distribution of the elements verifying 

the formation of the PGNF composite.  



114 

 

 

Figure 6.7 (a) Highlighted image from where the EDS mapping is done, elemental 

mapping of (b) C, (c) Ni, (d) Fe and (e) O. 

The BET surface area for the 10 PGNF composite is found to be 107 m
2
 g

-1
 as 

shown in Figure 6.8, which is quite less as compared to the PG sample (269 m
2
 g

-1
), 

due to the reduction in surface area as a result of the anchoring of bush like NF 

nanoparticles on to the PG surface (as shown in the FESEM and TEM images). 

However, the obtained surface area for our composite material is impressive and is 

surpassing some of the previously reported literatures such as NF/graphene 

nanosheets (92.18 m
2
 g

-1
), NF/graphene nanosheet composite (47.6 m

2
 g

-1
), NF/rGO 

composite (78.4 m
2
 g

-1
), NF/graphene capsule composite (43.6 m

2 
g

-1
), NF/RGO 

composite (57.3 m
2
 g

-1
), NF/MoS2 composite (45.8 m

2 
g

-1
), NF/CNT composite (70.7 

m
2
 g

-1
) (Chen et al., 2016; Gao et al., 2020; Li et al., 2017; Shaymaa et al., 2018; Wu 

et al., 2016; Zhao et al., 2017; Zou et al., 2020). The obtained pore volume and pore 

diameter for 10 PGNF composite is 0.2 cm
3
 g

-1 
and 3.5 nm, respectively.  
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Figure 6.8 BET surface area of 10 PGNF (inset shows the pore size distribution plot). 

6.3.2 Electrochemical Study of PGNF Composite Electrodes 

The electrochemical performances of all the PGNF composites were analyzed 

by following a 3-electrode method in 2 M KOH electrolyte. The Figure 6.9(a) shows 

the CV curves of the PGNF composite electrodes in the potential range of 0-0.5 V at a 

constant scan rate of 5 mV s
-1

, the pair of redox peaks appearing in the CV curves is 

an indication of Faradaic nature of the material. Among the composites, the 10 PGNF 

composite occupies more area as compared to the other PGNF composites. As 

capacitance is directly proportional to the area occupied, 10 PGNF can store more 

charge due to which it can deliver high capacitance value (1465 F g
-1

). The calculated 

specific capacitance values for PGNF composite electrodes at a constant scan rate of 5 

mV s
-1 

are 753, 1465, 1074, 944, 524 and 374 F g
-1

 for 5, 10, 15, 20, 25 and 30 PGNF 

composite, respectively.  

The GCD curves of the electrodes measured at a constant current density of 1 

A g
-1

 at a fixed potential window of 0-0.45 V are shown in Figure 6.9(b). As can be 

seen from the figure, the GCD curves reveal the battery type nature of the composites. 

Also, the nearly symmetrical GCD curves are signature of good coulombic efficiency. 

The calculated coulombic efficiencies are 91.0%, 95.8%, 96.4%, 91.2%, 89.3% and 

88.0% for 5, 10, 15, 20, 25 and 30 PGNF composites, respectively. The calculated 
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specific capacitance values for PGNF composite electrodes at a constant current rate 

of 1 A g
-1 

are 541, 1320, 991, 653, 303 and 237 F g
-1

 for 5, 10, 15, 20, 25 and 30 

PGNF composite, respectively. The 10 PGNF electrode material displayed more 

discharging time and has shown high capacitance value (1320 F g
-1

) among all the 

composites.  

The Nyquist plots of all the PGNF composite electrodes are shown in Figure 

6.9(c). The plot reveals the absence of semicircle, suggesting the low resistance value 

offered by the material. The straight line in the low frequency region, nearly parallel 

to the Y-axis is suggestive of good capacitive nature of the electrode material 

(Balamurugan et al., 2018; Kumar et al., 2018). The resistance values of all PGNF 

electrodes are listed in Table 6.1.  

Table 6.1 Resistance, conductance, knee frequency and time constant values of 

electrode materials.  

Electrode 

material 

Resistance  

(Ω) 

Conductance 

(S) 

Knee frequency 

(kHz) 

Time constant 

(μs) 

5 PGNF 0.60 1.66 10.00 100.0 

10 PGNF 0.38 2.63 39.80 25.1 

15 PGNF 0.44 2.27 25.10 39.8 

20 PGNF 0.58 1.72 15.90 62.9 

25 PGNF 0.68 1.47 6.31 158.4 

30 PGNF 0.75 1.33 3.98 251.2 

The 10 PGNF composite electrode displayed a very low resistance value of 

0.38 ohm, which may be due to the high surface area and porous nature of the 

electrode material, through which the diffusion of electrolyte ions are easily facilitated 

leading to faster kinetics. As the PG content is increased beyond 10%, there is an 

increase in the resistance value, which may be due to the blockage of 

pores/agglomeration of composite electrode materials. The admittance plots are 

displayed in Figure 6.9(d). From the admittance plots the time constant values can be 
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obtained by knowing the knee frequency values. The knee frequency value for the 

PGNF composites and the corresponding time constant values are mentioned in Table 

6.1. 

 

Figure 6.9 Electrochemical performance of PGNF composite electrodes measured in 

a 3−electrode system. (a) CV curves at a constant scan rate of 5 mV s
-1

, (b) GCD 

curves at a constant current density of 1 A g
-1

,
 
(c) Nyquist plots and (d) Admittance 

plots. 

From Table 6.1, it is obvious that the 10 PGNF composite is showing lower 

resistance value and higher admittance value, therefore the time constant value is low 

for 10 PGNF composite electrode, which is in accordance with the high capacitance 

value offered by the 10 PGNF composite electrode. The obtained higher 

electrochemical performance for 10 PGNF composite electrode is primarily due to the 

optimal loading of PG in the composite, after which there is a gradual decrease in the 

electrochemical performance as the PG loading is increased. 
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6.3.3 Electrochemical Study of 10 PGNF Composite Electrode 

The higher electrochemical performance shown by the 10 PGNF composite 

electrode material led us to study its electrochemical properties in detail. The CV plot 

of 10 PGNF reveals Faradaic redox peaks at the anodic and cathodic sweeps 

demonstrating the pseudocapacitive trait of the material (Figure 6.10a). As the scan 

rate increases from 5 mV s
-1

 to 50 mV s
-1

, the CV curves show nearly the same trend 

without any significant deviation, which suggests the good electrochemical stability 

of the 10 PGNF electrode material. The computed capacitance values from the CV 

curves are 1465, 1266, 1121, 876 and 563 F g
-1

 for the scan rates of 5, 10, 20, 30 and 

50 mV s
-1

,
 
respectively. A high capacitance value of 563 F g

-1
 is still obtained with 10 

fold increase in the scan rate, suggesting the good rate capability of the electrode 

material. The variation of specific capacitance values from the CV curves with scan 

rate for PGNF composites is presented in Table 6.2. 

The GCD study of the 10 PGNF electrode material at different current 

densities ranging from of 1-20 A g
-1

 in a fixed potential window of 0-0.45 V is shown 

in Figure 6.10(b). The nearly symmetrical GCD plot shown by the electrode material 

is an indication of good capacitive property. The estimated specific capacitance values 

are 1320, 1227, 1129, 1107, 1084, 987, 889 and 800 F g
-1 

for the current densities of 

1, 2, 4, 6, 8, 12, 16 and 20 A g
-1

, respectively. For a 20 fold increase in the current 

density, the specific capacitance value still remains at 800 F g
-1

, which is 60.6% of the 

initial value. This result demonstrates impressive rate capability and the high practical 

utility of 10 PGNF as a supercapacitor electrode material and further supports the 

results from CV studies. The estimated coulombic efficiency η (%) value is more than 

95% for the GCD curves, which suggests the good charge-discharge profile of the 

electrode material. The computed specific capacitance and specific capacity values 

from the GCD curves of PGNF composites are presented in Table 6.3.  
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Figure 6.10 Electrochemical performance of 10 PGNF composite electrode. (a) CV 

curves at different scan rates, (b) GCD at different current densities, (c) Nyquist plot 

(inset shows the equivalent circuit) and (d) Cyclic stability data of 10 PGNF 

composite for 10000 discharge cycles at a constant current density of 8 A g
-1

 in 2 M 

KOH electrolyte (inset shows the admittance plot).   

The Nyquist plot of the 10 PGNF composite electrode shown in Figure 6.10(c) 

reveals the absence of semicircle and a straight line without any deviation in the low 

frequency region, this type of impedance behavior is highly suitable for 

supercapacitor utility as they provide low resistance value with high capacitance. The 

obtained high specific capacitance values are in strong agreement with the impedance 

results. The cyclic life of the 10 PGNF electrode material is studied for up to 10000 

cycles at a high current density of 8 A g
-1

. It is observed that even after 10000 cycles, 

around 94% of the initial capacitance value is retained for the electrode material 

indicating good stability (Figure 6.10d). The admittance plot of 10 PGNF composite 

electrode is presented as an inset in Figure 6.10(d).  
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Table 6.2 Specific capacitance values of PGNF composite electrodes from CV. 

Composite Scan rate (mV s
-1

) CS (F g
-1

) 

5 PGNF 

5 753 

10 594 

20 481 

30 408 

50 335 

10 PGNF 

5 1465 

10 1266 

20 1121 

30 876 

50 563 

15 PGNF 

5 1074 

10 945 

20 847 

30 727 

50 490 

20 PGNF 

5 944 

10 836 

20 757 

30 562 

50 395 

25 PGNF 

5 524 

10 473 

20 440 

30 403 

50 315 

30 PGNF 
5 374 

10 343 
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20 319 

30 282 

50 255 

Table 6.3 Specific capacitance and capacity values calculated for PGNF composite 

electrodes from GCD. 

Composite 
Current density 

(A g
-1

) 
CS (F g

-1
) QS (C g

-1
) 

5 PGNF 

1 541 243.5 

2 526 236.7 

4 452 203.4 

6 364 163.8 

8 304 136.8 

12 299 134.6 

16 263 118.4 

20 208 93.6 

10 PGNF 

1 1320 594.0 

2 1227 552.2 

4 1129 508.1 

6 1107 498.2 

8 1084 487.8 

12 987 444.2 

16 889 400.1 

20 801 360.0 

15 PGNF 

1 991 446.0 

2 756 340.2 

4 552 248.4 

6 456 205.2 

8 402 181.0 
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12 372 167.4 

16 320 144.0 

20 278 125.1 

20 PGNF 

1 653 293.9 

2 578 260.1 

4 487 219.2 

6 403 181.4 

8 369 166.1 

12 327 147.2 

16 302 135.9 

20 251 113.0 

25 PGNF 

1 303 136.4 

2 261 117.5 

4 236 106.2 

6 205 92.3 

8 183 82.4 

12 157 70.7 

16 141 63.5 

20 133 59.9 

30 PGNF 

1 237 106.7 

2 196 88.2 

4 156 70.2 

6 140 63.0 

8 129 58.1 

12 115 51.8 

16 107 48.2 

20 97 43.7 

The energy density and power density of the electrode material at current 

densities ranging from 1-20 A g
-1

 are displayed in Table 6.4. A high energy density 

value of 37.2 Wh kg
-1 

is obtained while maintaining a power density of 225.5 W kg
-1 
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at a current density of 1 A g
-1 

and the electrode material still maintains a good energy 

density value of 22.5 Wh kg
-1 

with a power density value of 4500.0 W kg
-1 

at a higher 

current density of 20 A g
-1

. This result reveals the superb stability of the electrode 

material. The comparison of electrochemical performance of 10 PGNF electrode with 

other reported literatures are presented in Table 6.5. 

Table 6.4 Energy density and Power density values calculated from GCD graph for 

10 PGNF electrode material.  

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 

1 37.2 225.5 

2 34.5 450.3 

4 31.8 901.4 

6 31.1 1350.4 

8 30.4 1802.2 

12 27.8 2704.8 

16 25.0 3600.4 

20 22.5 4500.0 

The CV curves of all the composites (5-30 PGNF) at different scan rates 

ranging from 5−50 mV s
-1

 are given in Figure 6.11. The specific capacitance values 

for all the composites are presented in Table 6.2. The calculated CEDL contributions 

are 28.1%, 53.8%, 57.7%, 60.9%, 68.4% and 70.0% for 5, 10, 15, 20, 25 and 30 

PGNF composite, respectively. As can be seen from the results, as the PG content 

increased, the extent of CEDL contribution also increased and obviously the CP value 

got reduced. The trend is in agreement with reported literature (Ruan et al., 2019). 
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Figure 6.11 CV curves for (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 PGNF 

composite. 

 

Figure 6.12 Determination of the CEDL and CP contribution. Specific capacitance vs. 

inverse square root of scan rate of (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 PGNF 

composite.  
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6.3.4 Electrochemical Study of Fabricated Supercapacitor Using 10 PGNF 

Composite Electrodes 

The 10 PGNF composite electrode material displayed satisfactory results 

when it was tested as an electrode. This motivated us to study the electrode property 

in a symmetrical supercapacitor set up in aqueous 2 M KOH electrolyte. The CV 

curves of the fabricated supercapacitor with 10 PGNF composite electrode at various 

scan rates ranging from 5-400 mV s
-1

 shows a rectangular nature, which further 

predicts the good electrochemical feature of the material (Figure 6.13a). The 

calculated specific capacitance values from the CV curves are 303, 267, 235, 219, 

180, 134, 92, 70 and 54 F g
-1

 for the scan rates ranging from 5-400 mV s
-1

. The 

symmetrical GCD curves at varying current densities ranging from 4-14 A g
-1 

reveal 

the good capacitive behavior of the material (Figure 6.13b). The calculated specific 

capacitance (specific capacity) values from the GCD curves are 160 F g
-1

 (160 C g
-1

), 

153 F g
-1

(153 C g
-1

), 149 F g
-1 

(149 C g
-1

), 138 F g
-1 

(138 C g
-1

), 128 F g
-1

 (128 C g
-1

), 

122 F g
-1

 (122 C g
-1

) and 115 F g
-1

 (115 C g
-1

) for the current densities varying from 

4-14 A g
-1

 with coulombic efficiency more than 90%.  

The Nyquist plot reveals a small semicircle in the high frequency region and 

flat tail in the low frequency region suggesting good electrochemical characteristics of 

the supercapacitor (Figure 6.13c). The best fitted equivalent circuit for the device is 

shown in inset of Figure 6.13(c). The cycle life of the symmetrical supercapacitor was 

tested for 10000 cycles at an applied current density of 8 A g
-1

, after the completion of 

the cycles around 96% of the initial capacitance value is retained for the 

supercapacitor demonstrating its good cyclic stability (Figure 6.13d). The 

incorporation of spinel NF nanoparticles in between the PG sheets prevents its 

restacking due to π-π interaction and results in the formation of a robust hybrid 

structure. The material maintains its electroactive channels intact without collapsing 

during repeated cycling leading to enhanced stability of the electrode and fabricated 

supercapacitor device. 
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Figure 6.13 Electrochemical analysis of symmetrical supercapacitor device fabricated 

using 10 PGNF composite electrodes. (a) CV curves at various scan rates, (b) GCD 

curves at various current densities, (c) Nyquist plot (inset shows the equivalent 

circuit) and (d) Cyclic stability data for 10000 discharge cycles at a constant current 

density of 8 A g
-1

 in 2 M KOH electrolyte (inset shows the admittance plot).   

The admittance plot of the supercapacitor is displayed in the inset of Figure 

6.13(d). The obtained knee frequency for the plot is 398 Hz and the time constant 

value estimated from this knee frequency value is 0.00251 second (2510 μs). The 

lower time constant value suggests that the device can change from resistive trait to 

supercapacitor trait within very less time, which is an added quality for a good 

supercapacitor. The computed energy density and power density values from the GCD 

curves are displayed in Table 6.5. The obtained energy density and power density 

values at a current density of 4 A g
-1

 is 22.2 Wh kg
-1 

and 4000.0 W kg
-1

, respectively 
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and at a current density of 14 A g
-1

, they remain 16 Wh kg
-1 

and 14375 W kg
-1

, 

respectively showing its stability and utility. The calculated CEDL and CP contribution 

by graphical method is 55.8% and 44.2%, respectively (Figure 6.14). Also, the 

obtained specific capacitance values for the electrode material and the fabricated 

supercapacitor are compared with the recent literature report, which shows an 

impressive performance of the current material (Table 6.6 and 6.7). 

Table 6.5 Energy density and power density values of the 10 PGNF nanocomposite in 

a fabricated symmetrical supercapacitor device. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 

4 22.2 4000.0 

5 21.3 5006.5 

6 20.8 6048.4 

8 19.1 8023.3 

10 17.9 10403.3 

12 16.9 12200.0 

14 16.0 14375.0 

 

Figure 6.14 Determination of the CEDL and CP contribution of the fabricated 

symmetrical supercapacitor device. 
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Table 6.6 Comparison of electrochemical performance of 10 PGNF electrode with 

other reported literature.   

Electrode material CS (F g
-1

) Electrolyte Cyclic stability References 

Cu substituted NF 

@ Graphene sheet 

electrode 

735 @ 1.47 

mA g
-1

 
1 M KOH 

85% after 1000 

cycles @ 1.47 

mA g
-1

 

Bashir et al. 

(2019) 

NF@RGO electrode 
215.7 @ 0.5 

A g
-1

 
1 M Na2SO4 

89% after 

10000 cycles @ 

10 A g
-1

 

Cai et al. 

(2019b) 

NF@RGO electrode 
488 @ 1 A  

g
-1

 

PVA-KNO3 

electrolyte 

89% after 

10000 cycles @ 

3 A g
-1

 

Zhang et al. 

(2019) 

PGNF electrode 

1465 @ 

5mVs
-1

  

1320 @ 1 A  

g
-1

 

2 M KOH 

94% after 

10000 cycles @ 

8 A g
-1

 

This work 

Table 6.7 Comparison of electrochemical properties of 10 PGNF supercapacitor 

device of the present work with that reported in the literature.  

Electrode material CS (F g
-1

) Electrolyte Cyclic stability References 

NF@Graphene 

symmetric 

supercapacitor device 

481 @ 0.1 

A g
-1

 
6 M KOH 

99% after 10000 

cycles @ 1 A   

g
-1

 

Fu et al. 

(2018) 

NF@CNT 

asymmetric 

supercapacitor device 

66 @ 5 mV 

s
-1

 
2 M KOH 

79% after 2500 

cycles @ 2 A   

g
-1

 

Kumar et 

al. (2018) 

NF@Graphene 

symmetric 

supercapacitor device 

3.1 @ 100 

mV s
-1

 

1 M 

Na2SO4 
--- 

Soam et al. 

(2020) 
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NF@RGO symmetric 

supercapacitor device 

121 @ 0.5 

A g
-1

 

PVA-KNO3 

electrolyte 

93% after 6000 

cycles @ 3 A   

g
-1

 

Zhang et al. 

(2019) 

PGNF symmetric 

supercapacitor device 

303 @ 5 

mV s
-1                 

160 @ 4 A 

g
-1

 

2 M KOH 

96% after 10000 

cycles @ 8 A   

g
-1

 

This work 

6.4 CONCLUSIONS 

The synthesis of the PGNF nanocomposite via a solvothermal method is 

reported in which the NF nanoparticles incorporated in PG has led to good 

electrochemical performance as a single electrode material and as a supercapacitor. 

The electrode material showed a high capacitance value of 1465 F g
-1

 at a scan rate of 

5 mV s
-1

 and 94% initial capacitance retention value after 10000 cycles at a high 

current density of 8 A g
-1

. The fabricated symmetrical supercapacitor device also 

showed an appreciable specific capacitance value of 303 F g
-1

 at a scan rate of 5 mV 

s
-1

 and retained 96% initial capacitance value after 10000 cycles at a high current 

density of 8 A g
-1

. The energy density and power density values of the fabricated 

supercapacitor were 22.2 Wh kg
-1

 and 4000.0 W kg
-1

, respectively at the current 

density of 4 A g
-1

 and 16 W h kg
-1

 and 14375 W kg
-1

, respectively at current density 

of 14 A g
-1

. This superior electrochemical performance is mainly due to the synergic 

contribution from the component materials making it a promising electrode material 

for supercapacitor application. 
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Chapter 7 deals with the synthesis and characterization of NC nanorods 

prepared through a solvothermal method. The morphological and structural features 

are thoroughly studied by sophisticated analytical tools. The synthesized material was 

studied its utility for the application in supercapacitors. 

7.1 INTRODUCTION 

Rapid depletion of conventional energy sources has caused growing demand 

and concern for portable, affordable and environment-friendly power sources. Hence, 

research activities are now accelerated towards the development of alternative energy 

sources, i.e. energy storage and conversion devices (Arico et al., 2005; Gregory et al., 

1972; Walsh et al., 2001; Winter et al., 2004). Current research is focused on 

developing robust, environmentally friendly, lightweight and economic 

electrochemical energy storage and conversion devices to mitigate the energy crisis. 

As the pseudocapacitive phenomena is dependent on the transfer of charge between 

electrode and electrolyte, a competent way to ameliorate the storage capacity is to 

synthesize the materials with specific morphology of nano dimensions and high 

surface area. In this context solvothermal route is an attractive method to produce the 

desired morphology with good selectivity which will be beneficial for the energy 

storage applications (Li et al., 2014; Umeshbabu et al., 2014).  

The literature survey on solvothermal synthesis of NC nanostructures 

(hexagonal NC nanostructures, NC nanoneedles, NC nanoparticles and nanowires, 

NC nanoplates, NC nanoparticles, NC quantum dots, urchin and sheaf like NC 

nanostructures, NC crystals and NC nanowires) reveals that most of the synthetic 

work has been done using water or a mixture of water with either DMF 

(Dimethylformamide) or alcohol (Bhagwan et al., 2019; Cao et al., 2020; Chatterjee et 

al., 2020; Kim et al., 2016; Saravanakumar et al., 2017; Siwatch et al., 2020; 

Umeshbabu et al., 2014; Wu et al., 2011; Yuan et al., 2012). The aid of surfactants 

like CTAB has been taken. As per our knowledge, not many reports are there on the 

preparation of NC nanorods using 1:1 mixture of water and ethylene glycol. Since the 

removal of final traces of surfactant is difficult, the present work opted for a 
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surfactant free route using a low temperature solvothermal approach. Since dielectric 

constant and viscosity plays an important role in the morphology of the final product, 

in this study water-ethylene glycol mixture was used. Ethylene glycol is known to 

favor the formation of 1D structures and addition of it as a co-solvent decreases the 

dielectric constant of water and hence leads to homogenous precipitation due to 

creation of supersaturation in low dielectric medium solvents and faster kinetics (Hu 

et al., 2000; Yang et al., 2013). Also, surfactant free low temperature synthesis using 

this combination has not been reported yet. In addition, the solvent mixture used is 

green and environmentally friendly. Therefore, the present study is carried out 

through a solvothermal method without the addition of surfactants and with an aim to 

improve the electrochemical performance in terms of capacitance and cyclability at 

higher current densities. Also, in the earlier reports, the electrochemical analysis was 

done utilizing Ni foam as the current collector, which is costlier as compared to the Ni 

sheet. It is evident that there is much scope for further investigation of NC 

nanostructures.  

7.2 EXPERIMENTAL SECTION 

For the synthesis of NC nanorods, 2 mmol Co(Ac)2.4H2O and 1 mmol 

Ni(Ac)2.4H2O were mixed in deionized water and ethylene glycol mixture (1:1) with 

the aid of ultrasonication. Then, 3 mmol urea was dissolved in deionized water and 

ethylene glycol mixture and was added slowly to the above solution while stirring. 

After 1 h, the whole reaction mixture was placed into a teflon-lined stainless-steel 

autoclave and kept at 160 °C for 16 h in an electric oven. After cooling, the violet 

pink colored product was collected by repeated centrifugation and washed by 

deionized water followed by ethanol and kept for drying at 60 °C overnight. Then, the 

product was calcined at 400 °C for 2 h in air to obtain spinel NC nanorods.  
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7.3 RESULTS AND DISCUSSION 

7.3.1 Structural, Elemental and Morphological Analysis 

The XRD peaks (Figure 7.1a) at 31.09°, 36.61°, 38.48°, 44.54°, 55.28°, 59.16° 

and 64.86° corresponded to the (220), (311), (222), (400), (422), (511) and (440) 

crystal planes of cubic phase NC, which matches well with the standard JCPDS card 

no. 20-0781 (Mondal et al., 2015). The average crystallite size was found to be 11.23 

nm. The obtained XRD traces exhibit sharp peaks, which confirm the highly 

crystalline nature of the prepared NC nanorods.  

Raman analysis was done in order to confirm the composition and structure of 

the as synthesized sample, the spectra is presented in Figure 7.1(b). The peaks at 473, 

527 and 620 cm
-1 

represents the Eg, F2g and A1g phonon modes of NC, respectively. 

There is no indication of the presence of OH group in the Raman spectra, which 

suggests the absence of hydroxides of Ni or Co and formation of pure NC phase after 

calcination in air. The peak at 473 cm
-1

 is attributed to the Raman active mode Eg 

corresponding to the stretching vibrations of Co-O and Ni-O bonds. The peaks at 527 

cm
-1 

and 620 cm
-1 

can be indexed to the F2g and A1g Raman active phonon modes of 

Co-O stretching vibration of the NC sample (Siwatch et al., 2020), respectively. 

 

Figure 7.1 (a) XRD pattern with standard data and (b) Raman spectra of the NC 

nanorods.  
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Figure 7.2 (a) FESEM image, (b) EDX profile with elemental composition data as an 

inset, (c) TEM image and (d) HRTEM image and the SAED pattern (inset) of the NC. 

 

Figure 7.3 Nitrogen adsorption and desorption isotherm of the NC nanorods (inset 

shows the pore size distribution curve). 
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The FESEM image shown in Figure 7.2(a) reveals that uniform nanorods are 

formed. The measured length of the nanorods was in the range of 100-200 nm, 

whereas its diameter ranged from 15-25 nm. This kind of 1D morphology is quite 

ideal for the application of supercapacitor electrode material (Yang et al., 2013) and 

expected to show good capacitive behavior. The EDX profile is shown in Figure 7.2 

(b), which distinctly demonstrates the presence of elements like Ni, Co and O 

suggesting the purity of the NC phase. The TEM image shows the formation of 

uniform nanorods (Figure 7.2c). In HRTEM image, the measured interplanar distance 

matches well with the high intense (311) crystal plane spacing (Figure 7.2d). The 

SAED pattern reveals concentric rings depicting the polycrystalline nature of the 

sample (Figure 7.2d inset). The nano size and high crystallinity of the prepared 

samples may offer more electroactive surface area for the ion diffusion and in turn 

will improve electrochemical performance at high rates and thus superior capacitive 

behavior can be expected from these NC nanorods. 

Figure 7.3 shows the BET isotherm of the nanorods, which is classified as 

Type-IV isotherm in accordance with the IUPAC classification. A high surface area 

of 65.73 m
2 

g
-1

, with a high pore volume of 0.2 cm
3 

g
-1

 and the pore size distribution 

in the range between 2-10 nm along with average pore diameter of 8.23 nm was 

obtained for the prepared nanorods. Such a high surface area with large pore volume, 

pore diameter and mesoporous nature of the nanorods is expected to show the good 

transfer of electrolytes within the pores for better electrochemical redox reactions by 

enhancing the electrode-electrolyte contact area (Yuan et al., 2012).  

7.3.2 Electrochemical Study of NC as an Electrode 

The CV curves at scanning rates from 5-50 mV s
-1 

are typically 

pseudocapacitive in nature depicting redox peaks in the anodic and cathodic scans 

(Figure 7.4a). As the scan rate increases from 5 to 50 mV s
-1

, the anodic peak moves 

to higher potential and cathodic peak shifts to lower potential suggesting better 

electrochemical reversibility (Bhojane et al., 2016; Umeshbabu et al., 2014). The 
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calculated capacitance values are 440, 416, 375, 316 and 280 F g
-1 

for 5, 10, 20, 30 

and 50 mV s
-1

, respectively.  

The GCD curves of the material (Figure 7.4b) shows the charge-discharge 

curves at applied current densities ranging from 1 to 12 A g
-1

. The GCD curves are 

highly symmetrical, suggesting the good capacitive property. The measured 

capacitance values from the GCD curves are 233, 186, 143, 121, 107 and 87 F g
-1 

for 

current densities 1, 2, 4, 6, 8 and 12 A g
-1

, respectively. The computed coulombic 

efficiency for the charge-discharge curves is more than 86%, which corroborates the 

good charge-discharge trait of the NC electrode material. From the electrochemical 

study, it is concluded that with the increase in scan rate/current density, the capacitive 

performance showed a decrease in the value. This could be owing to the fact that, at 

lower scan rate/current density, the electrolyte ions have sufficient time to move 

across the active sites of the electrode material contributing to high capacitance 

values. On the other hand, at higher scan rates the movement of ions is very fast and 

the interaction with the surface of the electroactive material is less and hence the 

capacitance value decreases (Shakir et al., 2010). The Nyquist diagram of the NC 

nanorods (Figure 7.4c) shows a low semicircle in the high frequency region and a 

nearly flat tail parallel to the Y-axis in the low frequency region, showcasing good 

electrochemical characteristics of the prepared material. The small semicircle at high 

frequency region is a signature of low charge transfer resistance and fast ion/electron 

transfer which led to superior electrochemical capacitance (Bhojane et al., 2016; Qian 

et al., 2013).  

The cyclic stability plot of the nanorods at a high current density of 8 A g
-1

 for 

2000 charge-discharge cycles clearly demonstrates that the capacitance values 

remained constant up to 400 cycles, then there is a little decrease in the value, which 

then remains constant up to 1700 cycles and thereafter slightly decreases (Figure 

7.4d). After 2000 cycles, only 6% decrease in the initial capacitance value was 

observed for the prepared nanorods. Such a high electrochemical performance of the 

NC material was mainly attributed to the nanostructure of the rods. The synthesized 

NC nanorods possess high surface area of 65.73 m
2
 g

-1
 with high pore volume of 0.2 
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cm
3
 g

-1
 and the structure is mesoporous in nature. Such nano architectures with highly 

porous nature can facilitate the easy transportation of OH
-
 ions inside the nanorods for 

the effective utilization of the electroactive material, and it can withstand the strain 

which was generated during the ion intercalation/de-intercalation action leading to the 

high capacitance and stability (Bhojane et al., 2016; Zhu et al., 2014). The admittance 

plot for the 3-electrode method is displayed in inset of Figure 7.4(d). The knee 

frequency (fo) value is 1590 Hz and the calculated time constant (τo) value is 628.9 μs. 

Low time constant values support the obtained high capacitance values. 

 

 Figure 7.4 Electrochemical analysis for 3-electrode method. (a) CV curves, (b) GCD 

curves, (c) Nyquist plot (inset shows the fitted equivalent circuit) and (d) Cyclic 

stability plot (inset shows the admittance plot).  
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The calculated energy and power density for the 3-electrode method are 

shown in Table 7.1. A fairly good energy density of 2.5 Wh kg
-1

 was obtained while 

maintaining a high power density of 2557.0 W kg
-1

 at an applied current density of 12 

A g
-1

. The computed specific capacity values for the NC electrode at different current 

densities ranging from 1-12 A g
-1

 are also presented in Table 7.1. The specific 

capacitance values offered by NC nanorods are high or comparable to other NC 

nanostructures (Table 7.3). 

Table 7.1 Energy density, power density and Specific capacity data at different 

current densities for the 3-electrode method. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 
QS (C g

-1
) 

1 6.6 225 104.9 

2 5.2 448 83.7 

4 4.0 888 64.3 

6 3.4 1302 54.4 

8 3.0 1771 48.1 

12 2.5 2557 39.2 

7.3.3 Electrochemical Study of Fabricated Supercapacitor Using NC Electrodes 

The NC nanostructures were also tested in a symmetrical 2-electrode method 

in order to check the practical applicability. The CV curves obtained from the 2-

electrode cell is shown in Figure 7.5(a), at scan rates from 2-30 mV s
-1

, the CV curves 

are quite rectangular with small redox peaks for cathodic and anodic sweeps 

confirming the pseudocapacitive nature of the material. The calculated specific 

capacitance values are 90, 82, 80, 75 and 72 F g
-1

 for 2, 5, 10, 20 and 30 mV s
-1

, 

respectively. Figure 7.5(b) shows the GCD curves of the nanorods at various current 

densities from 0.5 to 8 A g
-1

. The symmetrical charge-discharge curves are also a 

signature of good capacitive behavior. The calculated capacitance values are 91, 73, 

62, 53, 47 and 35 F g
-1

 for 0.5, 1, 2, 4, 6 and 8 A g
-1

, respectively. Also, the estimated 
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coulombic efficiency is more than 95% for the charge-discharge curves, which 

suggests the good charge-discharge profile of the supercapacitor device. 

Figure 7.5(c) shows the Nyquist diagram of the prepared supercapacitor, 

where a large semicircle is noticed in the high frequency region and a nearly flat tail 

parallel to the Y-axis was observed at the low frequency region, demonstrating the 

good electrochemical performance of the symmetrical supercapacitor. The equivalent 

circuit is best fitted and is presented in the inset of Figure 7.5(c). The cyclic stability 

study for the symmetrical supercapacitor depicts that around 91% of the initial 

capacitance value was retained at a high current density of 8 A g
-1

 after 2000 cycles 

(Figure 7.5d), which indicated its potential towards practical supercapacitor 

application. The admittance plot for the supercapacitor device is displayed in inset of 

Figure 7.5(d). The knee frequency (fo) value is 10 Hz and the calculated time constant 

(τo) value for supercapacitor device is 10000 μs. Low time constant values support the 

obtained high capacitance values. The energy and power density of the prepared 

supercapacitor calculated and is given in Table 7.2. A high energy density of 4.8 Wh 

kg
-1

 and a high power density of 8028.0 W kg
-1 

was obtained at a high current density 

of 8 A g
-1

. Thus, the superior electrochemical performance of the NC electrode 

material makes it a better electroactive material for advanced supercapacitor 

application.  

Table 7.2 Energy density, power density and specific capacity data at different 

current densities for the supercapacitor device. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 
QS (C g

-1
) 

0.5 12.6 506 91 

1 10.1 997 73 

2 8.6 2000 62 

4 7.4 4003 53 

6 6.5 6026 47 
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8 4.8 8028 35 

 

 

Figure 7.5 Electrochemical analysis for 2 electrode method. (a) CV curves, (b) GCD 

curves, (c) Nyquist plot and (d) Cyclic stability study of NC at a current density of 8 

A g
-1

 (inset shows the admittance plot).  

Table 7.3 Comparison of electrochemical data of NC with the reported literature.    

Electrode material CS (F g
-1

) 

Electrolyte 

and 

substrate 

Cyclic 

stability 
References 

Oxygen vacancy 

rich NC 

nanoneedles 

1076 @ 

0.5 A g
-1

 

1 M KOH   

Ni foam 

114% after 

1000 cycles @ 

10 A g
-1

 

Cao et al. 

(2020) 

NC nanourchins 
412 @ 0.5 

A g
-1

 

1 M KOH    

Ni foam 

86% after 1000 

cycles @ 10 A 

g
-1

 

Cao et al. 

(2020) 

NC nanoplates 332 @ 5 2 M KOH    86% after 2000 Kim et al. 
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mV s
-1

 Ni foam cycles @ 2.5 A 

g
-1

 

(2016) 

NC nanosheets 
560 @ 2 

A g
-1

 

3 M KOH    

Ni foam 

95% after 5000 

cycles @ 10 A 

g
-1

 

Mondal et al. 

(2015) 

NC nanoflakes 
330 @ 20 

mV s
-1

 

2 M KOH    

ITO substrate 

97% after 900 

cycles @ 20 

mV s
-1

 

Salunkhe et al. 

(2011) 

NC nanoparticles 
354 @ 10 

mV s
-1

 

2 M KOH    

Ni foam 
--- 

Saravanakumar 

et al. (2017) 

NC quantum dots  
362 @ 0.5 

A g
-1

 

1 M Na2SO4  

FTO glass 

slide 

--- 
Siwatch et al. 

(2020) 

Urchin like NC 

nanoneedles 

234 @ 1 

A g
-1

 

3 M KOH    

Ni foam 
--- 

Zhang et al. 

(2017) 

Firework shaped 

NC microspheres 

696 @ 1 

A g
-1

 

2 M KOH    

Ni foam 

86% after 

10000 cycles 

@ 50 mV s
-1

 

Zhang et al. 

(2019) 

NC nanowires 
830 @ 2 

A g
-1

 

3 M KOH    

Ni foam 

80% after 

20000 cycles 

@ 10 mA cm
-2

 

Zhao et al. 

(2018) 

NC nanorods 
565 @ 1 

A g
-1

 

2 M KOH    

Ni foam 

77% after 1000 

cycles @ 2 A 

g
-1

 

Zhu et al. 

(2014) 

NC nanorods 

440 @ 5 

mV s
-1

    

233 @ 1 

A g
-1

 

2 M KOH    

Ni sheet 

94% after 2000 

cycles @ 8 A 

g
-1

 

Present work 
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The calculated Z values for the 3-electrode as well as for supercapacitor 

device are 0.5485 and 0.2244, respectively. Therefore, the obtained high capacitance 

values for the NC nanorods were mainly attributed to the participation of electroactive 

sites due to the nanorod structure for the better redox reaction.   

The estimated CP is 28.2%, whereas the CEDL is 71.8% for the 3-electrode 

method (Figure 7.6a). Similarly, by following the same procedure, the CEDL and CP 

contribution of the NC in a supercapacitor device is of 75% and 25%, respectively 

(Figure 7.6b). From the experiment it is found that NC is CEDL dominant, the obtained 

inverse order of capacitance contribution for the NC electrode material could be 

believed to the physicochemical properties of electrode (crystal structure, chemical 

composition, surface area and porosity), effect of aqueous electrolyte (smaller size of 

aqueous ions have better permeability into the porous network), grain boundary and 

microstructure effect as stated by (Dupont et al., 2016; Dupont et al., 2018; Toupin et 

al., 2002). This kind of similar observations is also found in many literatures where it 

was found that the CEDL dominance for NC electrode as reported by (Chen et al., 

2014; Umeshbabu et al., 2014).  

 

Figure 7.6 Determination of CEDL and CP contribution of NC in (a) 3-electrode 

system and (b) Fabricated supercapacitor device. 
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7.4 CONCLUSIONS 

In conclusion, the present study reports the synthesis of NC nanorods 

employing a low temperature solvothermal approach. The structural and 

morphological analyses confirm the formation of NC nanorods. From the 

electrochemical study capacitance value of 440 F g
-1

 was obtained at a scan rate of 5 

mV s
-1

 in a 3-electrode method. Apart from the high capacitance value, the electrode 

material exhibited an excellent cyclic performance of only 6% decrease in the initial 

capacitance rate after 2000 continuous cycles. A symmetric supercapacitor was also 

fabricated in order to study the practical applicability. The symmetric supercapacitor 

showed good capacitance value of 91 F g
-1

 at an applied discharge current of 0.5 A g
-1

 

and 90 F g
-1

 at a scan rate of 2 mV s
-1

. The electrode material depicted an energy 

density of 2.5 Wh kg
-1

, power density of 2557.0 W kg
-1

 at a current density of 12 A   

g
-1

 in a 3-electrode method and 4.8 Wh kg
-1

, 8028.0 W kg
-1

 at a current density of 8 A 

g
-1

 in a symmetrical supercapacitor device. Such a high electrochemical performance 

was mainly due to the nano-architecture of the NC, which can act as a buffering 

channel for fast ion/electron transport and maintains its mechanical strength after the 

continuous charge/discharge cycles imparted good rate capability. Thus, the prepared 

material can be utilized as an active electrode material for high performance 

supercapacitor application.  
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 Chapter 8 presents the synthesis and characterization of PGNC 

nanocomposites prepared through solvothermal method. The morphological and 

structural features are thoroughly studied by sophisticated analytical tools. The 

synthesized material was studied for its utility in supercapacitor applications. 

8.1 INTRODUCTION 

Among the pseudocapacitive materials, NC has recently emerged as a 

potential supercapacitor electrode material owing to its splendid electrochemical 

behavior in comparison with NiO and Co3O4 (Sethi et al., 2019a). This is due to the 

better redox properties and higher electrical conductivity, which can lead to 2 to 3 

orders higher capacitance as compared to single metal oxides (Wei et al., 2018). 

Hybridization of NC with PG leads to the emergence of interesting properties and 

hence has been receiving increased attention by the research community lately (Low 

et al., 2019).  

 NC-carbon based hybrid composites have been prepared by using various 

techniques mainly involving hydrothermal approach usually followed by freeze-

drying or electrodeposition followed by calcination in air (Al-Rubaye et al., 2017; Foo 

et al., 2016; Jiang et al., 2018; Mondal et al., 2017). The carbon-based component of 

the composite was in the form of PG oxide, rGO, graphene foam, activated carbon or 

carbon cloth. NC nanostructures, on the other hand, had various structures, such as 

sheets, spheres, needles or rods (Mondal et al., 2015; Xu et al. 2018; Zhang et al., 

2017; Zhu et al., 2014). In the earlier reports, the electrochemical analysis of the 

composites was carried out by depositing the material on a Ni-foam current collector 

(Al-Rubaye et al., 2017; Foo et al., 2016; Jiang et al., 2018; Mondal et al., 2017). 

Although using Ni-foam current collectors leads to higher capacitance values owing 

to the presence of interconnected pores in the foam, it is not cost effective. 
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8.2 EXPERIMENTAL SECTION 

For the synthesis of x-PGNC (where, x = 5, 10, 15, 20, 25 and 30 wt% GO, 

respectively) first, an appropriate amount of GO (50 mg, 100 mg, 160 mg, 192 mg, 

320 mg and 400 mg for 5, 10, 15, 20, 25 and 30 PGNC, respectively) was dispersed 

uniformly in a 1:1 mixture of water (25 mL) and ethylene glycol (25 mL) solvent 

under sonication for 2 h. Then, 1 mmol of Ni(Ac)2·4H2O and 2 mmol of 

Co(Ac)2·4H2O were dissolved in a 1:1 mixture of water (10 mL) and ethylene glycol 

(10 mL) and were added to the GO dispersion under continuous stirring. After an 

hour, 6 mmol of urea was added slowly and stirred for 30 min. The whole reaction 

mixture was then poured into a stainless steel autoclave of 100 mL capacity and was 

heated at 160 °C for 16 h. Later, it was allowed to cool down naturally to room 

temperature and the products were collected and washed with deionized water several 

times followed by ethanol and dried at 70 °C overnight. The products were calcined at 

400 °C for 2 h in order to obtain the PGNC composite. The characterization and 

electrochemical studies were carried out as mentioned in chapter 2. 

8.3 RESULTS AND DISCUSSION 

8.3.1 Structural, Elemental and Morphological Analysis  

 The powder XRD patterns of the cubic NC and 10 PGNC (Figure 8.1a) match 

well with the JCPDS card no # 20-0781 with peaks at 31.17°, 36.6°, 38.2°, 44.57°, 

55.4°, 59.0°, 64.7° and 77.5° corresponding to the (220), (311), (222), (400), (422), 

(511), (440) and (533) crystal planes (Sethi et al., 2019a). The absence of other peaks 

indicates the purity of the sample. The average crystal size determined using 

Scherrer’s equation applied to the (311) peak of 10 PGNC was found to be 9.5 nm. 

 The Raman spectra of GO, PG and 10 PGNC composites are shown in Figure 

8.1(b). In GO, the D band at 1354.4 cm
-1

 arises due to the defects related to the 

breathing mode of k-point phonons of A1g symmetry (Wu et al., 2018). The formation 

of the G band at 1580 cm
-1

 is due to the first order scattering of the E2g phonons of sp
2
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C atoms (Mohamed et al., 2017a; Mohamed et al., 2017b; Sadiq et al., 2017c). The 

lower intensity of the D band as compared to the G band is due to the low degree of 

defect present in the graphite sample. The relative intensity ratio (ID/IG) of the D and 

G bands is a measure of defects formed in the sample and is inversely proportional to 

the average size of the sp
2
 domains (Sadiq et al., 2017d). The calculated ID/IG values 

for GO and PG samples are 0.76 and 1.06, respectively. In PG, the intensity of the D 

band increases in comparison to GO, owing to the formation of defects such as cracks 

and vacancies in the PG sheets (Sethi et al., 2019b). The shift in the position of the D 

band to 1349.2 cm
-1

 and the G band to 1592.4 cm
-1

 again confirms the better 

reduction of GO to PG (Bantawal et al., 2019; Sethi et al., 2019b). In 10 PGNC, the D 

band is located at 1348.1 cm
-1

 and the G band was located at 1587 cm
-1

, along with 

the peaks at 716  cm
-1

, 507 cm
-1

 and 481 cm
-1

, which can be assigned to the A1g, F2g 

and Eg modes of the NC sample (Sethi et al., 2019a). The formation of the 2D peak 

along with the D + G band indicates the formation of defects in the composite. The 

decrease in the ID/IG value to 0.97 may be due to the anchoring of NC nanorods on the 

PG surface (Wu et al., 2018). 

 

Figure 8.1 (a) XRD patterns of NC, 10 PGNC and (b) Raman spectra of GO, PG and 

10 PGNC. 
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Figure 8.2 XPS survey spectrum of 10 PGNC. 

 

Figure 8.3 Deconvoluted XPS plot of 10 PGNC: (a) C 1s, (b) O 1s, (c) Co 2p and (d) 

Ni 2p. 
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 The XPS survey spectrum of 10 PGNC confirms the presence of C, O, Ni and 

Co (Figure 8.2). The deconvoluted C 1s spectra show peaks at binding energies of 

284.5, 285.9 and 288.3 eV corresponded to C=C/C–C, C–O and C=O functional 

groups (Figure 8.3a) (Mohamed et al., 2018a). The Peaks at 528.9 (O1), 530.6 (O2), 

531.7 (O3) and 533 eV (O4) shown in the deconvoluted O 1s spectrum correspond to 

the oxygen bonded to the metal (Co/Ni), hydroxyl groups or the surface-adsorbed 

oxygen and chemisorbed water (Figure 8.3b) (Sadiq et al., 2017c; Subramanya et al., 

2015a). Both the Co 2p (Figure 8.3c) and Ni 2p spectra (Figure 8.3d) with two spin-

orbit doublets of Co
2+

, Co
3+

 and Ni
2+

, Ni
3+

 along with two shakeup satellites (denoted 

as ‘‘Sat.’’) are in accordance with the reported literature (Ko et al., 2017; Subramanya 

et al., 2015c). 

The FTIR spectra for PG, NC and 10 PGNC is presented in Figure 8.4. In the 

10 PGNC sample, the observed peak at 1556 cm
-1

 is due to the skeletal vibration from 

PG sample. The peaks appeared at 551 and 644 cm
-1

 correspond to the metal-oxygen 

vibrational modes of NC (Siwatch et al., 2020). The FTIR result again corroborates 

the results from Raman analysis. 

 

Figure 8.4 FTIR spectra of PG, NC and 10 PGNC. 
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Figure 8.5 (a) FESEM image (b) EDX profile with elemental data as an inset, (c) 

TEM image and (d) HRTEM image of 10 PGNC (inset shows the SAED pattern 

revealing polycrystalline nature). 

 

Figure 8.6 N2 adsorption and desorption isotherms of 10 PGNC (inset shows the pore 

size distribution plot). 
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 The morphology of the as synthesized materials is shown in Figure 8.5. The 

FESEM and TEM images of 10 PGNC (Figure 8.5a and 8.5c) reveal uniformly 

distributed NC nanorods over the PG surface. The EDX profile of 10 PGNC (Figure 

8.5b inset) confirms the presence of elements such as C, O, Ni and Co with the Ni/Co 

atomic ratio of 1:2. Lattice fringes of the planes (311) with a d-spacing of 0.24 nm 

and (400) with a d-spacing of 0.20 nm are clearly visible in the HRTEM image 

(Figure 8.5d).  

The N2 adsorption and desorption isotherms of 10 PGNC were found to be of 

type-IV according to the IUPAC classification as shown in Figure 8.6. A high specific 

surface area of 109 m
2 

g
-1

 for the mesoporous 10 PGNC was obtained, which is higher 

than the reported literatures such as NC nanorods/3D porous ultrathin carbon 

networks (98 m
2
 g

-1
), three-dimensional hierarchical rGO/NC nanostructures (105 m

2
 

g
-1

), rGO-NC hollow-spheres (21 m
2
 g

-1
) and mesoporous NC nanoneedle/carbon 

cloth arrays (44.8 m
2
 g

-1
) (Dong et al., 2019; Foo et al., 2016; Mondal et al., 2017; 

Zhang et al., 2014). The decrease in the surface area of the 10 PGNC composite may 

be due to the anchoring of NC nanorods on the PG surface. The pore size distribution 

of 10 PGNC (inset of Figure 8.6) clearly indicates the formation of the mesoporous 

structure with a total pore volume of 0.421 cm
3 

g
-1

. Such porous structures with a high 

specific surface area are considered to be suitable for supercapacitor applications due 

to the unique structure that can easily facilitate the transfer of ions and electrons at the 

electrode/electrolyte interface (Sethi et al., 2019b; Subramanya et al., 2015a). 

8.3.2 Electrochemical Study of PGNC Composite Electrodes 

 The electrochemical performances of the PGNC samples were studied by a 

conventional 3 electrode method by using 2 M KOH as electrolyte employing CV, 

GCD and EIS. The CV graphs of the PGNC composite samples in the potential range 

of 0-0.5 V show a pair of redox peaks during the anodic and cathodic sweeps 

depicting the pseudocapacitive nature of the materials (Figure 8.7a). The calculated 

capacitance values for the PGNC composites from the CV curves at a constant scan 

rate of 5 mV s
-1

 were 735, 1533, 983, 942, 401 and 263 F g
-1

 for the 5, 10, 15, 20, 25 
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and 30 PGNC composites, respectively. As can be seen from the plots, among the 

composites, the CV of 10 PGNC occupies more area, and shows more current 

collecting ability and a higher capacitance value as compared to the other composites 

in the series. The increase in the capacitance value from 5 to 10 PGNC is due to the 

synergistic beneficial effects of the two components. Later, with an increase in the PG 

content, there is a possibility of agglomeration of the PG sheets hindering the 

transport or wrapping of NC, inhibiting its redox properties.  

 

Figure 8.7 Electrochemical performance of PGNC composite electrodes: (a) CV 

curves at a constant scan rate of 5 mV s
-1

, (b) GCD curves at a constant current 

density of 1 A g
-1

, (c) Nyquist plots in the high frequency region and (d) Admittance 

plots.  

 The GCD graphs of the PGNC composites show a pseudocapacitive nature 

and are nearly symmetrical, which is a signature of good electrochemical behavior 
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(Figure 8.7b). The calculated specific capacitance (specific capacity) values for the 

PGNC composites at the fixed current density of 1 A g
-1

 for 5, 10, 15, 20, 25 and 30 

PGNC composites are 612 (275.4), 1684 (757.8), 840 (378.0), 742 (333.9), 387 

(174.1) and 157 F g
-1

 (70.7 C g
-1

). Also, among the PGNC composites, 10 PGNC 

requires more time to discharge and hence possesses a higher capacitance (capacity) 

value (Subramanya et al., 2015a). The calculated coulombic efficiency are 68%, 96%, 

79%, 82%, 88% and 94% for the composites of 5, 10, 15, 20, 25 and 30 PGNC, 

respectively. The composite 10 PGNC has displayed more coulombic efficiency as 

compared to other composites which suggested the good discharge profile of the 10 

PGNC material. 

 The Nyquist plots of all the PGNC composite electrodes are shown in Figure 

8.7(c). The plot reveals the absence of semicircle, suggesting the low resistance value 

offered by the material. The straight line in the low frequency region, nearly parallel 

to the Y-axis is suggestive of good capacitive nature of the electrode materials. The 

resistance and conductance values of all PGNC composites are presented in Table 8.1. 

The admittance plot of all composites is presented in Figure 8.7(d), by knowing the 

knee frequency values the estimated    value is presented in Table 8.1. The observed 

high capacitance value of 10 PGNC is in accordance with the low time constant value. 

Table 8.1 Resistance, conductance, knee frequency and time constant values of 

electrode materials. 

Electrode 

material 

Resistance 

(Ω) 

Conductance 

(S) 

Knee frequency 

(kHz) 

Time constant 

(μs) 

5 PGNC 0.26 3.84 15.9 62.9 

10 PGNC 0.20 5.00 39.8 25.1 

15 PGNC 0.31 3.22 25.1 39.8 

20 PGNC 0.37 2.70 15.9 62.9 

25 PGNC 0.43 2.32 10.0 100.0 

30 PGNC 0.55 1.81 6.31 158.4 
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8.3.3 Electrochemical Study of 10 PGNC Composite Electrode 

 The higher capacitance value of 10 PGNC makes it a suitable candidate for 

further study. The CV curves of 10 PGNC reveal that as the scan rate increases, the 

current collecting ability of the material increases (Figure 8.8a). This may be ascribed 

to the better NiCo2O4 ↔ NiOOH + 2CoOOH reaction kinetics (Mondal et al., 2017). 

From the CV study, high capacitance values of 1533, 1365, 1231, 925 and 710 F g
-1

 

were obtained at scan rates of 5, 10, 20, 30 and 50 mV s
-1

, respectively. These values 

are higher than many other graphene-based NC composites reported in the literature.  

 To investigate the discharging capability, a variable current charge-discharge 

study was carried out within a potential window of 0.45 V and the GCD curves were 

analyzed at different current densities ranging from 1 to 12 A g
-1

 (Figure 8.8b). The 

specific capacitance values obtained from the GCD curves at applied current densities 

of 1, 2, 4, 6, 8 and 12 A g
-1

 are 1684, 1559, 1004, 361, 277 and 230 F g
-1

, 

respectively. The computed specific capacity (C g
-1

) values from the charge-discharge 

curves are 757.8, 701.6, 451.8, 162.4, 124.7 and 103.5 C g
-1

 for the current densities 

ranging from 1-12 A g
-1

. The computed coulombic efficiency η (%) from the GCD 

curves for 10 PGNC are more than 95%. The specific capacitance values of the other 

PGNC composite materials, from CV and GCD data at different scan rates and 

applied current densities, are tabulated in Table 8.2 and 8.3, respectively.  

 The Nyquist plot of 10 PGNC does not show the presence of an arc in the high 

frequency region and consists of a straight line in the low frequency tail, depicting the 

low diffusion resistance of the composite electrode material (Figure 8.8c). This may 

be attributed to the 3D structure of PGNC composites, which provides a high surface 

area and enough pores for the diffusion of electrolyte ions without any hindrance 

(Subramanya et al., 2015a; Subramanya et al., 2015b).
 
The obtained value of Rs is 0.2 

ohm.  

 The cyclic stability is also an important parameter for measuring the cycle life 

of a supercapacitor. The cyclic stability test carried out at a current density of 8 A g
-1
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reveals that the electrode material shows 100% retention of initial capacitance up to 

1300 cycles. A high initial capacitance retention value of 94% even after 10000 

charge-discharge cycles was observed (Figure 8.8d), which is higher than that of the 

pristine NC and PG reported earlier (Sethi et al., 2019a; Sethi et al., 2019b). This kind 

of stability is achieved due to the synergistic effect of the porous structure of graphene 

and high electrochemical activity of NC, the combination of which increases the 

conductivity apart from facilitating the easy transportation of the electrons during 

cycling. The energy density and power density data calculated from the charge-

discharge curves are tabulated in Table 8.4. The comparison of the electrochemical 

performance of the 10 PGNC electrodes with existing literature is given in Table 8.5. 

 

Figure 8.8 Electrochemical analysis of the 10 PGNC composite: (a) CV curves, (b) 

GCD curves, (c) Nyquist plot with an equivalent circuit as inset and (d) Cyclic 

stability test at a constant current density of 8 A g
-1

 for 10000 cycles (inset shows the 

admittance plot). 
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Figure 8.9 CV curves for (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 PGNC 

composite.  

 

Figure 8.10 Determination of the CEDL and CP contribution. Specific capacitance vs. 

inverse square root of scan rate of (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 PGNC 

composite.   
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The CV curves of all the composites (5-30 PGNC) at different scan rates 

ranging from 5−50 mV s
-1

 are given in Figure 8.9. The specific capacitance values for 

all the composites are presented in Table 8.2. The calculated CEDL contributions are 

57.8%, 62.0%, 63.5%, 64.2%, 77.4% and 79.0% for 5, 10, 15, 20, 25 and 30 PGNC 

composite, respectively. As can be seen from the results, as the PG content increased, 

the extent of CEDL contribution also increased and obviously the CP value got reduced. 

The trend is in agreement with reported literature (Ruan et al., 2019). 

Table 8.2 Specific capacitance values of PGNC composites from CV. 

Composite Scan rate (mV s
-1

) CS (F g
-1

) 

5 PGNC 

5 735 

10 647 

20 589 

30 497 

50 382 

10 PGNC 

5 1533 

10 1365 

20 1231 

30 925 

50 710 

15 PGNC 

5 983 

10 874 

20 798 

30 627 

50 518 

20 PGNC 

5 942 

10 823 

20 736 

30 691 

50 593 
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25 PGNC 

5 401 

10 382 

20 356 

30 312 

50 296 

30 PGNC 

5 264 

10 244 

20 233 

30 197 

50 159 

Table 8.3 Specific capacitance and capacity values of PGNC composites from GCD 

data. 

Composite Current density (A g
-1

) CS (F g
-1

) QS (C g
-1

) 

5 PGNC 

1 612 275.4 

2 397 178.7 

4 267 120.2 

6 198 89.1 

8 153 68.9 

12 107 48.2 

10 PGNC 

1 1684 757.8 

2 1559 701.6 

4 1004 451.8 

6 361 162.4 

8 277 124.7 

12 230 103.5 

15 PGNC 

1 840 378.0 

2 485 218.3 

4 336 151.2 
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6 267 120.2 

8 201 90.5 

12 145 65.3 

20 PGNC 

1 742 334.0 

2 683 307.4 

4 231 103.9 

6 187 84.2 

8 160 72.0 

12 157 70.7 

25 PGNC 

1 387 174.2 

2 290 130.5 

4 222 99.9 

6 186 83.7 

8 165 74.3 

12 141 63.5 

30 PGNC 

1 157 70.7 

2 141 63.5 

4 123 55.4 

6 110 49.5 

8 101 45.5 

12 90 40.5 

Table 8.4 Energy density and power density of 10 PGNC electrode. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 

1 47.4 225.5 

2 43.8 451.3 

4 28.2 900.0 

6 10.2 1353.8 
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8 7.8 1797.8 

12 6.2 2704.2 

Table 8.5 Comparison of electrochemical performance of 10 PGNC electrode with 

reported literature. 

Electrode material CS (F g
-1

) Electrolyte Stability References 

rGO- porous NC 

composite 
1185 @ 2 A g

-1
 2 M KOH 

98% after 

10000 cycles 

@ 2 A g
-1

 

Al-Rubaye et 

al. (2017) 

NC-N-doped 

graphene composites 
563 @ 1 A g

-1
 6 M KOH 

90% after 

5000 cycles 

@ 3 A g
-1

 

Chang et al. 

(2019) 

NC-3D-porous 

carbon network 

 

1297 @ 0.5A 

g
-1

 
3 M KOH --- 

Dong et al. 

(2019) 

rGO-NC 

nanocomposites 
613 @ 1 A g

-1
 2 M KOH 

91% after 

2000 cycles 

@ 1 A g
-1

 

Foo et al. 

(2016) 

NC-rGO hybrid 

nanostructures 
932 @ 1 A g

-1
 3 M KOH 

84% after 

5000 cycles 

@ 2 A g
-1

 

Jiang et al. 

(2018) 

FeCoNi@Graphene 

nanoplatelets 

nanocomposites 

538 @ 1 A g
-1

 1 M KOH 

91% after 

5000 cycles 

@ 10 A g
-1

 

Li et al. 

(2019) 

rHGO-NC@Carbon 

fibers 
1178 @ 1 A g

-1
 3 M KOH 

87% after 

5000 cycles 

@ 5 A g
-1

 

Li et al. 

(2019) 

rGO-NC hollow 

spheres composite 

971 @ 0.5 A  

g
-1

 
3 M KOH 

76% after 

5000 cycles 

@ 10 A g
-1

 

Mondal et al. 

(2017) 
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Carbonized channels 

wrapped by NC 

nanosheets 

1541 @ 1 A g
-1

 3 M KOH 

86% after 

10000 cycles 

@ 10 A g
-1

 

Qu et al. 

(2019) 

GO-MWCNT-NC 

hybrid composite 

707 @ 2.5 A  

g
-1

 
6 M KOH 

88% after 

5000 cycles 

@ 2.5 A g
-1

 

Ramesh et 

al. (2018) 

SnO2@NC-N- 

MWCNTs hybrid 

composite 

728 @ 4 A g
-1

 6 M KOH 

92% after 

5000 cycles 

@ 4 A g
-1

 

Ramesh et 

al. (2019) 

N-doped porous 

carbon-NC hybrid 

electrode 

948 @ 1 A g
-1

 1 M KOH 

87% after 

2000 cycles 

@ 10 A g
-1

 

Tang et al. 

(2019) 

NC decorated 

dopamine derived 

carbon 

nanocomposites 

667 @ 5 A g
-1

 2 M KOH 

95% after 

2000 cycles 

@ 10 A g
-1

 

Veeramani et 

al. (2016) 

3D mesoporous 

NC@Graphene 

nanocomposites 

778 @ 1 A g
-1

 2 M KOH 

90% after 

10000 cycles 

@ 10 A g
-1

 

Wei et al. 

(2014) 

NC-Carbon 

composite 
920 @ 1 A g

-1
 6 M KOH 

94% after 

5000 cycles 

@ 1 A g
-1

 

Xu et al. 

(2019) 

NC-CNF composite 786 @ 1 A g
-1

 6 M KOH 

87% after 

5000 cycles 

@ 4 A g
-1

 

Yang et al. 

(2018) 

NC 

nanoneedle/carbon 

cloth arrays 

660 @ 2 A g
-1

 2 M KOH 

92% after 

3000 cycles 

@ 2 A g
-1

 

Zhang et al. 

(2014) 

rGO-NC composite 1003 @ 1 A g
-1

 6 M KOH 
57% after 

10000 cycles 

Zhang et al. 

(2019) 
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@ 10 A g
-1

 

3D PG-NC hybrid 

film 
708 @ 1 A g

-1
 1 M KOH 

94% after 

6000 cycles 

@ 10 A g
-1

 

Zhou et al. 

(2020) 

PGNC composite 

1684 @ 1A g
-1 

1533 @ 5 mV 

s
-1

 

2 M KOH  

Ni sheet 

94% after 

10000 cycles 

@ 8 A g
-1

 

Present work 

8.3.4 Electrochemical Study of Fabricated Supercapacitor Using 10 PGNC 

Composite Electrodes 

 The practical application of the 10 PGNC composite was studied by 

fabricating a symmetrical supercapacitor in a potential window of 1.2 V. The 10 

PGNC delivered specific capacitance values of 266, 238, 224, 200, 188 and 158 F g
-1

 

(Figure 8.11a), at the scan rates of 2, 5, 10, 30, 50 and 100 mV s
-1

, respectively. A 

high value of 158 F g
-1

 at the higher scan rate (100 mV s
-1

) strongly supports the 

superior supercapacitor performance of the material. The calculated specific 

capacitance (specific capacity) values from GCD for 10 PGNC are 225 (270), 200 

(240), 195 (234), 121 (145.2), 97 (116.4) and 75 (90) (Figure 8.11b) for the current 

densities of 1, 2, 4, 6, 8 and 12 A g
-1

, respectively. The coulombic efficiency for 

PGNC device is ˃ 90%, respectively. The NC showed a low specific capacitance 

value, which can be attributed to its lower electronic conductivity compared to 10 

PGNC (Sethi et al. 2019a). From this, it is evident that although the supercapacitive 

performance of NC is poor, the compositing of PG with NC leads to a 3-4 fold 

increase in the capacitance value. Also, the capacitance values obtained from the CV 

and GCD curves for the symmetrical supercapacitor of 10 PGNC are very high as 

compared to the symmetric/asymmetric supercapacitor using porous materials 

reported in the literature (Table 8.6). 

 The energy density and power density values of 10 PGNC were computed 

using the charge-discharge curves and the values are shown in Table 8.7. Notably, at a 

current density of 1 A g
-1

, a high power density of 1208.0 is obtained for 10 PGNC 
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while maintaining an energy density value of 45.3 Wh kg
-1

 while at a high current 

density of 12 A g
-1

, the supercapacitor still showed an energy density of 11.48 Wh  

kg
-1

 with a high power density of 17843.5 W kg
-1

. The obtained energy density and 

power density values of 10 PGNC are high as compared to the values reported for 

materials like NC/3D-OPC//3D-OPC (29.2 Wh kg
-1

 at 1550.0 W kg
-1

),  NC/GA//AC 

(25.4 Wh kg
-1

 at 658.0 W kg
-1

), NC NSs@HMRAs//AC (15.4 Wh kg
-1

 at 500.0 W  

kg
-1

), NC@GQDs//AC (38.1 Wh kg
-1

 at 800.0 W  kg
-1

), 3D-NC/Ni//3D-NC/Ni (0.88 

Wh kg
-1

 at 157.0 W kg
-1

), NC@3D N,S RGO  (33.6  Wh kg
-1

 at 1196.0 W kg
-1

) and 

Co-Ni-OH/rGO/CC//Co-Ni-OH/rGO/CC (30.3 Wh  kg
-1

 at 1500.0 W kg
-1

)  (Dong et 

al., 2019; Jiu et al., 2019; Lu et al., 2014; Luo et al., 2019; Ramadoss et al., 2016; 

Sivakumar et al., 2019; Wang et al., 2019).   

 

Figure 8.11 Electrochemical analysis of the fabricated supercapacitor using 10 

PGNC: (a) CV curves, (b) GCD curves, (c) Nyquist plot with an equivalent circuit, 

and (d) Cyclic stability test at a constant current density of 8 A g
-1

 (inset shows the 

admittance plot). 



164 

 

 The Nyquist plot of the supercapacitor fabricated with 10 PGNC shows a 

small semicircle in the high frequency region with a tail making an angle of 45° in the 

low frequency region, showing the Warburg resistance of the capacitor (Figure 8.11c). 

The smaller semi-circle implies the very low resistance of the capacitor and high 

capacitive nature of the material. The best fitted equivalent circuit for the 10 PGNC 

device is shown in inset of Figure 8.11(c). 

The cyclic stability plot of 10 PGNC (Figure 8.11d) shows that up to 2000 

cycles, the capacitance value remains unaltered, after which there is a slight decrease 

in the value with 96% retention of the initial capacitance value after 5000 cycles. This 

value is higher than that of the fabricated PG supercapacitor, which showed 93% 

retention for 5000 cycles (Sethi et al., 2019b). Around 93% of the initial capacitance 

value is retained even after 10000 cycles for 10 PGNC. This shows that 10 PGNC 

shows better cyclic stability than both NC and PG. This may be attributed to the 

combined action of the composite components, as stated earlier. The admittance plot 

shows a knee frequency value of 1595 Hz with a relaxation time constant value of 627 

µs for 10 PGNC (inset of Figure 8.11d). 

Table 8.6 Comparison of electrochemical performance of 10 PGNC in a 

symmetrical/asymmetrical supercapacitor with reported literature. 

Composites 

CS (F g
-1

) in 

symmetrical 

supercapacitor 

cell 

CS (F g
-1

) in 

asymmetrical 

supercapacitor 

cell 

Stability References 

NC/3D-

OPC//3D-OPC 
--- 82 @ 1 A g

-1
 

88%, 3000 

cycles @ 1 

A g
-1

 

Dong et al. 

(2019) 

NC/GA//AC --- 87 @ 1 A g
-1

 
78%, 3000 

cycles @ 1 

Jiu et al. 

(2019) 
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A g
-1

 

rHGO/NC/CF 

//AC 
--- 192 @ 1 A g

-1
 

83%, 5000 

cycles @ 2 

A g
-1

 

Li et al. 

(2019) 

NC/GQDs//AC --- 107 @ 1 A g
-1

 

72%, 3000 

cycles @ 4 

A g
-1

 

Luo et al. 

(2019) 

3D-NC/Ni//3D-

NC/Ni 
18 @ 0.1 mA --- 

100%, 5000 

cycles @ 

0.8 mA 

Ramadoss 

et al. (2016) 

NC//3D N,S 

RGO 
--- 108 @ 2 A g

-1
 

125%, 

12000 

cycles @ 10 

A g
-1

 

Sivakumar 

et al. (2019) 

Co-Ni-

OH/rGO/CC// 

Co-Ni-

OH/rGO/CC 

151 @ 2.5 A g
-1

 --- 

85%, 3000 

cycles @ 5 

A g
-1

 

Wang et al. 

(2019) 

PGNC 

composite 
225 @ 1 A g

-1
 --- 

93%, 10000 

cycles @ 8 

A g
-1

 

Present 

work 
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Table 8.7 Energy density and power density values of the fabricated supercapacitor. 

Current density 

(A g
-1

) 

Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 

1 45.3 1208.0 

2 40.0 2440.7 

4 39.0 4808.2 

6 24.2 7260.0 

8 16.4 11576.5 

12 11.4 17843.5 

 The calculated CEDL contribution is 70% for 10 PGNC supercapacitor device 

(Figure 8.12). The increased capacitance in the 10 PGNC sample revealed the 

synergistic effect of the constituents of composites towards the overall capacitance 

(Gao et al., 2018).  

 

Figure 8.12 Determination of the CEDL and CP contribution of the 10 PGNC 

fabricated supercapacitor. 
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8.4 CONCLUSIONS 

 A one-pot solvothermal approach followed by calcination in air was employed 

for the synthesis of PGNC hybrid composites. The structural and morphological 

analysis revealed that the nanorods were uniformly distributed over the PG surface, 

making it a 3D hybrid structure. The prepared materials were tested as an active 

capacitive material for supercapacitor application in a 3-electrode setup. Apart from 

high capacitance values (1533 F g
-1

 at a scan rate of 5 mV s
-1

 and 1684 F g
-1

 at a 

current density of 1 A g
-1

), the electrode material exhibited very high capacitance 

retention (94% of its initial value) after 10000 cycles at a current density of 8 A g
-1

. 

The symmetrical supercapacitor fabricated employing these electrodes exhibits a high 

capacitance value of 266 F g
-1

 at a scan rate of 2 mV s
-1

 and 225 F g
-1

 at a current 

density of 1 A g
-1

. The superior electrochemical behavior of this material in 

comparison with the NC is primarily attributed to the synergistic effect of the high 

surface area, electronic conductivity and high quantum capacitance of the PG. The 

high energy density (45.3 W h kg
-1

), high power density (17843.5 W kg
-1

) and high 

cyclic stability (a retention of 93% of its initial capacitance even after 10000 charge-

discharge cycles) of the fabricated supercapacitor make it a promising candidate for 

commercial applications. 

 



 

 

 

CHAPTER 9 

SUMMARY AND CONCLUSIONS 
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 Chapter 9 outlines the summary of the work presented in the thesis along with 

the important conclusions drawn from the study. Scope for further research has also 

been included here.   

9.1 SUMMARY 

 The thesis reports the successful synthesis of seven different kinds of novel 

electrode materials such as PG, NiO, PGNiO, NF, PGNF, NC and PGNC using a 

solvothermal method. All the synthesized electrode materials were carefully 

characterized for their structural, elemental, spectroscopic, morphological  and surface 

area properties by employing appropriate techniques such as XRD, Raman, XPS, 

FTIR, FESEM, HRTEM and BET surface area analysis. The electrode materials were 

then investigated for the energy storage applications. The electrochemical 

characterizations such as CV, GCD, EIS and cyclic stability test were performed in an 

aqueous 2 M KOH electrolyte. A brief summary of the overall work presented in the 

thesis is given below. 

Chapter 1 gives a brief introduction to the basic concepts of the study 

undertaken. It also gives a brief overview of the relevant works in the literature which 

focuses upon PG, NiO, NF, NC, PGNiO, PGNF and PGNC, their synthesis methods 

and their role in supercapacitor application. Scope and objectives of the present 

research work have been given at the end. 

 Chapter 2 presents and discusses an eco-friendly approach for the synthesis 

of PG and its energy storage application. In this chapter, the synthesis of PG with high 

surface area by a low-cost and eco-friendly method for mass production, employing 

an energy matching solvent system consisting of a mixture of 1:1 ethylene glycol and 

water (EG+H2O) is discussed. The study of its supercapacitor performance in terms of 

specific capacitance and cyclability is also carried out. The superior electrochemical 

activity observed has been mainly attributed to the high surface area of PG sheets and 

its mesoporous structure, which is highly beneficial for the efficient storage of 

charges and transport of ions, which in turn enhances the supercapacitor performance. 
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In this chapter, the first principles DFT calculations were also performed to show the 

enhancement of charge bearing capacity of PG over graphene.   

 Chapter 3 deals with hassle-free solvothermal synthesis of NiO nanoflakes 

for supercapacitor application. This chapter reports the synthesis of NiO nanoflakes 

with high surface area using a mixed solvent solvothermal route, followed by 

calcination of the metal hydroxide in air. The as obtained nanoflakes when utilized as 

an electrode displayed a high capacitance value of 305 F g
-1

 at a scan rate of 5 mV s
-1

 

with good rate capability and coulombic efficiency along with retention of 84% of the 

initial capacitance value after 5000 cycles at a current density of 8 A g
-1

.
 
The designed 

symmetrical supercapacitor by using the NiO electrodes also executed good 

electrochemical performance with good capacitance retention, along with high power 

density. The promising electrochemical features exhibited by the material has proved 

its suitability as a supercapacitor and can be further improvised by compositing it with 

carbon materials to improve the electrochemical performance. 

 Chapter 4 presents a simple solvothermal synthesis of PGNiO 

nanocomposites for supercapacitor application. This chapter reports the study of a 

hybrid composite of PG with nano flake structured NiO synthesized through an eco-

friendly mixed solvent mediated solvothermal approach with an intent to improve the 

electrochemical performance in terms of capacitance, cyclic stability and power 

density. The synthesized 10 PGNiO composite electrode displayed a specific 

capacitance value of 511 F g
-1

 at a scan rate of 5 mV s
-1

 and 477 F g
-1

 at a current 

density of 1 A g
-1

 with 80% retention of initial capacitance value after 10000 

discharge cycles at a current density of 8 A g
-1

. The fabricated supercapacitor device 

exhibited a high power density of 12000 W kg
-1

 at a high current density of 12 A g
-1

. 

The impressive electrochemical accomplishment is attributed to the presence of 

porous structure and good surface area of PGNiO composite, which not only acted as 

an ion-buffering reservoir but also maintained the mechanical strength during the 

continuous charge - discharge cycles.  
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 Chapter 5 gives a descriptive report on solvothermal synthesis of NF 

nanoparticles for high performance supercapacitor applications. The study, describes 

the synthesis of NF nanoparticles using 1:1 water and ethylene glycol. The synthesis 

employing mixed solvent mediated route is a simple low temperature solvothermal 

approach to yields material with high capacitance value and high life cycle. The as 

prepared NF nanoparticles were studied for their electrochemical response for 

utilization as supercapacitor electrode material. When the electrode material is tested 

in aqueous 2 M KOH electrolyte, a high capacitance value of 478 F g
-1

 at a scan rate 

of 5 mV s
-1 

was obtained. The electrode material also exhibited good capacitance 

retention value of 88% after continuous 10000 cycles at a high current density of 8 A 

g
-1

. The better electrochemical performance displayed by the electrode is primarily 

attributed to the nano dimension and good surface area along with mesoporous 

structure and large pore volume of NF. The easy synthetic route, high capacitance 

value in low concentration of KOH and absence of expensive current collectors like 

Ni foam makes the material potent to be used as electrode material in supercapacitors.  

 Chapter 6 deals with the synthesis, characterization and electrochemical 

performance of PGNF nanocomposite. In this chapter, PG of high surface area and 

NF of nano dimension, the combination of which led to PGNF composites was 

synthesized for the amelioration of the electrochemical performance. The prepared 

nanocomposites via a facile, low temperature solvothermal route depicted high 

electrochemical performance (1465 F g
-1

) and cyclic stability (96% retention after 

10000 cycles). The fabricated supercapacitor device also delivered impressive energy 

density and power density. This is primarily attributed to the synergic effect of the 

composite components and connotes their robust application in the field of 

supercapacitors. 

Chapter 7 describes the synthesis, characterization and high supercapacitor 

performance of NC nanorods. This chapter describes the synthesis of NC nanorods by 

a low-temperature solvothermal route without the addition of templates and the study 

of their electrochemical properties by using an aqueous electrolyte. The 
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electrochemical study of this NC material revealed good performance and can be 

utilized for high performance supercapacitor application.  

Chapter 8 provides details of template free low temperature solvothermal 

synthesis, characterization and energy storage applications of PGNC nanocomposites. 

This chapter presents the synthesis of 3D PGNC composites by a simple solvothermal 

method followed by calcination in air. The novelty of the work lies in the use of the 

mixed solvent for the synthesis of the composite to control the morphology of each 

constituent so as to improve the overall supercapacitance performance. The 

electrochemical results displayed from the CV, GCD and EIS studies proved the 

PGNC composite to be a potential material for high performance supercapacitor 

application. 

Chapter 9 outlines the summary of the work presented in the thesis along 

with important conclusions drawn from the study. The results of the experimental 

investigation displayed in the thesis are presented in the tabular form and in Figure 

9.1 (a) and (b). Scope for further research has also been included in this chapter. 

References used have been listed at the end followed by the Bio-data.  

9.2 CONCLUSIONS 

 PG, oxides of Nickel (NiO, NF and NC) and its composites (PGNiO, PGNF and 

PGNC) can be easily synthesized by eco-friendly solvothermal method for 

supercapacitor applications with high performance. 

 The synthesized electrode materials are economic, they exhibited high 

electrochemical performance and cyclic stability.  

 Compositing of oxides of nickel with PG improved its electrochemical 

performance and stability due to the synergistic action of the components.  

 Among the studied materials, PGNC exhibited highest capacitance value and 

cyclic stability as an electrode while PGNF had better performance as a fabricated 

device.  
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Table 9.1 Summarized results of the synthesized materials as an electrode. 

Electrode 

material 

CS from CV            

(F g
-1

) 

CS from GCD         

(F g
-1

) 

Energy density   

(Wh kg
-1

) 

Power density       

(W kg
-1

) 
Cyclic stability 

PG 484 @ 5 mV s
-1

 437 @ 1 A g
-1

 34.2 375.4 87% after 10000 cycles 

NiO 305 @ 5 mV s
-1

 190 @ 1 A g
-1

 5.3 225.0 84% after 5000 cycles 

PGNiO 511 @ 5 mV s
-1

 477 @ 1 A g
-1

 13.4 225.0 80% after 10000 cycles 

NF 478 @ 5 mV s
-1

 368 @ 1 A g
-1

 10.4 225.8 88% after 10000 cycles 

PGNF 1465 @ 5 mV s
-1

 1320 @ 1 A g
-1

 37.2 225.5 94% after 10000 cycles 

NC 440 @ 5 mV s
-1

 233 @ 1 A g
-1

 6.6 225.0 94% after 2000 cycles 

PGNC 1533 @ 5 mV s
-1

 1684 @ 1 A g
-1

 47.4 225.5 94% after 10000 cycles 
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Table 9.2 Summarized results of the fabricated symmetrical supercapacitor device. 

Electrode 

material 

CS from CV            

(F g
-1

) 

CS from GCD         

(F g
-1

) 

Energy density   

(Wh kg
-1

) 

Power density       

(W kg
-1

) 
Cyclic stability 

PG 297 @ 5 mV s
-1

 189 @ 1 A g
-1

 26.3 1502.8 93% after 5000 cycles 

NiO 30.2 @ 5 mV s
-1

 8.8 @ 3 A g
-1

 1.2 3013.7 63% after 3000 cycles 

PGNiO 86 @ 5 mV s
-1

 43 @ 2 A g
-1

 5.9 2000.0 84% after 10000 cycles 

NF 77 @ 5 mV s
-1

 58.4 @ 1 A g
-1

 9.0 506.3 81% after 10000 cycles 

PGNF 303 @ 5 mV s
-1

 160 @ 4 A g
-1

 22.2 4000.0 96% after 10000 cycles 

NC 82 @ 5 mV s
-1

 73 @ 1 A g
-1

 12.6 506.0 91% after 2000 cycles 

PGNC 266 @ 5 mV s
-1

 255 @ 1 A g
-1

 45.3 1208.0 93% after 10000 cycles 
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Figure 9.1 Comparison of specific capacitance values from CV and GCD data (a) for 

the electrode material and (b) for the supercapacitor device.  

9.3 SCOPE FOR FUTURE WORK 

 The electrochemical performance of the synthesized materials could be further 

improved by suitable doping of the oxides.  

 The synthesized materials could be studied for hydrogen evolution reaction and 

photocatalysis.  

 Various other oxides of nickel and their composites with PG can be synthesized 

and studied for their electrochemical performance.  
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