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초 록 

 

현대 사회의 출현과 에너지의 수요 증가에 따른 화석 연료의 부족으로 인해 새

로운 종류의 에너지 전환 및 저장 장치의 개발에 대한 관심이 높다. 에너지 저장 

장치 중에서 슈퍼커패시터는 베터리를 대체 할 수 있는 저장 장치로 주목되어 

왔다. 그러나 낮은 전기 용량 및 저 에너지 밀도를 갖는 물질로 인해 슈퍼커패시

터 개발은 어려웠다. 본 학위 논문에서는 높은 페러데이 반응을 갖는 에너지 저

장 장치용 전극인 이차 금속 산화물(NiCo2O4)을 사용하였다. 첫 번째 실험에서

는 쉬운 저온 수열 합성과 열적 어닐링 방법을 사용하여 NiCo2O4 나노 플레이트

를 제작했고 슈퍼커패시터에 적용했다. 제작 된 재료의 물리 화학적 특성을 X선 

회절 분석, 푸리에변환 적외선 분광 분석(FTIR) 및 전계방출형 주사전자현미경

(FE-SEM)을 통해 분석하였다. 그 결과 전기화학 측정에서 NiCo2O4 나노플레이

트 전극은 5mVs-1의 스캔 속도에서 332 Fg-1의 높은 비정전용량을 나타냈으며 

2.5Ag-1의 전류 밀도에서 2000 사이클의 후에도 초기 비정전용량의 약 86%을 

유지함을 보여주었다. 두 번째 실험에서는 성능을 향상시키기 위해 니켈 폼 위에 

견고한 접착력을 발휘하는 계층적 다공성 니켈-코발트 화형(porous 

hierarchical flower-shaped nickel, PFNC) 나노시트를 단순 수열 합성법 및 

열처리를 통해 제작하였다. 재료 물질의 다공성 구조는 전기 활성을 증가 시키고 

전기화학 측정을 하는 동안 빠른 전자 이동 및 이온 전도를 촉진시킨다. 제작 된 

재료를 충•방전 분석 및 순환 전류 분석을 통해 측정한 결과 각각 5 mAcm-2의 

전류 밀도에서 최대 비정전용량은 2061 Fg-1(표면정전용량 : 4.16Fcm-2)이고 

5 mVs-1의 스캔속도에서 최대 비정전용량은 2100Fg-1(4.24Fcm-2)으로 측정되

었다. 두 실험을 통해 바인더 물질이 혼합하지 않은 PFNC 전극이 슈퍼퍼캐시터 

제작을 위한 좋은 양극 물질이 될 수 있음을 시사한다. 
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Abstract 

 

The emergence of modern era and rising call for the need of energy urges the 

development of new kinds of energy conversion and storage devices due to lack of fossil 

fuels. Among the energy storage devices, supercapacitors have been considered as 

alternate energy storage devices for batteries. However, it suffers from low energy 

density due to the low capacitance materials. In the present thesis, we present a binary 

metal oxides, NiCo2O4 as an excellent electrode material for energy storage device due 

to its rich faradic reaction. In this first experimental, we present a preparation of NiCo2O4 

nanoplates by a facile, low temperature, hydrothermal method, followed by thermal 

annealing and used supercapacitor applications. The physico-chemical characterizations 

of as-prepared materials were investigated by means of X- ray diffraction (XRD), 

Fourier transform infra-red spectroscopy (FT-IR) and field emission scanning electron 

microscopy (FE-SEM). The electrochemical measurements demonstrate that the 

NiCo2O4 nanoplates electrode exhibits a high specific capacitance of 332 F g
-1

 at a scan 

rate of 5 mV s
-1

 and also retained about 86% of the initial specific capacitance value 

even after 2000 cycles at a current density of 2.5 A g
-1

. In order to improve the 

performance, we demonstrate a large-scale growth of porous hierarchical flower-shaped 

nickel cobaltite (PFNC) nanosheets on Ni foam with robust adhesion as a high 

performance electrode material for supercapacitors via a simple hydrothermal method 

and post annealing treatment. The presence of porous architecture increases the 

electroactive cites and facilitates the fast electron and ion conduction during 
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electrochemical measurements. The prepared material shows a maximum specific 

capacitance of 2061 Fg
-1

 (areal capacitance of 4.16 F cm
-2

) at the current density of 5 

mA cm
-2

 and 2100 F g
-1

 (4.24 F cm
-2

) at the scan rate of 5 mV s
-1

 from charge discharge 

analysis and cyclic voltammetry analysis respectively. Overall results suggest that the 

prepared binder-less PFNC electrode will be a promising candidate as a positive 

electrode for supercapacitor applications.  
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1. Introduction 

1.1. Background 

 

In recent years, the rapid growth of global economy, the depletion of fossil fuels and 

increasing environmental pollution stimulates the development of an efficient, clean and 

sustainable energy storage technology [1-3]. It is further found that this deficiency will 

be increased as double by the middle of this 21st century and this demand further will be 

increased as triple by the end of this 21stcentury. Presently, majority of the electricity 

demand is achieved by the generation of power from various non-renewable energy 

resources like crude oil, natural gas, coal, and nuclear energy. However, diminishing the 

availability of fossil fuels and raising the amount of greenhouse gas emissions made us 

urgent the society to take action towards renewable and sustainable energy resources. 

Particularly, wind and solar power are the most plentiful and abundant renewable energy 

resources than the any other resources such as bio-fuel, biomass, geothermal energy, etc. 

Although, the major obstacles of solar and wind power are, they could be produced only 

during daytime and wind does not blow on request respectively.  

This variable nature of solar and wind resources leads to the origin and development 

of electrical energy storage (EES) systems. In this regard, electrochemical energy 

storage systems play an important role in storing electrical charge by converting the 

chemical energy into electrical energy and vice versa. The electrochemical energy 

storage systems has captivated among all other classes of EES due to its various 
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advantages such as high direct energy conversion, efficiency of energy conversion, non-

appearance of mobile parts and hence portability, minimum noise level, miniaturization, 

convenient to scale up in large and minimum pollution [4, 5]. 

1.2.Energy storage devices 

EES are extensively used in grid storage, UPS, electronic devices such as laptops, 

cell phones, digital cameras, power tools etc. In specific, the EES devices are widely 

employed in the expansion of electric or hybrid electric vehicles with less CO2 emissions. 

The EES are largely categorized into three main types such as (i) batteries, (ii) capacitors 

and (iii) fuel cells. Capacitors are the device which storing the charge between the 

positive and negative electrodes which is separated by a dielectric medium. The 

capacitor is mainly analyzed using the term, capacitance. Generally, the output of 

dielectric capacitors is between several micros to several milli-farads. Capacitance is 

directly proportional to the surface are of the electrode materials and inversely 

proportional to the distance between the two electrodes. Supercapacitors are also called 

as, ultracapacitors, double-layer capacitors, electrochemical capacitors, power capacitors, 

gold capacitors and power cache.  
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Figure. 1.1.1. Schematic representation of capacitors and supercapacitors 

The EES charge storage mechanism is either by ion adsorption/desorption (electrical 

double layer capacitors) or redox reactions (pseudocapacitors). Thus, the storing of 

electrical charge is high in electrochemical capacitors than electrolytic and electrostatic 

capacitors. Moreover, supercapacitor has high power density than batteries and high 

energy density than conventional capacitors. 

 

1.3. Types of electrochemical capacitors 

Among the various energy storage technologies; supercapacitors have attracted an 

immense attention for the future generation devices, most importantly because of their 

fast charge/discharge process, high- power density, long cycle life and environmentally 

benign [6-9].Therefore, they are extensively utilized in electric vehicles, portable 
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electronics, and memory back-up systems [10]. Supercapacitors are popularly 

categorized into electric double layer capacitors (EDLCs) and pseudocapacitors based 

on their charge storage mechanisms [2, 3, 10, and 11]. 

 

 

Figure.1.1.2. Chart for types of supercapacitors 

1.3.1. Electrical double layer capacitors (EDLC) 

In (EDLCs), the capacitance is mainly correlated with the gathering of charge at the 

interface between electrode and electrolyte as double layer, called as non-Faradaic 

process. Although, the amount of charge accumulation is investigated by using the 

following equation to that of parallel-plate capacitor, C = ε.S/d, therefore, Where, ε = εo. 

εr, εo is the permittivity of free space (8.854×10
-12

 F m
-1

) and εr the relative dielectric 

constant of the electrolyte as liquid or solid, A is the surface area of the electrodes (m
2
 g

-
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1
) and d is the thickness of the electrical double-layer (EDL) or Debye length. The 

famous scientist Helmholtz was firstly proposed the model for EDL theory in 1853 

likewise to that of parallel plate capacitor; hence this model tells that two layers of 

opposite charges build up at the interface between electrode-electrolyte with little atomic 

distance. Carbon based materials are the best examples for double layer capacitors such 

as activated carbon, carbon nanotubes and graphene and so on, have been used to store 

charges in EDLCs. 

1.3.2. Pseudocapacitors 

The electrochemical performance of supercapacitor is mainly based on their 

electrode material’s property [3]. Till now, the practical application of supercapacitors 

are hindered due to insufficient performance of the electrode materials, such as low 

specific capacitance of carbon-based materials, high cost (RuO2), poor electrical 

conductivity and poor cycling stability of transition metal oxides [12]. Therefore, 

significant research efforts have been devoted to improve the electrochemical 

performance of electrode materials for high-performance supercapacitors and it is one of 

hot research topic this field. Transition metal oxides have many intriguing properties 

with numerous oxidation states which capable of enhanced redox reactions resulting to 

achieve excellent electrochemical output than the conventional carbon based materials 

and conducting polymers [13-15]. This interesting behavior makes the transition metal 

oxides as the potential electrode materials for supercapacitor applications. There are 
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much efforts has been considered to developing a new disguised electrode materials with 

abundant nature, biocompatibility, low cost, eco-friendly nature and enhanced 

electrochemical performances such as MnO2, NiO, Co3O4, Ni(OH)2, Co(OH)2 and so on 

[16-20]. However, due to slight increased semi-conducting nature, these materials have 

less transport between electrolyte and electroactive materials. Hence, it is necessary to 

find out an alternate advanced electrode material with excellent output. Recently, 

various kinds of inexpensive binary/ternary metal oxide systems such as Ni-Mn oxide 

[21], Mn-Co oxide [22, 23], Ni-Co oxide [24], Mn-Fe oxide [25], Ni-Ti oxide [26], Sn-

Al oxide [27], Mn-Ni-Co oxide [28], Co-Ni-Cu oxide [29] and Mn-Ni-Cu oxide [30] 

have been put forward as the electrode materials for high-performance supercapacitors 

application due to their combined redox contribution of both metal ions. Therefore, it is 

significant and challenging to exploit multicomponent metal oxide materials for 

supercapacitors. 

Among them, NiCo2O4 is an alternate promising material due to its high 

theoretical capacity, natural abundance, environmentally benign and low cost. Currently, 

spinel nickel cobaltite (NiCo2O4) has drawn an increasing attention as a promising 

electrode material for high-performance supercapacitors due to their high theoretical 

capacitance, low cost, environmental friendliness and natural abundance [31-37]. In 

addition to that, NiCo2O4possesses much better electrical conductivity, at least two 

orders of magnitude higher and better electrochemical activity than that of nickel oxide 

(NiO) and cobalt oxide (Co3O4) [38, 39]. So far, a various forms of 
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NiCo2O4nanostructures, including nanosheets, nanowires, nanoflowers, microspheres, 

and nanoplates have been synthesized and investigated for their electrochemical 

performances [40-44]. All these results demonstrate that the electrochemical properties 

of the electrode materials are highly related to their size, shape and morphology [45-47]. 

Therefore, it is necessary to develop a facile, scalable and low cost method to synthesize 

high-performance nanostructure materials with desirable morphology and size for 

supercapacitor applications. In recent years, there are many reports are available by 

using NiCo2O4 as an electrode material for supercapacitors such as nanoflakes, 

nanoparticles, nanoneedles, nanoflowers, nanowires, nanorods and so on with and 

without additive agent. On the other hand, creating the three dimensional hierarchical 

nanostructures materials have been considered much attention in the recent days making 

them to improve ion transportation in energy storage devices [48, 49]. In addition 

developing porous structures materials will improve the exposed specific surface area of 

the electrode materials which leads to better specific capacitances. 
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1.4.Scope of this present thesis 

The literature review portrays that the binary metal oxide, especially 

NiCo2O4nanomaterialsare one of the prominent electrode materials for the high 

performance supercapacitor and their specific capacitance value is mainly depends on 

the synthesis and morphology of the material. Thus, it is important to find out the 

suitable synthesis procedure and new fabrication technique to prepare NiCo2O4 for 

electrochemical energy storage devices. The main scope of this thesis are described as 

follows, 

 To synthesize plate-like structure of NiCo2O4as non-binder-free electrode and 

Porous flower-like NiCo2O4 nanosheets on Ni foam as binder-free electrode by 

facile hydrothermal method for supercapacitors 

 To investigate the structural characteristics of the prepared materials by Field-

emission scanning electron microscopy (FE-SEM), N2 adsorption / desorption, X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Fourier transform 

Infrared spectroscopy (FT-IR) 

 To elucidate the electrochemical characteristics of the prepared electrodes using 

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 

galvanostatic charge-discharge (GCD) techniques  

The results demonstrated in this thesis may benefit simple and effective 

approaches to preparing transition binary metal oxide and their improved 
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electrochemical performances via binder-free approaches as electrode materials for 

electrochemical energy storage systems. 
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2. Materials and methods 

2.1.Chemicals 

All the chemicals used in this thesis were of research grade and directly used 

without any further purification. The list of chemicals used in this thesis is given in 

Table2.1.  

Table 2.1 Chemicals used in this thesis work. 

Chemicals Formula Purity Supplier 

Nickel nitrate hexahydrate Co(NO3)2.6H2O 97% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Nickel chloride hexahydrate CoCl2.6H2O 97% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Cobalt nitrate hexahydrate Co(NO3)2.6H2O 97% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Cobalt chloride hexahydrate CoCl2.6H2O 97% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Hydrochloric acid HCl 35% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Potassium hydroxide KOH 85% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Polyvinylidene fluoride 

(PVDF) 

(CH2CF2)n - Sigma Aldrich 

Carbon black C 99% Sigma Aldrich 

N-Methyl-2-pyrrolidinone 

(NMP) 

C5H9NO 99.7% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Ethanol CH3CH2OH 99.9% Fisher Scientific 

Acetone C3H6O 99.8% Fisher Scientific 
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2.2. Synthesis procedure 

2.2.1. Hydrothermal synthesis 

Hydrothermal method is one of the good techniques that have numerous benefits, 

such as facile, lower cost, eco-friendly, able to prepare with excellent morphology, and 

the feasibility of gaining improved accessible active sites. Hydrothermal process has 

considered as one of the potential approaches for preparing nanomaterials with different 

morphologies. Hydrothermal technique is a method that uses homo- or heterogeneous 

phase reactions in aqueous medium at the high pressure above 1 atm and high 

temperature above 100 °C to crystallize nanomaterials from precursor solution [50, 51]. 

At the sealed steel vessel of autoclave, the growth process was performed that can 

sustain in high pressures and temperatures for a long time along with water. A 

temperature incline was preserved inside the reaction chamber between the two opposite 

ends. At the side of hotter end, the precursor solute dissolves, whereas at the side of 

Sulfuric acid H2SO4 98% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Sodium hydroxide NaOH 98% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Potassium hydroxide 

 

NaOH 98% Daejung Chemicals & 

Metals Co. Ltd, Korea 

Poly(tetrafluoroethylene) 

(PTFE) 

(C2F4)n - Sigma Aldrich 

Nickel foam Ni - Heze Jiaotong Group 

Corporation, China 

Nitric acid (HNO3) 60-62% Junsei Chemical Co. 

Ltd. Japan 
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cooler end, it is deposited as a seed crystal, which leads to growing the desired crystal. 

The hydrothermal method was used to prepare the electrode materials as presented in 

this thesis. 

2.3. Materials characterization 

2.3.1. X-ray diffraction technique (XRD) 

X-ray diffractometer (XRD) is one of the non-destructive methods to determine 

the phase of the crystal, crystal size, phase purity, and structure. The prepared samples 

were performed by using Rigaku X-ray diffractometer which is operated with Cukα 

radiation at 40 KeV and 40 mA in the range between10 and 80° with a step range of 

0.02°. 

2.3.2. Fourier transform infrared (FT-IR) spectrometer 

The functional groups presented in the samples were analyzed using FT-IR 

spectroscopy. FT-IR spectra were measured using Thermo Scientific Systems, Nicolet-

6700 at room temperature using the KBr pellet method in the range between 4000 and 

400 cm
-1

. 

2.3.3. Field-emission scanning electron microscopy 

The morphology of the desired surface and size of the particles of the 

synthesized materials were evaluated using the field-emission scanning electron (Model: 

FE-SEM, JSM-6700F, JEOL Ltd) with filament current of 10 µA and an acceleration 

voltage of 5 kV. Prior to measurement, the prepared samples were affixed onto a double-
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face conducted tape mounted on a metal stud and coated with platinum using a sputter 

coater (model: Cressing ton sputter coater -108 auto). 

2.3.4. X-ray photoelectron spectroscopy (XPS) 

The chemical state of elements and compositions present in the surface of the 

samples was obtained by XPS technique using model: ESCA- 2000, VG Microtech Ltd 

and Theta Probe AR-XPS system (Thermo Fisher Scientific, U.K). In this, a 

monochromatic X-ray beam source was used at 1486.6 eV (using aluminum anode) and 

14 kV was used to scan over the surface of the prepared sample. 

2.3.5. Brunauer, Emmett and Teller (BET) surface area analysis 

BET surface area analysis, also called as Nitrogen (N2) adsorption-desorption 

isotherm is one of the important techniques measurement was carried out to determine 

the pore-volume and pore-size and especially specific surface area, as-prepared samples. 

The BET analysis was performed with Quantachrome RASiQwin™ c 1994-2012, 

Quantachrome Instruments v2.02 and nitrogen (N2) gas was used as an adsorptive for 

the determination of the above parameters. The multiple-point model was used to 

calculate the specific surface area. The Horvath-Kawazae (HK) method was used to 

measure pore size distributions which is obtained from the adsorption/ desorption. The 

total pore volume was calculated from the volume of nitrogen adsorbed at a relative 

pressure of P/Po =0.95. 

2.4. Electrochemical Testing 

2.4.1. Cyclic voltammetry (CV) 
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CV is commonly considered as an appropriate technique tool for evaluating the 

difference between the EDLC and faradaic behavior in an electrochemical reaction. In 

CV measurement, the voltage is sweeping from a lower limit to an upper limit at a fixed 

voltage. The slope of the line is used to calculate the voltage scan rate. The evolution of 

current was measured as voltage function. The CV data of the prepared non binder-free 

and binder-free electrodes were obtained by increasing the scan rates like 2, 5, 10, 25, 50, 

75, and 100 mV s
−1

. 

2.4.2. Galvanostatic charge/discharge 

The galvanostatic charge/discharge (GCD) studies are the most important and 

direct approach to evaluate the applicability of supercapacitors. A repetitive curve of 

charge and discharge analysis is called as a cycle. Mostly, at the constant current, the 

charge and discharge are conducted upto a set potential is reached. The galvanostatic 

charge/discharge curves of the prepared non binder-free and binder-free electrodes were 

obtained for different current densities. 

2.4.3. Electrochemical impedance spectroscopy (EIS) 

EIS is a powerful technique to understand the capacitive behavior and impedance 

attributed with the fabricated electrode surface. This creates the feasibility for further 

electrochemical measurements. EIS is the most general method for evaluating the 

equivalent series resistance (ESR) of the electrode material. It further permits producing 

the models to define, underlying reaction mechanisms. 
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3. Synthesis and characterization of NiCo2O4 nanoplates as efficient   

electrode materials for electrochemical supercapacitors 

 

Highlights 

 In the present work, NiCo2O4 nanoplates were prepared by a facile, low 

temperature, hydrothermal method, followed by thermal annealing and used 

supercapacitor applications.  

 The physico-chemical characterization of as-prepared materials was studied by 

using X-ray diffraction (XRD) spectroscopy, Fourier transform infra-red (FT-IR) 

and field emission scanning electron microscopy (FE-SEM).  

 The electrochemical measurements demonstrate that the NiCo2O4 nanoplates 

electrode (NC-5) exhibits a high specific capacitance of 332 F g
−1 

at a scan rate 

of 5 mV s−1and also retained about 86% of the initial specific capacitance value 

even after 2000 cycles at a constant current density of 2.5 A g
−1

.  

 These results suggest that the fabricated electrode material has huge potential as 

a novel electrode material for electrochemical capacitors. 
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3.1. Experimental section 

3.1.1. Synthesis of NiCo2O4 

All the chemicals used in this experiments were analytical grade and used without 

further purification. NiCo2O4 nanoplates were synthesized via a hydrothermal process 

(Scheme. 3.1.1).  

 

Scheme.3.1.1. Representation of synthesis of NiCo2O4 

In a typical experiment, the different molar ratio of cobalt nitrate (Co(NO3)2), and 

nickel nitrate (Ni(NO3)2) were dissolved in 100 mL of deionized water with continuous 

stirring for 30 min. Followed, 5 mM of potassium hydroxide (KOH) was added drop 

wise to the above solution and stirred for 15 min at room temperature. Then the solution 

was transferred in to the Teflon-lined stainless steel autoclave (100 ml capacity), sealed 

and then heated to 95 °C for 10 h. After cooling down to room temperature naturally, the 

precipitate was collected and washed with deionized water and then dried in air at 60 °C 

for overnight. Finally, the as-prepared samples were calcined at 400 °C for 2 h in air to 
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obtain the NiCo2O4 In this study, five samples were prepared by varying the molar ratio 

of Ni(NO3)2 (i.e., 0, 0.25, 0.5, 0.75 and 1 M). The final samples were denoted as NC-1, 

NC-2, NC-3, NC-4 and NC-5, respectively.  

3.1.2. Electrochemical Analysis 

The working electrodes were prepared by manual slurry coating technique as 

follows; 80 wt% of active materials (NiCo2O4), 10 wt% of acetylene black, 10 wt% of 

polyvinylidene fluoride (PVDF) binder were mixed together with a small amount of 

NMP to produce a homogeneous paste, which was coated onto the nickel foam current 

collector (1x1 cm
2
). The prepared electrodes were dried in a vacuum drying oven at 

120 °C for 24 h. The electrochemical measurements cyclic voltammetry, galvanostatic 

charge- discharge and electrochemical impedance were performed in 2 M KOH solution 

in a three-electrode cell using an Autolab PGSTAT302N electrochemical work station. 

Platinum foil as counter and an Ag/AgCl as reference electrodes were used. 

3.2.Results and discussion 

NiCo2O4 nanoplates were prepared by a facile hydrothermal method using cobalt 

nitrate and nickel nitrate precursors at 95 °C for 10 h and then further calcined at 400 °C 

for 2 h. The structural, morphological and electrochemical properties of the as-prepared 

samples were discussed in detail as follows. 

The crystal structure and purity of the as-prepared samples were analyzed using 

XRD. Figure. 3.1.1 shows the typical XRD patterns of NC-x (x= 1, 2, 3, 4 and 5) 

samples. The XRD pattern of Co3O4 could be indexed to the cubic phase (JCPDS No. 
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65-3103) and also the NiCo2O4 (NC-x; x = 2, 3, 4 and 5) revealed the cubic structure. It 

could be seen that all of the identified peaks are consistent with the standard pattern 

(JCPDS No. 73-1702) of cubic NiCo2O4 with spinel structure [39]. No other diffraction 

peaks were observed, which confirms the phase purity of NiCo2O4 nanoplates.  

 

Figure.3.1.1 XRD patterns of (a) NC-1, (b) NC-2, (c) NC-3. (d) NC-4, and (e) 

NC-5 sample. 
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Further, with increasing the molar ratio of nickel ions in the spinel structure, the 

diffraction peaks become broadening, which indicates that the crystallite sizes of the as-

prepared samples are in nanometer range. 

 

Figure.3.1.2. FTIR spectra of (a) NC-1, (b) NC-2, (c) NC-3. (d) NC-4, and (e) 

NC-5 sample. 
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The FT-IR spectra of NiCo2O4 nanoplates (NC-1, NC-2, NC-3, NC-4 and NC-5) are 

shown in Figure. 3.1.2. The peak observed at 3440 cm
-1

 in all spectra is assigned to the 

stretching vibration of O-H group in water molecules. The two bands appeared at 2349, 

and 1622 cm
-1

 are due to the C-H, and C=C vibrations. The absorption bands at 1377 

cm
-1

 associated with the symmetric stretching vibration of N-O bond and the band at 

1049 cm
-1

corresponded to N-O stretching vibration from the NO3group. The lower 

frequency peaks at 650 and 538 cm
-1

can be assigned to the stretching vibrations of the 

metal oxygen bonds in NiCo2O4 [52, 53]. 
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Figure. 3.1.3. FE-SEM images of (a) NC-1, (b) NC-2, (C) NC-3, (d) NC-4, (e-f) NC-5 

  

Figure 3.1.3 shows the typical FE-SEM images of NC-1, NC-2, NC-3, NC-4, and NC-5 

samples. It can be clearly seen that the Co3O4 (Figure 3.1.3 (a); NC-1) and 

NiCo2O4images (Figure 3.1.3 (b-e); NC-2, NC-3, NC-4, and NC-5) exhibit the platelet 
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structure with a diameter of 200 to 300 nm and the thickness of about 25 nm. Further, 

the high magnification image of NiCo2O4 (Figure 3.1.3. (f)) nanoplates reveal the 

existence of many pores in the nanoplates. 

 

Figure.3.1.4. (a) N2 adsorption/desorption isotherms and (b) pore-size distribution 

curves of the NC-3, NC-4 and NC-5 samples. 
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Nitrogen (N2) adsorption-desorption isotherm measurements were further 

performed to investigate the specific surface area and pore-size distribution of the 

selected NC-3, NC-4 and NC-5 samples. The N2 adsorption-desorption isotherm and 

Barrett-Joyner-Halenda pore-size distribution plots for the NC-3, NC-4 and NC-5 

samples are shown in Figure. 3.1.4 (a, b). It could be observed that all the samples 

exhibited a hysteresis loop and the BET specific surface area was calculated to be 53.4 

(NC-3), 56.9 (NC-4), and 83.8 m
2
 g

-1
 (NC-5). The corresponding pore-distribution was 

calculated by the BJH method, which is shown in Figure 3.1.4. b. The average pore size 

distribution and the pore volume of the NC-3, NC-4 and NC-5 samples were calculated 

to be 3.4, 3.7, and 3.3 nm and 0.44, 0.45, and 0.59 cc g
-1

, respectively. These results 

confirm that the NC-5 sample exhibits the high surface area, large pore volume and 

well-formed meso-porosity, which facilitates more electroactive sites for 

electrochemical reactions (energy storage). 

The capacitance behavior of as-prepared NiCo2O4 nanoplates electrodes were 

examined by electrochemical impedance spectroscopy, cyclic voltammetry, 

galvanostatic charge-discharge techniques in 2 M KOH electrolyte solution. 

Figure.3.1.5 (a) displays the Nyquist plots of NiCo2O4   nanoplates electrodes (NC-2, NC-

3, NC-4 and NC-5). The inset of Figure 5a shows the Nyquist plot of NC-1 electrode. 

Almost all the plots showed the semi-circle arc at high-frequency region and followed 

by a straight line in the low-frequency region [54]. The semi-circle arc at the high- 

frequency region indicates that the charge transfer resistance (Rct) occurs at the 
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electrode/electrolyte interface [55]. Further, the 45° incline line of the Nyquist plots (low 

frequency region), demonstrates a Warburg type impedance of the electrolyte ions into 

the interior portion (bulk) of the electrode [56]. Compared to the Co2O3 (inset Figure 

3.1.5 (a) NC-1) electrode, the NiCo2O4 electrodes possessed smallest semi-circle arc, 

demonstrates the best electrochemical conductivity. These results suggest that as-

prepared NiCo2O4electrode materials have better electrical conductivity. 
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Figure.3.1.5.(a) EIS spectra of NC-2, NC-3, NC-4 and NC-5 electrodes; the inset is 

the Nyquist plot of NC-1. (b) CV plots of NC-1, NC-2, NC-3, NC-4 and NC-5 

electrodes at the scan rate of 25 mV s
-1

.  

 

 

The CV curves of NC-1, NC-2, NC-3, NC-4 and NC-5 electrodes at a scan rate 
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of 25 mV s
-1

, shown in Figure. 3.1.5 (b). It can be noticed that the CV curve displays 

two oxidation peaks in the anodic process and two reduction peaks in the cathodic 

process, which confirms that the capacitive behavior of the electrode is mainly governed 

by faradaic reaction. The two sets of redox peaks were related to the reversible reactions 

of Ni
2
+/Ni

3
+ and Co

2
+/Co

3
+ transitions. The redox reactions of NiCo2O4 in the alkaline 

(KOH) electrolyte are based on the following equations [57-59]. 

NiCo2O4+ OH
-
 + H2O              NiOOH + 2CoOOH + 2e

-
 ..............  (3.1) 

CoOOH + OH
-                                

CoO2 + H2O + e
-
 ..............  (3.2) 

Compared to NC-1, the NiCo2O4nanoplates electrodes showed increased redox current 

density, which suggests that NiCo2O4nanoplates electrode have improved 

electrochemical performance. In particular, NC-5 electrode showed the larger integrated 

areas, among the NiCo2O4electrodes. These result confirmed that the electrochemical 

properties of NiCo2O4can be improved by the addition of a suitable of amount of nickel 

ions into the cobalt oxide matrix. 
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Figure. 3.1.6. (a) CV curves of the NiCo2O4nanoplates electrode (NC-5) at different 

scan rates. (b) Specific capacitance of the NC-5 electrode at different scan rates. 

 

 

Furthermore, the detailed capacitance behavior of the NiCo2O4 electrode (NC-5) 
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was studied by CV measurements (Figure. 3.1.6(a)) with various sweep rates ranging 

from 5 to 125 mV s
- 1

. It is found that all the CV curves exhibited a similar shape, and a 

pair of well-defined redox peaks occurred during the cathodic and anodic process, which 

confirms the existence of pseudocapacitive characteristics. In addition, the scan rate 

rising from 5 to 125 mV s
-1

, the position of the anodic and cathodic peaks slightly shifts 

to higher and lower potentials, respectively. 

This phenomenon indicates that the quasi-reversible feature of the redox couples [60]. 

Further, the peak current increases noticeably with increasing scan rate that 

demonstrates the good rate capability and better pseudocapacitive behavior of the 

electrode material. The specific capacitance can be calculated using the following 

relation [61] 

  
∫      

      
  ----------- (3.3) 

Where ʃIdv is the integral area under the CV curve (A), v is the scan rate (mV s
-1

), m is 

the electroactive material (g), and AV is the potential window (V).The calculated 

specific capacitance of NC-1, NC-2, NC-3, NC-4 and NC-5 electrodes are 72, 200, 211, 

237, and 332 F g
-1

 at a scan rate of 5 mV s
-1

, respectively.  
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Figure.3.1.7. (a) Discharge curves of NC-1, NC-2, NC-3, NC-4 and NC-5 electrodes 

at a current density of 0.375 A g
-1

. (b)Galvanostatic charge-discharge curves of the 

NiCo2O4nanoplate electrode (NC-5) at various current densities in 2 M KOH  

 

 

Further, it is observed that the specific capacitance increases in the order of NC-

1<NC-2<NC-3<NC-4<NC-5. The increase in specific capacitance is due to the suitable 

addition of Ni-ions into the Co3O4 matrix. By introducing Ni-ions into the Co3O4 matrix, 
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the electrical conductivity of the NiCo2O4 could be enhanced and facilitate the fast ions 

transport between electrode and electrolyte interface, which leads to the higher specific 

capacitance [62, 63]. In addition to that, the enhanced electrochemical performance may 

be attributed to the increased surface area and porous structure, which provides the 

numerous active sites and more facile ion diffusion paths for the efficient charge storage. 

Figure.3.1.6 (b)shows the specific capacitance of NC-5 electrodes at different scan rates. 

While increasing scan rate, the specific capacitance decreases gradually, this is due to 

the active surface areas becoming inaccessible for charge storage at the higher scan rate. 

Further the electrochemical performances of as-prepared electrodes were 

evaluated using galvanostatic charge/discharge test. Figure. 3.1.7 (a) shows the 

discharge curves of NC-1, NC-2, NC-3, NC-4 and NC-5 electrodes obtained at a 

constant current density of 0.375 A g
-1

. It can be seen that all the discharge curves 

exhibits a similar shape. In addition, there are voltage plateaus in the discharge process 

and these plateaus are consistent (match well) with the results obtained from CV curves. 

This phenomenon indicates that the as-prepared samples exhibit a pseudocapacitance 

behavior, which is caused by a charge transfer reaction at the electrode/electrolyte 

interface. Compared with Co3O4, the NiCo2O4 electrodes showed higher discharge time 

at the same current density. This indicates that NiCo2O4 electrodes have higher charge 

storage capacity than that of the Co3O4 electrode. 
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Figure. 3.1.8. (a) Specific capacitance of the NC-5 electrode at different current 

densities. (b) Cyclic stability of the NC-5 electrode at current density of 2.5 A g
-1

. 
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On the basis of above results, NC-5 electrode material was chosen for the detailed 

electrochemical measurements. The charge/discharge behavior of the NC-5 electrode at 

different current densities was examined in 2 M KOH electrolyte solution between 0 and 

0.7 V, and the corresponding results are shown in Figure. 3.1.7(b). The nonlinear 

charge/discharge curves further confirmed the pseudocapacitance behavior of the 

NiCo2O4 electrode. While increasing the discharge current density, the discharge time 

reduces. The specific capacitance of the electrodes can also be calculated from the GCD 

curves using the following equation [61]. 

  
      

    
      ----------- (4) 

Where m is the electroactive material (g), ΔV is the potential window (V), At is the 

discharge time (s), and I is the constant discharge current (A). The measured specific 

capacitances are 62, 95, 103, 111, and 132 F g
-1

 for NC-1, NC-2, NC-3, NC-4 and NC-5 

at the constant current density of 0.375 A g
-1

, respectively. Further, the specific 

capacitance vs current density of the NC-5 electrode is plotted in Figure. 3.1.8 (a). The 

decrease in specific capacitance with the increase of discharge current density was 

observed. The decrease of specific capacitances at higher scan rates is due to the 

insufficient time available for the Faradic reaction (diffusion limited behavior) of the 

electroactive materials. Noticeably, about ~61% of the initial specific capacitance can be 

retained, when the current density was increased to 5 A g
-1

, indicates the improved 

capacitive behavior and high-rate capability of the NiCo2O4 electrodes. The enhanced 

specific capacitance of NiCo2O4 may be due to the higher surface area, short diffusion 
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path lengths and finally the substantial contribution of Ni
2+

ions in the redox process. 

The cyclic stability of the NC-5 electrode is also evaluated by the repeating 

galvanostatic charge/discharge test at a constant current density of 2.5 A g
-1

 for 2000 

cycles in a potential window range of 0 to 0.7 V as shown in Figure. 3.1.8(b). 

Interestingly, the specific capacitance increases gradually for the first 350 cycles, which 

may be attributed to the complete activation process of the electrode materials [58, 64]. 

The decrease of specific capacitance after 1500 cycles can be attributed due to the loss 

of adhesion of some of the electro-active material with the current collector during the 

repeated long term charge-discharging process [65, 66]. The NC-5 electrode retained 86% 

of the initial capacitance value, even after 2000 cycles, which indicates the better cyclic 

stability of the as-prepared NiCo2O4nanoplates electrode. Hence, NiCo2O4nanoplates 

electrode is considered to be one of the promising electrode materials for supercapacitor 

applications due to the facile and cost-effective synthesis method and improved 

electrochemical properties. 

3.3. Conclusion 

In summary, we have successfully synthesized NiCo2O4 nanoplates using a 

facile hydrothermal method followed by a thermal annealing process. The 

electrochemical charge storage behavior of the as-prepared NiCo2O4nanoplates electrode 

materials were investigated for supercapacitor applications. It is found that the 

NiCo2O4nanoplates electrode revealed a maximum specific capacitance of 332 F g
-1

 at a 

scan rate of 5 mV s
-1

. Furthermore, NiCo2O4nanoplates electrode exhibited better cycle 
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life with capacitance retention of 86% of the initial capacitance value, even after 2000 

cycles. These electrochemical studies suggested that the NiCo2O4 nanoplates area 

promising electrode material for supercapacitors. 
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4. Synthesis of Hierarchical Porous Flower-like NiCo2O4Nanosheetson 

Ni foam as a Binder-less Electrode for Supercapacitor Application 

Highlights 

 In this work, we demonstrate a large-scale growth of porous hierarchical flower-

shaped nickel cobaltite (PFNC) nanosheets on Ni foam with robust adhesion as 

a high performance electrode material for supercapacitors via a simple 

hydrothermal method and post annealing treatment. 

  The physico-chemical properties of the prepared binder-less electrode is studied 

using X-ray diffraction (XRD), Raman spectroscopy and field emission 

scanning electron microscopy (FE-SEM).  

 The presence of porous architecture increases the electroactive cites and 

facilitates the fast electron and ion conduction during electrochemical 

measurements.  

 The prepared material shows a maximum specific capacitance of 2061 Fg
-1

 

(areal capacitance of 4.16 F cm
-2

) at the current density of 5 mA cm
-2

 and 2100 

F g
-1

 (4.24 F cm
-2

) at the scan rate of 5 mV s
-1

 from charge discharge analysis 

and cyclic voltammetry analysis respectively.  

 Overall results suggest that the prepared binder-less PFNC electrode will be a 

promising candidate as a positive electrode for supercapacitor applications. 
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4.1.Experimental Section  

4.1.1. Preparation of Porous flower-shaped NiCo2O4 (PFNC)nanosheets 

The growth of NiCo2O4 nanostructures on the nickel foam was achieved via a one-

pot hydrothermal method and followed by post annealing treatment. Briefly, precursor 

solution containing NiCl2∙6H2O and CoCl2∙6H2O (molar ratio, 1:2) was prepared by 

dissolving in water and ethanol. A specified amount urea has been added gradually with 

the precursor solution. A slice of Ni foam was cleaned using dilute HCl, acetone, and 

water to remove impurities and oxide layers on the surface. The precursor solution was 

transferred into a 100-mL Teflon-lined autoclave (with stainless steel covering) and pre-

cleaned Ni foam was immersed into the solution and kept at a constant temperature of 

180°C for 8 h. After the hydrothermal reaction, the autoclave was cooled down to room 

temperature and we could observe that the formation of NiCo2O4 by change of color of 

Ni foam into pink, indicating the uniform growth of NiCo2O4 on the nickel foam. The 

product obtained was washed thoroughly in distilled water and ethanol to remove 

residual ions and was allowed to dry in a hot-air oven overnight at 80°C. Finally, the 

prepared sample was calcined at 450°C for 3 h. 

4.2. Results and discussion 

In this study, a facile hydrothermal technique has been used to prepare the 

hierarchical porous flower-like NiCo2O4 nanosheets nickel chloride and cobalt chloride 

precursors and its schematic illustration has been presented in Figure.4.1.1.  
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Figure.4.1.1 Schematic annotation of the preparation of porous flower-like nickel 

cobaltite by hydrothermal method and followed by post annealing process 

 

The morphology of the prepared material has been presented in Figure. 4.1.2. As 

seen in Figure. 4.1.2 (a-c), the samples are grown over the nickel foam substrate are 

uniformly distributed over the surface. As we could be observed from the high 

magnification images, the flower shaped morphology of NiCo2O4 over the superficial 

part of Ni foam has been observed. If we observe that more magnified part of the FE-

SEM images as seen in Figure. 4.1.2 (d-e), the typical flower-shaped hierarchical 

nanostructures are formed by the many petals like structure with highly porous nature. 

Initially, the formation of nanosheet arrays on the surface of the nickel foam obtained 

which has been observed from the gaps between the flowers like structure. Although, it 

is more notable that in some less dense part, where some petals like structure gradually 

grown on the nanosheet like arrays and self-assembled into a single flower like 

nanoarchitectured structure. The inset of Figure 4.1.2 (a, c and e) shows that the surface 
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morphology of the pristine Ni foam which suggest that the smooth surface of Ni foam. 

After grown of sample, more significantly, the high small porous nature on the surface  

 

Figure.4.1.2. FE-SEM images of the prepared nickel cobaltite sample at different 

magnifications, 20 µm (a), 10 µm (b), 2 µm (c), 1 µm (d), 200 nm (e) and 100 nm (f) 
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of the petals of flowers is created by the evolution of gas (the use of high content of urea 

leads to release of CO2 and ammonia gas) during crystal transformation from the surface 

at the temperature of 450 °C in air atmosphere. This porous structure will provide to 

improved specific surface area which leads to the high ion penetration during 

electrochemical reaction. The phase purity and crystal structure of the prepared 

hierarchical flower-shaped NiCo2O4 nanosheets is investigated using XRD pattern 

technique and presented in Figure.4.1.3. The bare Ni foams shows three major peaks at 

the diffraction angle of 44.6°, 51.9°, and 76.7° are corresponding to the Ni foam 

diffraction planes. After hydrothermal reaction, the additional peaks are observed which 

can be clearly indexed that the formation of cubic NiCo2O4 with a spinel structure [67, 

68]. The diffraction angles at 19, 31.2, 36.8, 43.4, 59.1, 65° are attributed to the (111), 

(220), (311), (400), (511) and (440) diffraction planes respectively. These peaks are well 

consistent with the Joint Committee Pattern for Diffraction Standards (PDF No 73-1702). 

There is no any other peaks are observed suggesting that the prepared hierarchical 

NiCo2O4 nanoflowers are formed with high purity without any impurities.  
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Figure.4.1.3. XRD pattern of the prepared nickel cobaltite grown on Ni foam and 

bare Ni foam 

Initially, during decomposition of hydrolysis of urea with the metal ions, the 

formation of OH
- 
and CO3

2-
 ions are obtained which results in the generation of metal 

carbonate hydroxyl species. Later, this carbonate hydroxyl species are converted into the 

pure NiCo2O4 after post annealing process. Then this obtained product is well indexed 

with the cubic spinel structure. In order to further evaluate the chemical composition of 

the prepared materials, we have measured X-ray photoelectron spectroscopy technique 

on the surface of the sample and corresponding results were presented in Figure.4.1.4. 

The survey spectrum of the sample (Figure 4.1.4 (a)) indicates that the presence of the 
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elements on the surface such as Ni, Co, O as well as carbon from the reference and 

absence of any other foreign particles/impurities.  

 

Figure.4.1.4. X-ray photoelectron spectroscopy for the prepared sample: Survey 

spectrum (a), Ni2p core-level spectrum (b), Co2p core-level (c) and O1s core-level 

spectrum (d) of the prepared NiCo2O4/Ni foam sample 

As can be seen form Figure 4.1.4b, the characteristic peak of Ni
2+

 and Ni
3+

 are 

observed with two shake-up satellite peaks. The peak at ~855 eV and ~873 eV are 

corresponding to the Ni2p3/2 and Ni2p1/2 respectively which are clearly indicated that the 

presence of Ni2p core-level spectra [69]. In Co2p core-level spectra (shown in Figure 

4.1.4 (c)), two types of cobalt species can also be found and ascribed to the species 
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containing Co(II) and Co(III) ions over the surface. More importantly, the peaks at the 

binding energies of ~780 eV and ~795 eV are corresponding to the presence of Co2p3/2 

and Co2p1/2 respectively [70]. The high resolution O1s core-level spectrum is presented 

in Figure 4.1.4d. There are three peaks could be easily identified in the spectrum. The 

binding energy at 529.4 eV is typical oxygen-metal bond. The peak at 531 eV is 

generally associated with the contaminants, defects and a number of other chemical 

species such as hydroxyls, lattice oxygen, chemisorbed oxygen, or the species intrinsic 

to the surface the spinel structure [70, 71]. Further, the small band at ~533 eV could be 

assigned to the multiplicity of physisorbed/chemisorbed water molecules over or near 

the surface. The O
2-

 species in NiCo2O4 could be ascribed to the O1s spectrum at the 

binding energies of 529.4 eV and 531 eV [70, 72]. These results from the XPS 

measurement demonstrate that the electron couples of Ni
3+

/Ni
2+

 and Co
3+

/Co
2+

 species 

are coexisting in the prepared hierarchical porous flower-like NiCo2O4 sample.  

An electrochemical performance of the prepared PFNC electrode material is 

investigated in detail. Figure.4.1.5 (a, b) shows the CV curves at the different scan rates 

in a potential range of -0.1 to 0.6 V. The CV curves suggest that the prepared material 

shows a pair of redox peaks which might be originates from the faradaic reaction related 

to the M-O or M-O-OH (where M stands for either Ni or Co) [73] 
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Figure.4.1.5. Cyclic voltammetry curves at the different scan rates, from 100 mV s
-1

 

to 40 mV s
-1

 (a), from 30 mV s
-1

 to 5 mV s
-1

 (b), 
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More importantly, although two redox couples of Co
2+

/Co
3+

 and Ni
2+

/Ni
3+

 are 

available in the prepared nanostructures, there is no two distinct peaks of that Co
2+

/Co
3+

 

and Ni
2+

/Ni
3+ 

are not observed in CV curves since the Co3O4 and NiO have similar redox 

potential. The shape of CV curves is almost similar and the current is linearly increases 

with respect to the scan rates suggesting the good kinetic reversibility of the prepared 

PFNC on Ni foam electrode. Notably, on 100 mV of the peak potential shift occurred 

even 10 times increase in scan rates which is because of low polarization of the prepared 

PFNC electrode material.  

Similarly, the GCD measurements measured at different current densities from 100 

mA cm
-2

 to 30 mA cm
-2

 (Figure. 4.1.6a) and from 25 mA cm
-2

 to 5 mA cm
-2

) presented 

in Figure. 4.1.6(b) are also confirm that the presence of a pair of redox couple which 

originates from the faradaic reaction. This redox reaction in the alkaline electrolyte is 

explained as follows [74]; 

NiCo2O4+ OH− + H2O ↔ NiOOH + 2CoOOH + e−  ----------- (3) 

CoOOH + OH− ↔ CoO2+ H2O + e−----------- (4) 

All the numerical specific capacitances are calculated using the cyclic voltammetry 

analysis and discharge curves of the charge discharge curves and presented in Figure. 

4.1.7 a, b.  
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Figure. 4.1.6. Galvanostatic charge discharge analysis at different current densities, 

from 100 mA cm
-2

 to 30 mA cm
-2

 (c) and 25 mA cm
-2

to 5 mA cm
-2 
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Figure.4.1.7. Gravimetric and areal capacitances with respect to the scan rates (a) 

and current densities (b) 

The maximum obtained gravimetric and areal capacitances from CV curves are 2061 F 

g
-1

 and 4.16 F cm
-2

 respectively (Figure. 4.1.7 (a)). Also, the maximum calculated 

gravimetric and areal capacitances from CV curves are 2100 F g
-1

 and 4.24 F cm
-2

 

respectively (Figure. 4.1.7 (b)).The calculated specific capacitances from both 
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techniques are almost same. As can be seen from the GCD curves, when increasing the 

current density, the obtained specific capacitance tends to decrease. 

As shown in Figure.  4.1.7 (b), even when increasing the current density from 5 mA 

cm
-2

 to 20 mA cm
-2

, there is very low capacitance loss is observed which suggesting the 

excellent rate capability behavior at the lower current densities. In addition, it is 

noteworthy that the substantial improvement in capacitive performance at the high 

current density is associated to efficient utilization of an electroactive surface of the 

superior porous flower-shaped PFNC superstructure electrodes. The prepared flower 

shaped superstructure consisting of the porous nano-petals could considerable providing 

the electroactive sites for faradaic reaction. In this case, the porous flower shaped nano 

architectures facilitates a quicker electrolyte ion penetration process into each porous 

petal shaped matrix by decreasing the diffusion distances of hydroxyl ions to the active 

electrode materials for faradaic reaction. Therefore, even at higher current density, the 

high specific capacitance is obtained which is due to even high current density, the large 

portion of active sites are available for the faradaic reaction. The achieved 

gravimetric/areal capacitance is higher than the previous reports such as 3D hierarchical 

flower-shaped nickel cobaltite (NiCo2O4) microspheres prepared by microwave method 

(1006 F g
-1

) [75], urchin-like NiCo2O4 by hydrothermal method (1650 F g
-1

) [76],  

mesoporous NiCo2O4 nanoflowers by reflux method (1635 F g
-1

) [77],  Nano NiCo2O4 

coral-like architecture microwave assisted method (870 Fg
-1

) [78], Porous NiCo2O4 

nanowires by micro emulsion method (1197 F g
-1

) [79], 3D porous NiCo2O4/Ni by 
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electrochemical deposition method (1.139 F cm
-2

) [80], flower like NiCo2O4 nanosheets 

by solvothermal technique (1440 Fg
-1

) [81]. The cyclic stability of the electrode 

materials is one of the important method is to find out the electrode’s durability. We 

have performed cyclic stability of the prepare PFNC electrode using galvanostatic 

charge discharge analysis at the current density of 50 mA cm
-2

 for continuous 2000 

cycles and shown in Figure.4.1.8. As the porous electrode material have three states 

during stability such as initial activation period, steady state and degradation periods, the 

initial 50 cycles, the specific capacitance slight increased and started to decrease [75, 82]. 

Within 500 cycles, the capacitance was lost upto 94.5%; however, even upto 1500 

cycles, the capacitance is retained upto 92.5%. At the end of 2000 cycles, about 88.5% 

of its initial capacitance is retained suggesting the better cyclic stability of the prepared 

PFNC electrodes. 

Electrochemical impedance spectroscopy is one of the important techniques in order 

to evaluate the capacitive nature of electrode materials. The inset of Figure.4.1.8 shows 

the Nyquist plot before and after cyclic stability tests. Both the plot shows two common 

features such as semi-circle region at the high frequency and straight line at the lower 

frequency region. After 2000 cycles, the solution and charge transfer resistance is 

slightly increased which suggesting the conductivity of the electrode material is 

decreased slightly. Thus, the prepared materials show its good durability behavior even 

after long cycles. Overall, results suggested the prepared PFNC electrode materials will 

be the suitable candidate as a positive electrode materials for supercapacitor applications.  
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Figure.4.1.8. Cyclic stability test measured using galvanostatic charge discharge 

analysis for 2000 cycles, inset shows the Nyquist plot before and after cyclic 

stability 

4.3.Conclusion 

 We have successfully prepared highly porous binder-free NiCo2O4 nanosheets on 

Ni foam substrate using a facile hydrothermal method followed by post annealing 

process. The prepared electrode material was well characterized using various 

techniques. From the morphological analysis, the highly porous nature NiCo2O4 

nanopetals are observed which facilitates the improved surface area for the electrolyte 

penetration. The electrochemical charge storage behavior of the prepared NiCo2O4 
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nanosheets was investigated as a positive electrode for supercapacitor applications. It is 

noteworthy that the prepared porous binder-free NiCo2O4 on Ni foam electrode 

exhibited a maximum gravimetric capacitance of 2100 F g
−1

 by GCD measurement at 

the current density of 5 mA cm
−2

 which is almost equal to the capacitance (2061 Fg
-1

) 

calculated by CV analysis at the scan rate of 5 mV s
-1

.  Moreover, porous binder-free 

NiCo2O4 nanopetals electrode exhibited better durability with capacitance retention of 

88.5% of the initial value, even after continuous 2000 cycles. Overall, the obtained 

electrochemical results suggested that the binder-free NiCo2O4 nanosheets are a 

promising candidate as a positive electrode material for supercapacitor applications. 
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6. Summary 

In this study, we have prepared NiCo2O4 nanostructures using hydrothermal method 

as an efficient electrode material for supercapacitor applications. In our first work, we 

have prepared plate-like NiCo2O4 nanomaterials. It is found that the NiCo2O4nanoplates 

electrode revealed a maximum specific capacitance of 332 F g
-1

 at a scan rate of 5 mV s
-

1
. Furthermore, NiCo2O4nanoplates electrode exhibited better cycle life with capacitance 

retention of 86% of the initial capacitance value, even after 2000 cycles. These 

electrochemical studies suggested that the NiCo2O4nanoplates area promising electrode 

material for supercapacitors.  

 

Figure.6.1.1 Comparison of the present work 
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In second chapter, we have successfully prepared highly porous binder-free NiCo2O4 

nanosheets on Ni foam substrate using a facile hydrothermal method followed by post 

annealing process. From the morphological analysis, the highly porous nature NiCo2O4 

nanopetals are observed which facilitates the improved surface area for the electrolyte 

penetration. The electrochemical charge storage behavior of the prepared NiCo2O4 

nanosheets was investigated as a positive electrode for supercapacitor applications. It is 

noteworthy that the prepared porous binder-free NiCo2O4on Ni foam electrode exhibited 

a maximum gravimetric capacitance of 2100 F g
−1

by GCD measurement at the current 

density of 5 mA cm
−2

 which is almost equal to the capacitance (2061 Fg
-1

) calculated by 

CV analysis at the scan rate of 5 mV s
-1

.Moreover, porous binder-free NiCo2O4 

nanopetals electrode exhibited better durability with capacitance retention of 88.5% of 

the initial value, even after continuous 2000 cycles. Overall, the obtained 

electrochemical results suggested that the binder-free NiCo2O4nanosheets are a 

promising candidate as a positive electrode material for supercapacitor applications. 
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