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EFFECT OF SURFACTANT ON STRUCTURAL AND ELECTROCHEMICAL
PROPERTIES OF NICKEL OXIDE

An Abstract of the Thesis by
Muidh Albalawi

Today, the increasing demand for energy in the world has led to a focus on
efficient and low cost energy storage devices. Many essential energy sources take a
significant number of forms, including atomic energy and conventional sources, such as
petroleum, coal and natural gas. Recently, supercapacitors have attracted research due to
their high power densities, quick charge-discharge and long life cycles. The objective of
this thesis is to alter the morphological structure of nickel oxide (NiO) utilizing different
surfactants and furthermore to analyze the impact of these surfactants on the
electrochemical properties of the nickel oxide. The unlimited applications of nickel oxide
relate to lower cost, commercial availability and high electrochemical properties. The
nickel oxide was synthesized by a hydrothermal method. For the amalgamation of nickel
oxide for changing morphologies, nickel (Il) nitrate hexahydrate, urea CO(NH>)>,
ammonium fluoride (NH4F), cetyltrimethylammonium bromide (CTAB), poly (vinyl
pyrrolidone) (PVP), sodium dodecyl sulfate (SDS) were used for the synthesis nickel
oxide. The obtained precursor was calcined at 500 °C to prepare phase pure nickel oxide.
The crystal size determined using XRD for NiO-SDS was observed to be 27.5 nm. The
electrochemical properties of the nickel oxide were studied using cyclic voltammetry and
galvanostatic charge —discharge measurements. The highest specific capacitance of 315

F/g was observed in 3 M LiOH for NiO-SDS sample at scan rate of 5 mV/s.
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CHAPTERI

INTRODUCTION

Today, increasing population leads to higher demand for energy in the world.
There are many essential energy sources that take a significant number of forms,
including atomic energy and conventional sources. Some of the most popular

conventional sources are petroleum, coal and natural gas (See Table 1.1).

Table 1.1: Total world electricity generation by energy source in

1971 and 2009(1)

1971 2009

Power Source Electricity Generation | Electricity Generation

(TWh) (TWh)

Coal and Peat 2102 8119
oil 1097 1027
Natural Gas 695 4230
Nuclear 111 2697
Hydro 1203 3252
Other/renewables 36 660

There are other energy resources which are renewable in nature such as wind, sun
and hydropower. The energy produced from these resources is called green energy.

Significant efforts have been paid in utilizing these renewable resources for energy. Table



1.2 compares the power produced using wind energy. As seen, a significant amount of

energy is being generated using wind and has continued to increase in recent years (1).

Table 1.2: Comparable wind power capacity (MW) between 2010 and 2015 in U.S

state (2).
State Wind Power capacity2010 | Wind Power capacity2015
Kansas 1074 3,766
Missouri 457 459
Nebraska 213 890
Colorado 1299 2,992
Texas 10,089 17,713
lowa 3675 6,212
Oklahoma 1482 5,148
California 3253 6,108

The wind energy is generated by transferring wind flow to electrical force through
air turbines. This energy, which was produced by wind turbines, can be wasted if there is
no efficient storage. There are a lot of techniques that can be used to store wind energy.
Pumped —storage hydroelectricity is one of the kinds of storage of wind energy and
hydro-energy. The concept of this technique depends on the gravitational potential of
water by pumping from lower pond storage to higher pond storage using wind turbines or
solar energy (3).

Solar energy is one of the most popular sources for green energy production. On

average, each day the earth receives about 1.2x10° TW energy from the sun (4). The sun



generates its vitality by the nuclear reaction of hydrogen to helium. Sunlight may be that
principle wellspring for vitality of the surface of the earth. The biomaterials utilize the
sun energy through photosynthesis reaction to provide food and energy. The plants
capture the solar energy and change it to chemical form (5). Solar cells are popular
devices which transfer the sunlight into electricity using appropriate materials. Solar cell
technologies are traditionally divided into three generations (6). The first generation
utilized silicon wafers to fabricate solar cells. These solar devices showed an efficiency
of about 20%. The second generation for solar cells was based on amorphous silicon,
copper indium gallium di-selenide (CLGS) and cadmium tellium. The materials used in
the second generation were cheaper in cost because they did not utilize silicon wafers.
The third generation of solar cells is based on thin layers of organic materials or
polymers. This kind of solar cell has big advantages compared to other solar cell devices
including simplicity, easy fabrication, and lower cost. The biggest advantage of this
generation of solar cell is that it uses materials that are readily available and their
properties can be tuned by simple chemical modifications. A hydropower is another way
to generate electricity by the motion of water (kinetic energy). Those kinds of energy

sources have taken an important place during the last few years.

1.1: Energy Storage Devices

Regardless of the methods used to generate green energy, we have compelling
reasons to store this created energy efficiently and with the goal that it might be utilized
later as per our need. Batteries, fuel cells and capacitors are some of the widely used
energy storage devices. Each device has its own advantages and disadvantages. The

energy storage capacity such as energy density and power density depends on the type of



device used. A comparison of the power energy densities of these devices is shown in
Figure 1.1.

Batteries are devices which generate electricity by chemical reaction. The famous
electrical batteries in this section are galvanic cell or voltaic cell, an electrochemical cell
that gives electrical power by redox reaction occurring inside the cell as shown in Figure
1.2. Lead acid batteries have been utilized for more than 130 years and they are still the
most widely used batteries due to their advantages. For example, in China this battery is
used to generate around 75% of the energy. Nickel- cadmium batteries are a close second
to lead acid batteries in the market. They have longer life and higher density power when

compared with lead acid batteries.

10’
10°
10°
10*
10°

102

Specific Power (W/kg)

10°

10° ——rrrrer——
107 10” 10° 10’ 10°
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Figure 1.1: Ragone plot for various kinds of energy storage devices (7).
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Figure 1.2: Schematic diagram of a galvanic cell.

Other types of batteries such as sodium sulfur batteries have attracted
considerable attention in recent years due to their higher storage capacity (~305 MW) (3).
Due to the chemical reaction involved in these batteries, their performance and life is
limited. They use chemicals which are toxic in nature, creating environmental concerns.
The second most popular energy storage devices are capacitors. A capacitor is energy
storage device that stores energy due to electrostatic or Faradaic reactions. The most
common form of a capacitor is the electrochemical double layer capacitors which utilizes
parallel plates to store energy. The schematic of an electrochemical double layer

capacitor is shown in Figure 1.3.
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Figure 1.3: Schematic capacitor construction.

In such devices, when voltage (V) is applied, the cell gets an electrical field in the
dielectric plate and the electrical field will cause separation of a positive charge (+Q) on
one side of the capacitor and a negative charge (-Q) on the other. The capacitance of such

a device can be measured by (8):

where V is the applied voltage and Q is the charge.

The charge storage capacity of these capacitors can be improved by utilizing
nanostructured metal oxides or highly porous carbon. Such high capacity devices are
called supercapacitors or ultracapacitors. Supercapacitors provide higher charge storage
capacity and better performance compared to conventional capacitors. Supercapacitors
are mainly divided into three categories based on their charge storage mechanism which

is shown in Figure 1.4 (9).The first one is called electrical double-layer capacitors



(EDLC) where a charge is stored based on the separation of positive and negative charges
at their respective plats. The electricity may be a physical charge detachment that is
saved at those interfaces between the electrodes and the electrolytes. It communally uses

carbon and graphite as electrodes for charge storage.

N

Double-layer Pseudocapacitors
Capacitors

Figure 1.4: Types of supercapacitors.

The performance of an electrical double layer capacitor can be improved by
utilizing electrode with higher surface area (Figure 1.5). The charge storage capacity of

an electrode is directly proportional to its surface area by the equation given below:

where ¢ is the dielectric constant, A is the electrode surface area and d is the distance
between the electrodes. This suggests that utilizing a material with higher surface area

could provide a device with a higher charge storage capacity. The charge storage capacity



and energy of the device depends on the voltage. The relationship between energy and
voltage is given below (8):
Energy, W ==CV?2 inJoules (). .....coovwvre 3),

where C (F/g) is specific capacitance and V (V) is the potential window.

Electrical Double layer

|
- | -
+ I -
= + =
S = S o
— O _ O
S g + —_ S 2
o B I o B
= u;l: + Electrolyte =
j= S
=T =+ I - <C
+ I -
+ L
|
{

Seperator

Figure 1.5: Schematic electrical double layer.

As seen in the equation 3, voltage plays a vital role in energy storage capacity.
Aqueous electrolytes have limitations about the voltage as a maximum of 1V could be
applied. Higher voltage will lead to the electrolysis of water. The performance and
capacity of a device could be improved by utilizing non-aqueous electrolytes. So, if
electrolytes change to organic, the energy density will be increased as now we can apply
higher voltage (around 2.7 V). The second type of capacitor is pseudocapacitors. In
pseudocapacitors, Faradaic charges are transferred between electrode and electrolyte by
reduction-oxidation reactions and intercalation processes. The most commonly used

materials for such kind of capacitors are metal oxides and conducting polymers.



Ruthenium oxide is an example of a metal oxide that can provide higher charge storage
capacity.
A hybrid capacitor combines the properties of both electrical double-layer capacitors and

pseudocapacitors and thus provides higher charge storage capacity (10).

Capacitor Ultracapacitor Battery
Conductive
Plates . . .
Electrical 0+ Q- -t uE
Charge ] P
- S I Y
.| @ gk,
: -ET — : _EEI_‘JEE : — | Electrolyte
. £y g oot
+ +
Low energy Median energy High energy
High cycle life High cycle life Low cycle life
Very fast Very fast Slow

Figure 1.6: Comparison between capacitor, ultracapacitor and battery.



1.2: Project Rationale

The electrochemical properties of the metal oxides and their charge storage
capacities rely on their size, morphology and porosity. The properties of metal oxides
might be tuned toward developing a high performance capacitor by modifying their
morphologies and surface area. The primary objective for this thesis is to alter the
morphological structure of the nickel oxides utilizing different surfactants and to analyze
the impact of such changes on their electrochemical properties. Nickel oxides have
several advantages such as lower cost, commercial availability and higher
electrochemical performance compared to other metal oxides. There are several ways to
synthesize NiO nanoparticle such as thermal decomposition, sol-gel and hydrothermal
(11). Liu and Anderson studied electrochemical proprieties of nickel oxide and reported
that a very high specific capacitance (~ 2573 F/g) can be achieved theoretically (12).
Leontyeva et al. have synthesized nanocomposites of NiO with carbon and observed
good electrochemical performance of the composite (13). These composites showed a
specific capacitance of 1100 F/g and 750 F/g based on cyclic voltammetry and charge —
discharge measurements, respectively. Justin et al. have synthesized NiO under three
difference organic surfactants as template and urea as hydrolysis adjusting agent (14).
They studied the effects of cetyltrimethyl ammonium bromide, sodium dodecyl sulfate,
and Triton X-100 on the morphology of NiO. NiO synthesized using sodium dodecyl
sulfate exhibited a high specific capacitance of 235 F/g. Table 1.3 summarizes some of

the electrochemical properties of nickel oxide.

10



Table 1.3: Specific capacitance values of NiO reported

Method Substrate | Electrolyte | Measurement Specific (reference)
systems capacitance year
(condition)* (F/9)
Galvanostatic | Graphite | 1 M KOH | CV (10 mV/s) 195 (15) 2006
SBA-15 as Nigrid | 2 M KOH CD (1 128 (16) 2006
template mA/cm?)
Porous hollow | Glassy 2M KOH | CD (10 A/g) 560 (17) 2013
spheres of carbon
NiO electrode
Hydrothermal | Nifoam | 2M KOH CD (200 138 (18) 2009
(urea) mA/Q)
Viaa Nifoam | 2M KOH | CV (3 mV/s) 989 (19) 2013
Hydrothermal
Hydrothermal Ni foil 2 M KOH CD (200 239 (14) 2010
(cetyltrimethyl mA/qg)
ammonium
bromide)
Hydrothermal Ni foil 2 M KOH CD (200 411 (14) 2010
(sodium mA/Q)
dodecyl
sulfate)
Hydrothermal Ni foil 2 M KOH CD (200 144 (14) 2010
(Triton X - mA/qg)
100)
SDS as
template and
urea as
hydrolysis
Calcination at
1)250C Ni Foam 3wt.% CD (200 1) 124 (20) 2004
2)300C KOH mA/qg) 2) 106
3)350C 3) 68

* CV —cyclic voltammetry, CD — Galvanostatic charge-discharge

11




1.3: Dissertation Organization
This master’s thesis has been divided into four chapters.

Chapter 1 is committed to the introduction of the topic and objectives for the
present research. It additionally gives a short summary of different sorts of energy storage
materials and their benefits.

Chapter 2 gives the method and experimental details about the synthesis of
nickel oxide. Also, it presents a thorough hypothetical foundation for different techniques
that can be utilized for the characterization of nickel oxide.

Chapter 3 contains the results and discussion of all experimental techniques. In
addition, the results that we obtained through this research are compared with literature
on nickel oxides.

Chapter 4 concludes with the results of the present research.

12



CHAPTER 11

EXPERIMENTAL DETAILS

2.1: Materials and Synthesis

All the chemicals and solvents utilized in the experiments were of analytical grade
and utilized without further purification. For the synthesis of nickel oxide having various
morphologies, nickel (1) nitrate hexahydrate, urea CO (NH2)2, ammonium fluoride
(NH4F), cetyltrimethylammonium bromide (CTAB), poly (vinyl pyrrolidone) (PVP),
sodium dodecyl sulfate (SDS) and DI water were used. The amount of reactants and

solvents used in this work are given in Table 2.1.

Table 2.1: Experimental details for the synthesis of nickel oxide

Sample | Ni(NO3)2.6HO | NHsF | Urea | CTAB | PVP SDS | DI Water
(mg) (mg) | (mg) | (mg) | (mg) | (mg) (ml)
1 1450 400 | 1500 | 500 0 0 33
2 1450 400 | 1500 0 500 0 33
3 1450 400 | 1500 0 0 500 33

13



After mixing the reactants with help of bath sonication for 10 minutes, the mixed
solution was then transferred into a 45 ml Teflon stainless steel autoclave. Then a piece
of nickel foam, which was pre-cleaned and weighed, was immersed into the reaction
solution and heated at 120° C for 10 h. The nickel foam was cleaned in 3 M HCI solution
for 15 min using bath sonication to remove any surface oxides followed by cleaning in DI
water, isopropanol and acetone. After drying, it was weighed. After 10 h of reaction at
120° C, the autoclave reactor was cooled down to room temperature naturally. The piece
of nickel foam and the residue were washed several times with distilled water and
absolute ethanol in order to remove the debris and residual reactant. After that, the
sample which was synthesized using CTAB was heated at 350 °C for 3 h. The sample
changes its color from light brown to green. The X-ray diffraction patterns were recorded
and it was found that the sample was a mixture of NiO and Ni (OH).. The product was
further heated 500 °C for 3 h. The color of the sample changed to brown after calcination
at 500 °C. The X-ray diffraction study confirms the formation of phase pure NiO under
this condition. Some researchers suggest that mixed phase of NiO provide a high charge
storage capacity. To confirm this, the electrochemical testing of both the samples (calcine
at 350 °C and 500 °C) was performed. It was observed that phase pure NiO provided high
specific capacitance compared to mixed phases of NiO and Ni (OH).. The details of the
x-ray diffraction patterns and electrochemical testing are given in the Results and
Discussion section. Based on the electrochemical results, all the synthesized materials

were calcined at 500° C for 3 h to completely convert the precursor to NiO phase.
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2.2: Characterizations
The synthesized nickel oxide was characterized using various techniques such as

X-ray diffraction, scanning electron microscopy and electrochemical analysis.

2.2.1: X-Ray Diffraction Study

X-ray diffraction is comprised of three fundamental elements: an X-ray tube, a
sample holder, and an X-ray detector. The idea of X-ray diffraction depends on
producing electrons by heating a filament in an X-ray electrode tube for creating an X-
ray. Applying voltage to those electrons would accelerate the motion of electrons toward
a sample. The structure of the synthesized nickel oxide was investigated utilizing a
Shimadzu X-ray diffractometer utilizing the 20-0 scan with CuKol (A=1. 5406 A)
radiation. 0.2 mm slits were utilized for the exporter and sensor sides. The X-ray was
generated utilizing a high voltage of 40 kV and a current of 30 mA. The diffraction
patterns were recorded while changing the incident angles between 10-80°. An X-ray
sensor was put at a point that achieved the geometrical placement so that the angle

between the atomic planes and the detector will be 26 as shown in Figure 2.1.
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etector

X-rays tube

Figure 2.1: Schematic diagram of an X-ray diffractometer.

2.2.2: Scanning Electron Microscopy

In 1937 true microscopy was created by Manfred von Ardenne. In the 1960s, the
first scanning electron microscopy (SEM) instrument appeared on the market. The
scanning electron microscope is a valuable instrument that produces a picture of a sample
when scanned by concentrated radiation of electron at its surface. The range of electron
microscopes allows observation and also characterization of the materials around a
nanometer (nm) to micrometer (pm).

The molecule extent and morphological placement of nickel oxide powder were
examined utilizing a JEOL JSM-840A examining electron magnifying instrument as well
as a FEI Quanta 200 field outflow examining electron microscopy (FESEM) prepared

with an 16 oxford inca 250 silicon float X-beam vitality dispersive spectrometer (EDS).
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2.2.3: Electrochemical Measurements

For electrochemical measurements of nickel oxides, a standard three electrode
system containing a platinum wire as a counter electrode, saturated calomel electrode as a
reference electrode, and NiO on nickel foam as a working electrode were used. The
working electrode was prepared utilizing the synthesized NiO powder by blending 80 wit.
% of the nickel oxide, 10 wt. % of acetylene black, and 10 wt. % of
polyvinylidenedifluoride (PVDF) in N-methyl pyrrolidone (NMP) solvent. Then after
blending the components, the obtained slurry was pasted onto nickel foam. The slurry
pasted nickel electrodes were dried at 60° C under vacuum overnight. Three different
alkaline solutions such as 3 M KOH, NaOH and LiOH were used as electrolytes for this

study.

Reference
electrode

Counter
electrode

B Y

Working
electrode (NiO)

Figure 2.2: Schematic of three-cell electrochemical measurement system.
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2.2.3.1: Cyclic Voltammetry

The electrochemical properties of the fabricated electrodes were studied using
cyclic voltammetry. The cyclic voltammetry technique is used to potentially shift and
monitor the resulting current by applying either positive or negative voltage under a
constant scan rate. The current response was measured between the working and counter
electrodes while potential was applied between the reference and working electrodes.
When a positive potential was applied to the metal oxide, the following oxidation
reaction occurred. The oxidized metal oxides reduce in the reverse cycles.

Mo M +e-

2.2.3.2: Galvanostatic Charge — Discharge Measurements

Galvanostatic charge - discharge is a technique to measure the charge storage
capacity and cycle life of electrode materials. The active mass of the NiO was calculated
by the following equation:

Active mass (g) = Total weight of the electrode materials (g) x 80%

All the electrochemical measurements were performed using a Versastat 4-500
electrochemical instrument (Princeton Applied Research, USA). All the electrochemical
data collected were analyzed using Versa Studio software from Princeton Applied
Research. Before each measurement, the electrodes were activated by recording fifty
cycles of cyclic voltammetric measurements in potential window of 0-0.6V at 50 mV/s of

scan rate. After the warm up, cyclic voltammetric measurements were performed at
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various scan rates (for CV curves) and current densities (for galvanostatic charge-

discharge study).
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CHAPTER 111

RESULTS AND DISCUSSION

3.1: Optimizing Calcination Temperature

The as-synthesized sample was first calcined at 350 °C in air to study its phase
purity and electrochemical properties. Calcination at 350 °C in air changed the color of
as-synthesized powder from light brown to green. The X-ray diffraction patterns confirms
the presence of two phases namely NiO and Ni(OH).. The X-ray diffraction pattern of the
sample calcine at provided 350 °C is given in Figure 3.1. The calcination temperature was
increased to 500 °C to see the effect of temperature on its phase purity. Figure 3.2 shows
XRD pattern of brown sample which was obtained after calcination at 500 °C. As seen in
the X-ray diffraction pattern, all the peaks were due to NiO and no other phases were
found. The obtained peaks were well matched with the standard peaks of nickel oxide
rock salt structure (diffraction peaks data of JCPDS no. 04-0835). This confirms the

transformation of Ni(OH). to NiO at 500 °C.
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Figure 3.1:
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Figure 3.2: XRD pattern of NiO synthesized using CTAB at 500 °C.
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In addition to X-ray diffraction study of the samples calcine at 350 °C and 500 °C,
the electrochemical study was also performed using cyclic voltammetry and galvanostatic
charge-discharge measurements. Figures 3.3 and 3.4 show the cyclic voltammograms of
the samples calcine at 350 °C and 500 °C. As seen in the cyclic voltammogram, both the
samples were redox active and provided oxidation and reduction peaks.

Figure 3.5 shows the variation of specific capacitance as a function of scan rates
“for the samples calcine at 350 °C (mixed phases of Ni(OH)2 and NiO) and 500 °C (phase
pure NiO). As seen, the phase pure NiO which was obtained after calcining at 500 °C
showed a higher specific capacitance than that of sample calcine at 350 °C. For example,
the specific capacitance of samples calcine at 350 °C and 500 °C was observed to be 98
and 48 F/g at scan rate of 5 mV/s. Similar results were observed using galvanostatic
charge-discharge study. Figure 3.6 shows the variation of specific capacitance as a
function of applied current density for the both samples. The green powder which is
related to Ni(OH). and NiO showed a specific capacitance of about 25 F/g at a discharge
current of 0.5 mA. In contrast, the brown powder which is phase pure NiO showed a
specific capacitance of about 62 F/g at a discharge current of 0.5 mA. In conclusion, the
phase pure NiO showed better electrochemical performance compared with mixed phases

of NiO and Ni(OH)s.
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Figure 3.3: Cyclic voltammograms of NiO and Ni (OH)2 synthesized using CTAB at
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Figure 3.4: Cyclic voltammograms of NiO synthesized using CTAB at 500 °C.
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compounds synthesized using CTAB and calcined at difference
temperatures.
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3.2: X-Ray Diffraction Analysis

X-ray diffraction was used to examine the phase purity of the synthesized
materials. Figures 3.7-3.9 show the XRD patterns of all the synthesized samples which
were calcined at 500 °C. As seen in the XRD patterns, all the synthesized powders
showed diffraction peaks. Three strong diffraction peaks were observed around 37, 43,
and 63° which matches well with the standard peaks of nickel oxide rock salt structure
(diffraction peaks data of JCPDS no. 04-0835). The XRD patterns did not indicate any
peaks other than peaks due to NiO. This confirms the absence of any other phases of
nickel compound such as Ni(OH), Ni2O> etc. During the calcination at 500 °C in air, the
following reaction occurred (20)

Ni(OH), —NiO+ H20

Purushothaman et al. have also studied the effect of preparation temperature on
the morphological and electrochemical properties on -assembled NiO microstructures
(19). The peak of NiO in XRD patterns became sharper when synthesis temperature was
increased from 120 °C to 180 °C. The temperature of heating might have been to
decrease the electrochemical properties of nickel oxide. They reported that an optimum
temperature in the range of 25° to 400° C was the best temperature to get high
capacitance and high electrochemical activities (21, 22). Srinivasan and Weidner studied
the effect of heating temperature on the charge storage capacity nickel oxide films (22).
At about 300 °C, the specific capacitance sharpily increases to a value of 104 F/g and

drops as the temperature increased.

25



The crystal size of the nickel oxide powders was estimated using X-ray data of the
respective samples. The crystal size was estimated using the Debye Scherrer equation
(23):

0921

where 0.9 is assuming of the shape coefficient for reciprocal lattice, A is the X-ray
wavelength, £ is the full width at half maximum of the diffraction line, and 8 is the
Bragg angle (the diffraction angle of the XRD spectra). Table 3.1 below shows the
average crystalline size of our synthesized nickel oxides. Justin et al. obtained a smaller
crystal size of about 2.25 nm when they synthesized NiO using anionic surfactant sodium

dodecyl sulfate (14).
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Figure 3.7: XRD patterns of NiO synthesized using CTAB.
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Table 3.1: Crystalline size of the synthesized nickel oxide

Sample FWHM (degree) FWHM (Radian) Crystallite
Size(nm)
NiO-CTAB 0.75 0.013 18.2
NiO-SDS 1.33 0.023 27.5
NiO-PVP 0.72 0.013 16.3

The crystal size of nickel oxide was found to depend on the surfactant used during
the reaction. It was observed that SDS provided nickel oxide with the highest crystal size
of about 28 nm. On the other hand, PVP based nickel oxide provided the lowest crystal
size of about 16 nm. Sheena et al have studied the effect of calcination temperature on
the structural and optical properties of nickel oxide nanoparticles (24). They have
synthesized nickel oxide using the chemical precipitation route. It was observed that
when calcination temperature increased, the crystallite size also increased. It was further
noted that the crystallinity of nickel oxide has a tremendous effect on their
electrochemical properties. It is observed that synthesis method also affects the crystallite
size of the nickel oxides. For example, Meybodi et al have synthesized NiO nano-
powders using a sonochemical method and observed a crystallite size of about 20 nm
(25).

3.3: Scanning Electron Microscopic Analysis

The surface morphology and structure of three nickel oxide samples were

scrutinized by scanning electron microscopy.Figures 3.10 -3.12 show the scanning

electron microscopy image of NiO synthesized using CTAB, SDS and PVP. The SEM
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images gave us an idea about NiO structures that could explain the observed specific
capacitance. It is known that the pore size affects the capacitance of electrodes,as

reported by Liang and Han (26, 27). They have observed that the pore size in range of 2-5

nm was very appropriate to increase the capacitance of the nickel oxide.

Figure 3.10a: SEM images of NiO powder sample synthesized using CTAP at various

magnifications.

Figure 3.10b: SEM images of NiO on Ni foam synthesized using CTAP at various

magnifications.
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Figure 3.11a: SEM images of NiO powder sample synthesized using PVP at various

magnifications.

Figure 3.11b: SEM images of NiO on Ni foam synthesized using PVP at various

magnifications.

30



Figure 3.12a: SEM images of NiO powder sample synthesized using SDS at various

magnifications

Figure 3.12b: SEM images of NiO on Ni foam synthesized using SDS at various
magnifications.
3.4: Electrochemical Characterizations
The electrochemical properties of the NiO samples were examined using cyclic
voltammetry and galvanostatic charge —discharge measurements. Three different

electrolytes such as 3 M NaOH, KOH, and LiOH, were used to study the effect of ionic
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size of the electrolytes on the electrochemical properties of the nickel oxides. Figures
3.13-3.24 show the cyclic voltammetry and the specific capacitance of the NiO at
different scan rates. As seen in the cyclic voltammograms of nickel oxide, the shape of
the CV curves is very similar even at higher scan rates suggesting high electrochemical
stability of the nickel oxides. The process of redox reaction at the electrodes follows the
reaction:
NiO + OH" < NiO-OH +e—

The specific capacitance of the nickel oxides was calculated using the CV data at

various scan rates. The specific capacitance of nickel oxide was calculated using the

expression given below (6):

L (THV)AV e (5),

P mu(vf-vi) i
where Csp is the specific capacitance (F/g), m is the mass of active material (g), v is the
scan rate (V/s). Vi and Vs are the initial/final potential in volt of a CV cycle. i(V) is the
instantaneous current at a given potential. Figure 3.16 shows the variation of specific
capacitance as a function of scan rates for a NiO sample synthesized using CTAB in
different electrolytes. As seen in the graph, the specific capacitance of the nickel oxide
was found to decreasing with increasing scan rates. The diminishing of capacitance could
be explained by the presence of some interactive sites that cannot complete the redox
reaction at the electrode because increasing scan rate led to decreasing the cyclic time.
There are two main factors that can affect the amount of specific capacitance such as
higher active area on the electrode and internal resistance. The conductivity will be
decreased through increased scan rate because of increasing the internal charge—transfer

resistance. The rate of redox reaction at the interface between the electrode surface and
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the electrolyte is greatly affected and not kinetically favored. Such a conclusion can be
attributed to the loss of some active material at the electrode surface during the
experimental resulting in an incomplete redox reaction (26). In addition, the electrolytes
can have an effect on specific capacitance. In Figure 3.16 the highest specific capacitance
was calculated around 261.2 F/g for NiO synthesized using CTAB sample in 3M KOH
electrolytes at scan rate 5 mV/s. The specific capacitance of NiO sample as shown in
Figure 3.16 decreased to 226.5 F/g in NaOH electrolyte. The specific capacitance is
further decreased to 223.3 F/g in the LiOH electrolyte. As observed the highest specific
capacitance was observed in 3M KOH electrolytes. Figure 3.20 shows the specific
capacitance of NiO synthesized using PVP. The highest specific capacitance value was
observed when LIOH was used as the electrolyte. The highest specific capacitance of
NiO-PVP sample was observed to be 163.4 F/g in 3M LiOH electrolyte. In contrast, the
specific capacitance of 143 F/g was observed in 3M NaOH for the NiO-PVP sample.
Figure 3.24 shows the variation of specific capacitance as a function of scan rates for a
NiO synthesized using SDS in three different electrolytes. The specific capacitance
values of 223.3, 226.5 and 261.2 F/g was observed for NiO synthesized using SDS in 3
M KOH, NaOH and LiOH electrolytes, respectively at a scan rate of 5 mV/s. The NiO
synthesized using SDS showed the highest specific capacitance value in all electrolytes
compared with other NiO samples. Justin et al. had reported a specific capacitance of 321

F/g for NiO synthesized using SDS at scan rate of 2 mV/s (14).
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Figure 3.13: Cyclic voltammograms of NiO synthesized using CTAB at various scan
rates in 3 M LiOH electrolyte.
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Figure 3.14: Cyclic voltammograms of NiO synthesized using CTAB at various scan rates
in 3M NaOH electrolyte.
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Figure 3.15: Cyclic voltammograms of NiO synthesized using CTAB at various scan
rates in 3 M KOH electrolyte.
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Figure 3.16: Variation of specific capacitance as a function of scan rate for NiO

synthesized using CTAB sample in difference electrolytes.
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Figure 3.17: Cyclic voltammograms of NiO synthesized using PVP at various scan rates
in 3 M LiOH electrolyte.
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Figure 3.18: Cyclic voltammograms of NiO synthesized using PVP at various scan rates in
3 M NaOH electrolyte.
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Figure 3.19: Cyclic voltammograms of NiO synthesized using PVP at various scan rates
in 3 M KOH electrolyte.
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Figure 3.20: Variation of specific capacitance as a function of scan rate for NiO

synthesized using PVVP sample in difference electrolytes.
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Figure 3.21: Cyclic voltammograms of NiO synthesized using SDS at various scan rates
in 3 M LiOH electrolyte.
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Figure 3.22: Cyclic voltammograms of NiO synthesized using SDS at various scan rates
in 3 M NaOH electrolyte.
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Figure 3.23: Cyclic voltammograms of NiO synthesized using SDS at various scan
rates in 3 M KOH electrolyte.
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Figure 3.24: Variation of specific capacitance as a function of scan rate for NiO
synthesized using SDS sample in difference electrolytes.
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The specific capacitance of any material depends on the active sites which
participate in the redox reaction. The usage factor of nickel oxide sites, which was

participatory, in nickel oxide was calculated by the following equation (19):

where C is the specific capacitance (F/g), M is the molecular weight (74.7 g/mol), AV is
the potential window (V). The highest value of z is 1 which means that all the nickel
oxide sites on an electrode has contributed to the redox/reduction reaction. Table 3.2
shows the part of the nickel oxide sites (z) that contributed to the redox reaction in NiO
sample synthesized using CTAB in 3 M KOH electrolyte. The highest value of 12.1%
was observed at scan rate of 5 mV/s. In contrast, when the scan rate was increased to 150
mV/s, the value of z dropped to 4. In Tables 3.3 and 3.4, z values of NiO were shown in
3M NaOH and LiOH electrolytes. It was seen that the z values decrease with increase in
the scan rates.
Table 3.2: The percentage of fraction for nickel oxide sites, z which has been
participatory in the redox reaction of NiO synthesized using CTAB in 3 M

KOH electrolyte:

Scan Rate Csp

(mv) (Flg) | “°
5 261.2 12.1
10 214.0 9.94
15 184.5 8.57
20 164.5 7.64
35 130.0 6.04
50 109.9 5.11
75 90.5 4.20
100 78.1 3.63
125 69.3 3.22
150 62.6 2.91
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Table 3.3: The percentage of fraction for nickel oxide sites, z which has been
participatory in the redox reaction of NiO synthesized using CTAB in 3 M

NaOH electrolyte:

Scan Rate Csp

(mv) (Flg) | “*
5 226.5 10.6
10 186.0 8.7
15 162.9 7.6
20 147.0 7.0
35 118.0 5.6
50 101.0 4.7
75 83.4 3.9
100 71.8 3.4
125 63.6 3.0
150 57.2 2.7

Table 3.4: The percentage of fraction for nickel oxide sites, z, which has been
participatory in the redox reaction of NiO synthesized using CTAB in 3 M

LiOH electrolyte:

Scan Rate Csp

(mv) (Flg) | “*
5 223.3 10.4
10 181.4 8.5
15 157.3 7.4
20 141.2 6.6
35 112.2 5.3
50 96.2 4.5
75 78.6 3.7
100 67.2 3.1
125 59.2 2.7
150 53.0 2.5
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participatory in the redox reaction of NiO synthesized using PVP in 3 M

LiOH electrolyte:

Table 3.5: The percentage of fraction for nickel oxide sites, z, which has been

Scan Rate

Csp

(mV) Fg) | “*
5 163.4 7.6
10 153.2 7.1
15 145.0 6.8
20 138.0 6.4
35 124 .4 5.8
50 115.3 54
75 104.1 5.0
100 95.5 4.5
125 88.6 412
150 82.4 4.0

participatory in the redox reaction of NiO synthesized using PVP electrode in

3 M NaOH electr

Table 3.6: The percentage of fraction for nickel oxide sites, z which has been

olyte:
Scan Rate (mV) Csp Z%
(Fl9)

5 143.0 6.6

10 134.0 6.2

15 126.6 5.9

20 120.6 5.6

35 107.9 5.0

50 99.6 4.7

75 89.7 4.2
100 82.1 3.9
125 75.9 3.6
150 70.6 3.3
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Table 3.7: The percentage of fraction for nickel oxide sites, z which has been
participatory in the redox reaction of NiO synthesized using PVP electrode in

3 M KOH electrolyte:

Scan Rate Csp

(mV) Fg) | “”
5 150.3 7.0
10 139.7 6.5
15 131.2 6.1
20 126.4 5.9
35 114.1 5.3
50 105.9 5.0
75 95.9 45
100 88.3 4.1
125 82.1 3.9
150 76.8 3.6

Tables 3. 6 and 3. 7, above, show the percentage of fraction of NiO synthesized
using PVP sites, which has been contributed in redox reaction. The value of z in all three
electrolytes is similar. Srinivasan and Weidner have been studied the effect of heating
temperature and electrolyte concentration on the z sites of nickel oxide (22). It was
suggested that a lower z value can be related to that redox reaction, which only occurred
at the active surface of NiO with little dimensional interaction. Also, the size of OH" can
have an effect on the diffusion of OH" into material. Table 3.6 shows the z value of scan
rate 5 mV was 6.6% which was contributed in the redox reaction of NiO synthesized
using PVP electrode in NaOH electrolyte to produce specific capacitance around 142.9

F/g.
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Table 3.8: The percentage of fraction for nickel oxide sites, z which has been
participatory in the redox reaction of NiO synthesized using SDS electrode in

3 M LiOH electrolyte:

Scan Rate Csp Z%
(mV) (Flg)
5 315.6 14.7
10 269.5 12.5
15 240.3 11.2
20 220.6 10.2
35 179.7 8.3
50 154.618 7.2
75 126.9 6.0
100 108.2 5.0
125 94.5 4.4
150 84.1 4.0

Table 3.9: The percentage of fraction for nickel oxide sites, z which has been
participatory in the redox reaction of NiO synthesized using SDS electrode in

3M NaOH electrolyte:

Scan Rate

Csp

(mV) Flgg |
5 265.8 12.3
10 218.7 10.2
15 191.9 9.0
20 173.8 8.1
35 139.6 6.5
50 118.8 5.6
75 96.3 4.5
100 815 3.8
125 70.9 3.3
150 62.8 3.0
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Table 3.10: The percentage of fraction for nickel oxide sites, z which has been
participatory in the redox reaction of NiO synthesized using SDS electrode in

3M KOH electrolyte:

Scan Rate Csp

(mv) (Flg | “*
5 295.5 13.8
10 256.7 12.0
15 232.1 10.8
20 214.7 10.0
35 179.1 8.3
50 156.4 7.3
75 130.6 6.1
100 112.6 5.2
125 99.1 4.6
150 88.8 4.2

The highest value of z as seen in the Table 3.8 was 14.7%, and it was
observed for the NiO synthesized using SDS. This z value means around 14.7 percent of
nickel oxide sites had participated in redox reaction during the electrochemical testing
process. So, this percentage explains why the NiO synthesized using SDS had the highest
value of specific capacitance around 315.6 F/g in 3M LiOH electrolyte compared to other
electrolytes. Moreover, this also explains the decrease in the specific capacitance with the
increase in the scan rates. At higher scan rates, the z values are lower, suggesting less
active sites were participating in the redox process. Vijayakumar et al. had prepared NiO
nanomaterial using CTAB as surfactant via microwave synthesis method at various
calcination temperatures (28). They observed a specific capacitance of about 400 F/g at
calcination temperature of 300 °C with z value around 14%. When the calcination
temperature was increased to 400 and 500 °C, value of z was calculated to be around 8.35

and 7.17%, respectively. So, in those samples only 8.5% and 7.17% of sites on the
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electrode had participated in redox reaction to produce a specific capacitance 240 and
206 F/g. Table 3.9 shows the z value was 12.3 % of NiO synthesized using SDS when
NaOH electrolyte was used. In this electrolyte the specific capacitance of NiO was 265.5
F/g which means only 12.3% site of NiO was contributed in reaction. Table 3.10 shows
the z value of NiO synthesized using SDS in KOH electrolyte. The highest z value was
13.8% in Table 3.10 related to KOH electrolyte 5 mV which give us specific capacitance
around 295.3 F/g.

In addition to a cyclic voltammetry study, galvanostatic charge-discharge
measurements were performed to evaluate the potential application of nickel oxide as an
electrode material for supercapacitor. The galvanostatic charge-discharge measurements
were carried out in 3 M KOH, NaOH and LiOH. The charge-discharge tests were
performed in potential range of 0 to 0.6 V (vs. SCE) at different current densities ranging
from 1 mA /g to 5 mA/g. Figures 3.25-3.33 show the charge-discharge curves of NiO
synthesized using CTAB, SDS and PVP samples. Figures 3.25-3.27 show the charge-
discharge measurements of NiO synthesized using CTAB. The galvanostatic charge-
discharge studies indicated that the highest discharge time of 109 s was observed at 0.5
mA/g in3 M KOH electrolyte, whereas the lowest discharge time of 87 s was observed at
0.5 mA/g in 3 M LIiOH electrolyte. Figures 3.28-3.30 show the galvanostatic charge-
discharge measurements of a NiO synthesized using PVP electrode. The electrode
activities of galvanostatic charge-discharge performance at three electrolytes are almost
equivalent with little change in discharge time. The longest discharge time of 83.8 s was
received in 3 M KOH electrolyte. Figures 3.31- 3.33 show the galvanostatic charge-

discharge behaviors of the NiO synthesized using SDS in different electrolytes. The NiO
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showed a discharge time of 156 s at 0.5 mA/g in 3 M LiOH, which was the longest
discharge time compared to that of in other NiO samples. Figure 3.33 shows that the
lowest discharge time was observed for the NiO synthesized using SDS in 3 M NaOH
electrolyte at a current density of 0.5 mA/g. Xing Wei et al have reported that there are
two factors which can have an effect on the capacitance of a NiO electrode, surface area
and surface reactivity (20).The specific capacitance of the nickel oxide electrodes was

computed utilizing the following equation (13):

_ IxAt

where Csis the specific capacitance (F/g), | is the charge /discharge current (A), At is the
discharge time(s), m is the mass of electrode material (g), and AVis the discharging
potential range (V). Figures 3.34-3.3.36 show the relationship between the specific
capacitance and current. As we see in the specific capacitance equation above, the
specific capacitance will be increased with increased discharge current but this does not
occur. This is due to a large voltage drop at higher discharge currents which lead to a
decrease in specific capacitance (27). The OH" anion will be received or released during
the oxidation —reduction process and the exchange of OH™ occurred between the
electrolyte and the electrode at the interface. When the reduction reaction occurs, the OH-
anion is transferred to the electrode by diffusion. Also, when the oxidation reaction
happens the OH" anion should be retained back to the electrolyte. The optimal
electrochemical performance occurs when the OH" and electron are transported at the
same time or in synchronization together. The OH™ has a slower transfer process than the
electron transport. So, at higher discharge currents, the OH" ion could not synchronize

with the electron transfer due to the fact that the electron has high mobility. As a
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consequence, the OH gets oversaturated which makes some of the surface area on the
electrode inactive (17). Thereby, the highest specific capacitance was received at a
current of 0.5 mA. In contrast, the lowest specific capacitance was observed at a current
of 5 mA. Gobal and Faraji have reported that at higher charge-discharge levels, only the
outer layers contribute to the redox process (29). As seen in Figure 3.36, the highest
specific capacitance of 130 F/g was observed for NiO synthesized using SDS in 3 M
LiOH electrolyte. Liu et al. have synthesized urchinlike NiO nanostructures and studied
their electrochemical behaviors (30). They observed that calcination temperature affects
the charge storage capacity e.g. calcination temperature of 300 and 500 °C provided

specific capacitance of 290 and 170 F/g, respectively.
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Figure 3.25: Galvanostatic charge —discharge characteristics of NiO synthesized using
CTAB at various currents in 3 M LiOH electrolyte.
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Figure 3.26: Galvanostatic charge—discharge characteristics of NiO synthesized using
CTAB at various currents in 3 M NaOH electrolyte.
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Figure3.27: Galvanostatic charge —discharge characteristics of NiO synthesized using
CTAB at various currents in 3 M KOH electrolyte.
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Figures 3.25-3.27 show the charge—discharge behaviors of NiO synthesized using
CTAB at various currents such as 0.5, 1, 2, 3, 4, and 5 mA in 3 M LiOH, NaOH and
KOH. Figure 3.25 shows that the lowest discharge time was observed for the NiO
synthesized using CTAB in 3M LiOH electrolyte. Figure 3.27 shows the galvanostatic
charge —discharge measurements of NiO synthesized using CTAB in KOH electrolyte.
The discharge times at 0.5 mA was around 109 s, which is the highest among other
electrolytes. Figure 3.26 shows the galvanostatic charge — discharge measurements of
NiO synthesized using CTAB in 3M NaOH electrolyte. The discharge times at 0.5 mA

was around 98 s.
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Figure 3.28: Galvanostatic charge —discharge characteristics of NiO synthesized

using PVP at various currents in 3 M LiOH electrolyte.
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Figure 3.29: Galvanostatic charge —discharge characteristics of NiO synthesized using

PVP at various currents in 3 M NaOH electrolyte.
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Figure 3.30: Galvanostatic charge —discharge characteristics of NiO synthesized
using PVP at various currents in 3 M KOH electrolyte.
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Figures 3.28-3.30 show the charge—discharge behaviors of NiO synthesized using
PVP at various currents in 3 M LiOH, NaOH and KOH. As seen in Figure 3.28, the
discharge time of 84 s was observed at discharge current of 0.5 mA in LiOH electrolyte.
This was the highest discharge time observed for NiO synthesized using PVVP. Figure
3.30 shows the galvanostatic charge —discharge of NiO synthesized using PVP in KOH
electrolyte. The discharge times at 0.5 mA was about 76.5 s. Figure 3.28 shows the

charge-discharge behavior of NiO in 3 M NaOH electrolyte.
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Figure 3.31: Galvanostatic charge —discharge characteristics of NiO synthesized

using SDS at various currents in 3 M KOH electrolyte.
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Figure 3.32: Galvanostatic charge —discharge characteristics of NiO synthesized using
SDS at various currents in 3 M LiOH electrolyte.
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Figure 3.33: Galvanostatic charge —discharge characteristics of NiO synthesized using
SDS at various currents in 3 M NaOH electrolyte.

Figures 3.31-3.333 show the charge—discharge behaviors of NiO synthesized

using SDS at different discharge currents in 3 M LiOH, NaOH and KOH. A discharge
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time of 148 s was observed at a discharge current of 0.5 mA in 3M KOH electrolyte.
Figure 3.32 shows the galvanostatic charge —discharge behavior of NiO synthesized using
SDS in LiOH electrolyte. The NiO synthesized using SDS showed the longest discharge
time at 0.5 mA in LiOH. The discharge times at 0.5 mA was observed to be around 160s.

Figure 3.33 shows the charge-discharge behavior of NiO behavior in NaOH electrolyte.
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Figure3.34: Variation of specific capacitance with applied current in different
electrolytes for NiO synthesized using CTAB.

Figure 3.34 shows variation of specific capacitance with applied current in
different electrolytes for the NiO synthesized using CTAB. The highest specific
capacitance of 86.6 F/g was observed in KOH electrolyte, while the lowest specific
capacitance of NiO synthesis using CTAB was observed to be 72 F/g in LiOH

electrolyte. The specific capacitance of about 77 F/g was observed in NaOH electrolyte.
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Figure3.35: Variation of specific capacitance with applied current in different
electrolytes for NiO synthesized using PVVP sample.

The specific capacitance of NiO synthesized using PVP is shown in Figure 3.35.
A specific capacitance of 66 F/g was observed in LiOH electrolyte. The specific
capacitance decreases to 56 F/g in KOH electrolyte. The specific capacitance of NiO
synthesized using SDS was 63 F/g at current density 5 mA. All the samples have shown a
decrease in specific capacitance with increase in the current density. Figure 3.36 shows
the variation of specific capacitance as a function of applied current in different
electrolytes for NiO synthesized using SDS. Unlike the results in Figures 3.34 and 3.35,
the specific capacitance of NiO synthesized using SDS showed the highest specific
capacitance value around 130 F/g in LiOH electrolyte. Also, in the LiOH electrolyte the
specific capacitance of NiO synthesized using SDS at a current density 5 mA was about
115 F/g. The NiO synthesized using SDS showed the different performance in KOH
electrolyte. The specific capacitance of NiO in KOH electrolyte at current density 0.5 mA

was 118 F/g. Unlike the result in LiOH and KOH electrolytes of NiO synthesized using
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SDS the specific capacitance shows the lowest electrochemical performance of NiO
synthesized using SDS when NaOH electrolyte is used. The specific capacitance in
NaOH electrolyte for NiO synthesized using SDS of 95 F/g at a current density of 0.5
mA. In addition, Figure 3.35 shows that the specific capacitances of all three samples are

decreased with increased current densities.

1304 =

120 -+

I
/

=

o

o
1

-m-LiOH
NaOH
-a- KOH

Sp.Capacitance (F/g)

(o]
o
A 1 A

[0}
o
1

~
o

3 4 5 6
Current (mA)

o
=
N

Figure3.36: Variation of specific capacitance with applied current in different
electrolytes for NiO synthesized using SDS.

Power density and specific energy was used to evaluate the performance of nickel
oxide. The Ragone plot showed the relationship between energy density and power
density of samples which resulted from the charge —discharge measurements. Both

energy density and power density were calculated by the following equation (31):

_CspxAv2
7.2

E (Wh/Kg)
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where Csp (F/g) is the specific capacitance that was calculated from charge —discharge
measurements, AV (V) is the potential window and t(s) is the discharge time. Figures
3.37 -3.39 show the power density versus energy density plots for all the samples. At the
lower discharge currents, the higher energy density was observed. In three samples the
highest power density was obtained when 3 M LiOH electrolytes was used. In addition,
NiO synthesized using SDS showed the highest power density. When the discharge
current was increased the energy density was decreased, while the power density was
increased. Kun Liang et al. have observed a high energy and power densities around 170
Wh/g and 27.5 kW/g, respectively in the potential window of 1.1 V (26). Purushothaman
et al. have synthesized nanosheet — assembled NiO microstructure using a hydrothermal
method at different temperatures (19). The NiO sample prepared at 160 °C presented a
high energy density around 49.5 Wh/kg.

Figure 3.37 shows the variation of power density versus energy density for NiO
synthesized using CTAB in different electrolytes. An energy density of 3.8 Wh/kg was
observed in 3M KOH electrolyte. The energy density of 3.1 and 3.3 Wh/kg was

calculated for the same sample in 3M LiOH and NaOH, respectively.
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Figure 3.37: Power density versus energy density plots for NiO synthesized using
CTAB in different electrolytes.
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Figure 3.38: Power density versus energy density plots for NiO synthesized using PVP

in different electrolytes.
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Figure 3.38 shows the power density versus energy density for NiO synthesized
using PVP in different electrolytes. At a power density of 143.2 W/kg, there was an
energy density of 3 Wh/kg in LIOH electrolyte. As seen, in NaOH electrolyte the NiO

showed the lowest value of energy density (~ 2.5 Wh/kg).
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Figure 3.39: Power density versus energy density plots for NiO synthesized using SDS
in different electrolytes.

Figure 3.39 show the variation of power and energy densities for NiO synthesized
using SDS in different. Unlike the result in Figures 3.37 and 3.38, the energy density
showed the highest value. An energy density of 5.6 Wh/kg was observed in LiOH

electrolyte which decreased to 3.6 Wh/kg in NaOH electrolyte.
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CHAPTER IV

CONCLUSION

Nickel oxide was synthesized using a hydrothermal technique. During
hydrothermal reaction, the nickel precursor converted to nickel hydroxide which
completely transformed into nickel oxide during calcination at 500 °C. It was seen that
the presence of surfactants during reaction changes the morphology and sizes of nickel
oxide. These synthesized nickel oxides were structurally and electrochemically
characterized. Structural characterization was performed using X-ray diffraction and
scanning electron microscopy. Electrochemical properties of nickel oxide were
investigated using cyclic voltammetry and galvanostatic charge-discharge methods. The
XRD pattern of the synthesized nickel oxide powders showed a clear phase of nickel
oxide without any impurity phases. The crystalline size of nickel oxide was calculated
using XRD data. It was observed that crystal size depends on the surfactants. Crystal size
of 27, 19 and 16 nm was observed for nickel oxides when SDS, CTAB and PVP were
used, respectively. The scanning electron microscopy images showed that surfactant also
changes the morphology of nickel oxide. It was observed that these variations affect the
electrochemical behavior of nickel oxides. All the electrochemical measurements were

done using a standard three-electrode cell in a potential range of 0 to 0.6 V. Redox peaks
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were observed in the cyclic voltammetry study of these samples. The specific capacitance
was observed to decrease with increase in scan rate. It was further observed that specific
capacitance depends on the electrolyte used. In addition, the morphological structure of
nickel oxide also affects its specific capacitance. The highest specific capacitance is 315
F/g which was observed in 3 M LiOH for NiO-SDS at scan rate 5 mV/s. The percentage
of electroactive sites (z) on the nickel oxide electrode which participated in redox
reaction was calculated. The z value of nickel oxide was calculated from specific
capacitance as the function of scan rate and 12.1, 7.5 and 14.6% was observed for NiO-
CTAB, NiO-PVP and NiO-SDS, respectively at 5 mV/s. NiO-SDS gives the highest
percentage of z, suggesting that about 14.6% of the electroactive sites participated in the
redox reaction which gave the highest specific capacitance. The galvanostatic charge —
discharge tests were further used to study the electrochemical properties of nickel oxide.
The galvanostatic charge —discharge behavior showed that specific capacitance depends
on discharge current and electrolyte used. When the current density was increased, the
specific capacitance of nickel oxide was observed to decrease. The maximum specific
capacitance of 130 F/g was observed in 3 M LiOH electrolyte for NiO-SDS sample. The
power and energy densities were also calculated for all the nickel oxide samples. Both
power and energy densities were depending on the electrolytes and current densities.

The high power density was observed in 3 M LiOH electrolyte for NiO-SDS sample.
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