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Abstract

The influence of the particle size of an active material on its performance as a supercapacitor
electrode was reported. NiO NPs with a uniform particle size were synthesized via a facile sol-
gel method, and various sizes of NiO NPs (8, 12, and 22 nm) were achieved by calcination at
various temperatures (300, 400, and 500 °C). TEM observations and XRD analysis were used to
determine the particle size of the NiO NPs. The field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) images showed flake-like morphologies,
which consisted of interconnected nanoparticles with a porous channel to facilitate the diffusion
of the electrolyte. The NiO NPs with an average particle size of 8§ nm gave the highest specific
capacitance value of 549 Fg™' at a scan rate of 1 mVs" compared to the NiO NPs with average
particle sizes of 12 and 22 nm. These results suggest that the particle size of the NiO
nanostructure plays an important role because of the presence of a higher number of active sites

for a faradaic reaction.
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1. Introduction

Sustainable energy resources are one of the most important research areas in the world
today, for uninterrupted technology development. The growing energy crisis in recent decades is
due to the rising cost of fossil fuels, depletion of fossil fuels, and growing concerns about
environmental pollution and global warming '. However, many of these energy resources have
their own challenges to overcome because of their intermittent characteristics. Therefore, an
efficient energy storage method is a technological challenge to ensure the availability of energy
2. The most promising electrical energy storage devices are conventional capacitors,
electrochemical capacitors (ECs), batteries, and fuel cells. ECs, which are also known as
supercapacitors, are considered to be an energy storage technology that can act as a bridging
function for the energy/power gap between batteries/fuel cells, which have high energy storage,
and conventional capacitors, which have high power output * *. There are two main mechanisms
for ECs: (a) electrochemical double-layer capacitors (EDLCs), which have no electrochemical
reaction during the charging and discharging processes, and (b) faradaic supercapacitors (FS) or
pseudocapacitors, in which there is a faradaic redox reaction in the electrode/electrolyte
interface. The remarkable performance of pseudocapacitor materials compared to that of the

EDLC materials in supercapacitors open up new research possibilities, particularly in transition

metal oxides like nickel oxide >°.

Several alternative electrode materials have been investigated, including metal oxides, metal
hydroxides, metal sulfides, conducting polymers, and carbonaceous materials . Metal oxides
such as RuO;, Co304, MnO,, and NiO are the most promising materials for pseudocapacitors
because of their high specific capacitance. The pseudocapacitor properties of RuO, have

attracted a great deal of attention because of their high electrochemical stability, wide potential

2
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window, and high specific capacitance. However, the high cost of RuO; limits its commercial
application. Hence, NiO is a promising alternative transition metal because it is easily available,
has a low cost and good electrochemical stability, and is a p-type semiconductor, with a wide
band-gap of 3.6-4.0 eV '°. Recently, the advances in the synthesis of the NiO nanostructure have
caused it to receive more attention. Furthermore, its outstanding theoretical specific capacitance
of 3750 Fg'1 and thermal stability made NiO a viable choice for the construction of high-

11,

. 12 .
performance supercapacitors . Hence, much of the research has focused on the size

controlled synthesis of tailored NiO nanostructures to improve the electrochemical properties

and increase its specific capacitive '* ',

Several methods have been employed to synthesize NiO nanostructures, including pulse laser
deposition (PLD) ", sol-gel '°, solvothermal '°, hydrothermal '/, precipitation '*, sonochemical
" anodic plasma >, microemulsion *', and thermal decomposition methods **. The preparation
of NiO nanostructures is a complicated process, and a wide range of synthetic parameters affect
the properties of the final products [15-22]. NiO with a porous structure and appropriate high
specific surface area can facilitate a very short diffusion pathway for ions to connect with the
external and internal electroactive sites and enhance the rate of faradaic redox reaction. Sol—gel
synthesis is one of the simplest, most promising, and lowest-cost methods for preparing NiO
NPs>. The sol-gel method has advantages such as producing a uniform morphology, high

crystallite size and purity, and controllable particle size, which can improve the electrochemical

properties of the NiO NPs as an electroactive material in the supercapacitors.



RSC Advances

Several groups have reported the synthesis of flaky, porous nickel oxide to facilitate the

diffusion of electrolyte to improve the electrochemical performance of nickel oxide * 2% T

na
previous report, Khairy et al. explored the influence of the morphology, surface area, and pore
size/distribution of NiO nanostructures on the electrochemical energy storage performance *°.
However, to the best of our knowledge, there has been no report on the influence of the particle
size of the NiO NPs forming the porous channel on the performance of a supercapacitor
electrode. The diffusion of the aqueous electrolyte is aided if the channel is larger than the
molecular sizes of the electrolyte ions. In this regard, the particle size of NiO NPs should be kept
small, while maintaining the channel within its flaky structure. This subject has been overlooked
by the research community. NiO NPs with average sizes of 8, 12, and 22 nm were synthesized
through a sol—gel method in a gelatin medium followed by calcination at 300, 400, and 500 °C,
respectively. The prepared NiO NPs with various particle sizes were characterized by XRD,
FESEM, and TEM. The electrochemical performances of the NiO NPs with different particle

sizes as electroactive materials for supercapacitors were studied in the presence of an electrolyte

(1 M KOH).

2. Experimental Section
2.1. Preparation of NiO NPs

NiO NPs were synthesized using a sol-gel method as follows. Typically, 5 g of
Ni(NO3),.6H,0 (Acros, 99%) was dissolved in 20 mL of deionized water and then stirred for 30
min. Meanwhile, 2 g of gelatine (type-B from bovine skin, Sigma Aldrich) was separately
dissolved in 40 mL of deionized water, and then stirred for 30 min at 60 °C to obtain a clear

gelatine solution. After that, the Ni*" solution was added to the gelatine solution and heated in a
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water bath at 80 °C under stirring. The stirring was continued for 15 h to obtain a viscous and
bright green gel. This gel was rubbed on the inner side of a crucible. The bright green gel was
then placed into a horizontal tube furnace (100 cm in length, 5 cm in diameter in the air at 1 atm
of pressure). The furnace was heated from room temperature to 300, 400, or 500 °C at a rate of
30 °C/min. After being held at the final temperature for 1 h, the furnace was cooled down

naturally to room temperature.

2.2. Material Characterization

The phase purity and crystallite size of the NiO NPs were characterized using XRD
(Philips, X pert, CuKa) with a radiation wavelength of A = 1.54056 A°. TEM was carried out on
a Hitachi-7100 transmission electron microscope to calculate the average particle sizes of the
NPs. The morphologies of the samples were observed on a JSM-7600F FESEM operated at 5-20

KV.

2.3. Electrochemical Measurements

The NiO NP electrode was fabricated by mixing 75 wt% of the NiO NP powder with 15
wt% of acetylene black and 10 wt% polyvinylidene difluoride (PVdF) in 1-methyl-2-
pyrrolidinone (NMP) as the solvent to produce a slurry. Then, one side of a cleaned nickel foil
(0.125 mm thickness, 1 cm’ area) was coated with the slurry and dried in a horizontal tube
furnace at 90 °C for 12 h in air. The mass of NiO NPs coated on each electrode was
approximately ~2 mg. A standard three-electrode system was used for electrochemical
measurements. The NiO NP-coated Ni foil was used as the working electrode, while graphite and
Hg/HgO were used as the counter and reference electrodes, respectively. Cyclic voltammetry

(CV) at different scan rates; chronopotentiometry (CP) at different current densities; and

5
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electrochemical impedance spectroscopy (EIS) with a frequency range of 100 KHz to 0.01 Hz,
an AC amplitude of 5 mV, and a bias potential of 0.2 V, were carried out using a potentiostat
(Versa STAT 3, AMETEK). All the experiments were carried out using a freshly prepared 1 M

KOH solution as the electrolyte at room temperature.

3. Results and Discussion
3.1. X-ray Diffraction and Crystallite-size Analysis

The XRD patterns of the NiO NPs calcined at different temperatures are shown in Figure 1.
All of the XRD patterns clearly show the diffraction peaks of the (111), (200), (220), (311), and
(222) crystal planes, corresponding to the face-centered-cubic (fcc) structure of the NiO (JCPDS
card No. 01-089-3493). The results also show that the synthesized NiO NPs had a high purity,
with the absence of impurity peaks. It was observed that the intensity of the diffraction peaks
increased with the calcination temperature, which indicated the better crystallinity of the nickel

oxide formed at a higher calcination temperature.

Several techniques can be used to calculate the crystallite size, such as the Scherrer equation
(D=KA\B cosB), where D is the grain size, K is the constant of the Scherrer formula related to an
index (hkl) and the shape of the NPs, A is the X-ray wavelength, 0 is the XRD diffraction angle,
and [ is the full width at half maximum (FWHM) of the diffraction peak measured in radians.
From the Scherrer equation, parameter B needs to be corrected because the width of the
broadening peaks is the result of both the crystallite size and micro-structure strain. In order to
correct 3 for PBp, the Gaussian equation is used to separate the effects of the crystallite size and

micro-structure strain, as shown in Equation 1 2,
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1
Bp = (Bz - Bgtandard)z 1
Because of the limitation of the Scherrer equation, in our study, the Williamson—Hall plotting

method was used to study the crystallite size and micro-structure strain effects. In this method,

we consider that these effects contribute to the line broadening, which can be separated using the

Lorentzian equation, as shown in Equation 2.

Pnx = Bp £ Be 2
where Bp is the width of the diffraction peak caused by the particle size, B. is the width of the
diffraction caused by the micro-strain, and B is the full line width corrected for instrumental
effects. The positive and negative signs indicate lattice expansion and lattice compression,
respectively *’. However, a better evaluation of the size-strain factors in the case of isotropic line
broadening can be obtained by considering an average size-strain plot (SSP), which gives less
weight to data obtained from reflections at high angles, where the accuracy is usually lower. In
this approximation, it is assumed that the crystallite size and the strain profile are described by
Lorentzian and Gaussian functions, respectively. The total peak broadening is obtained from

Equation 3.

A
(dnkiBhia cos 0)* = — (dE B cos 8) + (2)2 0

The constant A depends on the shape of the particles B In Figure 2, the term (dhklﬁhklcose)2
is plotted with respect to % (d241Bnii cos 8) for all of the diffraction peaks of the NiO NPs with

the cubic phase from 20 = 20° to 80°. In this case, the crystallite size is determined from the
slope of the linearly fitted data, where the root of the y-intercept gives the strain. The results
obtained from the SSP models are summarized in Table 1. It can be clearly seen that the

crystallite size of the NiO NPs increased with the increasing calcination temperature.
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Furthermore, the lattice constant decreased because of the increase in the size of the particles and
thus decreased the micro-strain. Although the effect of the particle size on the lattice constant has
been noted, the real facts are unclear. Some authors have assumed that it is a consequence of the
Laplace pressure, AP = 28/r, where 6 is the surface tension, and r is the diameter of the NPs. In

addition, the concentration of vacancies might affect the size of the lattice constant .

3.2. Morphological Studies

The morphologies and structures of the NiO NP samples with various calcination
temperatures are shown in Figures 3. The FESEM images (Figure 3(a-c)) show a flake-like
morphology for the NiO NPs samples, with a porous open channel within the flake morphology.
The porous channel formed inside the flaky morphology of the nickel oxide is due to the
evaporation of water molecules and decomposition of chemically bonded groups »*. Moreover,
the images clearly indicate that the flaky morphology grows rapidly with an increase in the
calcination temperature. These observations are in good agreement with a previous report **.
From Figure 3d, a compact channel with particularly small pores is obtained at 300 °C, where
smaller nickel oxide particles can pack closer to each other, forming a very narrow channel
within the flaky structure. When the calcination temperature increases (Figure 3e-f), the growth
of the crystallite size of the nickel oxide, which formed larger and rougher particles, made the
close packing of the nickel oxide difficult. Hence, a larger channel was formed within the flaky
structure. The histograms for the size distribution of the NiO NPs were measured and are given
in Figure 3(g-i). These show that the average particle sizes of the NiO NPs were 8, 12, and 22
nm when calcined at 300, 400, and 500 °C respectively. The mean particle sizes estimated from

the TEM micrographs are in good agreement with the results of the XRD analysis.

Page 8 of 32



Page 9 of 32

RSC Advances

The formation mechanism of the flake-like NiO structure involves three steps:
nucleation, growth, and oriented attachment. The nucleation process is strongly dependent on the
degree of super-saturation. In the nucleation process, the super-saturation is very high, and the
electrostatic repulsive barriers are low. Hence, the particles tend to aggregate with one another.
In the second step, the agglomeration of primary NiO NPs (formed at low temperature) plays an
important role in the growth of the NiO NPs calcined at a higher temperature. The coalescence of
the primary particles in the agglomerates led to the elimination of primary particles below 10 nm
in size due to the higher calcination temperature. The smaller primary particles tend to be
connected together. This phenomenon gives rise to larger agglomerated particles, along with the
rapid minimizing of the interfacial free energy, which is proportional to 2y/R, where R is the
radius of the spherical particles, and vy is the specific interfacial free energy *°. In the attachment
step, it is well known that the surface energy reduction is the principle rule for crystal growth,
and the morphology progression is promoted by a greater decrease in the surface energy °'. It is
conceivable that the attachment of the NiO NPs along a particular direction to form a flake-like

structure is due to the tendency toward minimum surface energy.

Figure 4 shows the crystallite and particle size as a function of temperature. In this case,
the particle growth was greater than the crystal growth, which shows that the agglomeration of
primary NiO NPs (formed at low temperature) plays an important role in the growth of NiO NPs
that are calcined at a higher temperature. The NiO samples calcined at 400 and 500 °C showed

larger particle sizes with wider size distributions compared to the NiO sample calcined at 300 °C.
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3.3. Influence of Particle Size on Electrochemical Behavior

Cyclic voltammetry (CV) was used to investigate the electrochemical properties of the
NiO NPs synthesized via the sol-gel method as electrode materials for supercapacitors in the
presence of 1 M KOH. Figure 5 shows the cyclic voltammograms observed for the NiO NPs
with different average particle sizes of 8, 12, and 22 nm calcined at 300, 400, and 500 °C,
respectively, at scan rates of 1, 5, 15, 20, 30, 40 and 50 mVs'. The CV curves show a similar
trend, but differ only in the current density magnitude and potential window. Two strong peaks
are shown, which correspond to the typical pseudocapacitance behavior due to the occurrence of
the faradaic redox reactions within the system. The oxidation peak was due to the conversion of
NiO to NiOOH, while the reduction peak was due to the reverse reaction. The charge storage of

the NiO NP electrode arises from the following redox reaction.

NiO + zOH~ < zNiOOH + (1 — z)NiO + ze~ 4)

The choice of the potential window in a suitable range is important to obtain well-

32,33
resolved redox peaks °~

. This strategy is also helpful to study the NiO NP size effect as an
electroactive material for pseudocapacitors. Figure 5 shows CV patterns of the NiO NP
electrodes at different scan rates. The current density of the redox process increases with the scan
rate. The anodic peak shifts toward the positive region, and the cathodic peak shifts toward the
negative region. The behaviors of the NiO electrodes are in good agreement with previous

34-38

reports . The observed shifts in the redox peaks are attributed to a rapid ion/electron diffusion

rate at the interface/surface structure of the NiO NP electrodes during the faradaic redox reaction

32

10
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The capacitive properties of pseudocapacitors are based on the surface reversible redox
mechanism. The redox peak potentials in the CV patterns are indicated as E, and E,,
respectively. The asymmetry in the redox peaks of the NiO NP electrodes indicates a kinetic
irreversibility during the faradaic reaction. A smaller AE= E, - E. value shows better reversibility
in the redox process’. Hence, at lower scan rates, the NiO NP electrodes show better reversibility
in the faradaic reaction (Figure 5). From Figure 5d, among the three NiO NP electrodes, the
reversibility of the redox process increases with the calcination temperature. NiO NPs with a
calcination temperature of 500 °C had an average size of 22 nm, showing the best redox
reversibility, followed by NiO NPs calcined at 400 °C and 300 °C, which had average sizes of 12
and 8 nm, respectively. This was due to the higher cyrstalinity for the NiO NPs calcined at 500
°C and it showed a better reversibility. In addition, the FESEM images show that the nano-flake
morphology at 300 °C with a particle size of 8 nm changed to a macro-flake morphology at 500
°C with a particle size of 22 nm, which indicated that the overall structure was more robust and
less susceptible to changes in its structure. From the comparison of the NiO NP electrode CV
curves (Figure 5d) for different particle sizes under the same electrochemical conditions (scan
rate of 30 mV s & 1 M KOH), it can be seen that at a higher calcination temperature with a
larger particle size, the magnitude of the current density decreases, and the reversibility

increases.

To maximize the faradaic reaction processes, a nanostructure with an open channel is
preferred because of the presence of electroactive outer and inner pores. This approach

maximizes the pseudocapacitve contribution of the redox active nickel oxide **. Several methods

11
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have been used to synthesize various open structures for active electrode materials. However, the
influence of the size of the particles that form the open porous structure on the electrochemical
performance has not been reported. The inset of Figure 5d shows the linear relationship between
the anodic peak current density and the scan rate (quasi-linear) for NiO NP electrodes with
average sizes of 8, 12, and 22 nm. Based on this plot, the slope of the linear data is proportional
to the surface reaction of the NiO NP electrodes *°. The results showed that the surface faradaic
reaction of the NiO NP electrodes decreases when the particles size increases. Although a large
electrolyte channel with a suitable pore size plays an important role in facilitating the diffusion
of the electrolyte, the size of the particles forming the channel is critically important to maintain
a high number of active sites for the faradaic reaction. As shown in the TEM images (Figure 3d-
f), increasing the calcination temperature created a larger electrolyte channel with larger particles
of nickel oxide, leading to fewer active sites for the redox reaction to occur. Hence, the surface

reaction was decreased, as shown in the inset of Figure 5d.

The specific capacitances (Cs) of the NiO NP electrodes were calculated based on the CV

curves using Equation 5.

Co=—— [ IxVdV 5

vmAV i YV

where C; is the specific capacitance of the NiO sample (F g '), v is the scan rate (V s™), m is the
mass of NiO NPs used as the active material (g), AVjris the applied potential window (V; to Vy),
and the integral term is equal to the area under the CV curve. The calculated specific capacitance
values for NiO NPs with particle sizes of 8, 12, and 22 nm were 548, 442, and 199 Fg'l,

12
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respectively, at a scan rate of 1 mVs™. Figure 6 shows the capacitance values of the NiO
electrodes calculated at different scan rates from 1 to 50 mVs™. The results showed that the 8-nm
NiO NPs exhibited the highest specific capacitance at all the scan rates. The NiO NPs showed
the best performance because of the small particle size and narrow size distribution, with the
nickel oxide closely packed together to form a flake-like morphology, which contributed to a
high degree of electrolyte channel with a high number of redox active sites. This structure
allowed the pseudocapacitace from the nickel oxide to be fully harnessed, and thus exhibited a
superior charge storage performance in the supercapacitor application. Conversely, when large
particles of nickel oxide were packed loosely, they formed a much more porous electrolyte
channel. However, the lower number of redox active sites made it undesirable for fast ion
kinetics and decreased the charge storage performance. Table 2 summarizes the reversibility,
specific capacitance of the NiO NPs with different particles at various scan rate. It can be seen
that, the NiO NPs with 22 nm showed good reversibility and NiO NPs with 8 nm showed high

specific capacitance value.

Chronopotentiometry is a method used to investigate the stability, charge/discharge
ability, and energy/power density. Figure 7 shows the charge/discharge curves of the NiO
electrodes with particle sizes of 8, 12, and 22 nm. Charge/discharge measurements were carried
out at various current densities in 1 M KOH. The potential value reached the maximum for all
the NiO samples while employing the different current densities. It was found that the
charge/discharge time decreased and the potential values increased for all the samples with an

increase in the current density. The nonlinear charge/discharge curves confirmed the

13
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pseudocapacitance behavior of the NiO NP electrodes, which was in close agreement with the

CV results, including the presence of redox peaks *.

The accessibility of ions through the porous channel of the electroactive material is vital
for an efficient faradaic reaction mechanism. In addition, the particle size is an important

parameter to maximize the faradaic contribution of the electroactive materials *'**

. Figure 8(a
and b) compares the charge/discharge curves of the NiO NP electrodes at low and high current
densities under the same electrochemical conditions (current density 0.1 and 1 Ag' & 1 M
KOH). It can be seen that the structure of the NiO NP electrode affects the charge/discharge time
and potential window *°. The results showed that the NiO electrode with an average size of 8 nm
had a longer charge/discharge time than the other samples. This could be attributed to the smaller

particle size and nano-flake structure, which rendered a higher specific surface area for the 8-nm

NiO NP electrode.

The schematics in Figure 8(c-d) explain the effect of the size and morphology on the
ionic diffusion into the NiO electrodes. When the current density is low, the OH" ions have
sufficient time to penetrate into the inner-pore surface of the NiO electrodes. This effect
contributes to a lower resistance between the electrolyte/ions and the NiO structure. Figure 8(a-
b) shows the potential windows of the NiO NP electrodes, which are proportional to the current
density. Figure 8(c-d) shows the effects of the charge/discharge at lower and higher current
densities toward the electrolyte ion concentration at the electrode/electrolyte interface *. As
seen, the ionic concentration at the electrode/electrolyte interface is proportional to the potential

window in the supercapacitor.

14
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The specific capacitances (Cs) of the NiO NP electrodes are calculated from the

galvanostatic charge-discharge curves using Equation 6.

_IxAt
- AVime

S

Here, C; is the specific capacitance of the NiO electrode (Fg™), I is the current (A), m is
the mass of the NiO as the active material (g), AVjis the potential window (V; to Vy), and At is
the discharge time (S). The specific capacitance (Cs) values for the NiO electrodes with average
sizes of 8, 12, and 22 nm are 379, 250, and 97 Fg'1 at 0.1 Ag'1 in 1 M KOH, respectively. Table 3
lists the specific capacitance values of the NiO NP electrodes at different current densities based
on the charge/discharge curves. The results show that the NiO electrode with the average size of
8 nm also has the maximum discharge time for all the current densities. Therefore, it exhibits the
highest specific capacitance for all the current densities in comparison to other electrodes (Table
3). These results are in good agreement with the capacitance behaviors obtained from the CV

curves.

3.4. Influence of Particle Size on Capacitance Retention

The capacitance retention is an important characteristic that indicates the practically of an
electrode material for supercapacitor applications. A life cycle study of the NiO NP electrodes
with different particle sizes was carried out in a potential window of 0.0-0.6 V at a current
density of 2.0 Ag”. Figure 9 shows the specific capacitance retention values of the NiO

electrodes with different particle sizes over 1000 cycles. The capacitance retention values of the

15
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NiO NP electrodes with particle sizes of 8, 12, and 22 nm after 1000 charge/discharge cycles at a
current density of 2.0 Ag™ were 60.6%, 72.9%, and 81.8%, respectively. The NiO NP electrode
with a particle size of 22 nm exhibited the highest stability because the larger particles and better
crystallinity of the nickel oxide formed a much more robust physical structure that inhibited the
gradual structural deterioration of the electrolyte channel resulting from the repetitive diffusion

and effusion in the electrolyte channel 3,

Based on the galvanostatic charge/discharge curves, the energy and power densities can

be calculated using Equations 7 and 8, respectively, as follows:
D, = C(AV)?/2 5
D, = De/At 6

Here, D, is the energy density, C is the specific capacitance, AV is the potential discharge
window, D, is the power density, and At is the discharge time in the potential window. Figure 10
shows the energy and power density values of the NiO NP electrodes at different current
densities, based on the charge/discharge curves. The 8-nm NiO NPs exhibited the highest energy
density and power density. The energy densities of the 8-nm NiO NPs were 17.8, 13.4, 11.3, and
11.0 Wh(kg)" and the power densities were 29.1, 59.7, 153.6, and 321.7 W(kg)" at current
densities of 0.1, 0.2, 0.5, and 1.0 Ag™", respectively. The Ragone plot result (Figure 10) is in good
agreement with those for similar previously reported systems ***°. These results indicate that the
8-nm NiO NPs are more suitable for supercapacitor applications compared to the other samples
because of the high accessibility of the OH" ions to the outer and inner pore surface at different

current densities.

16
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The impedance plots shown in Figure 11 are divided into a high-frequency region (partial
semicircle) and low-frequency region (straight slope line) with the transition between the two
regions called the “knee frequency.” The internal resistance of the electrode materials, resistance
of the electrolyte, and contact resistance between the electrode and current collector are factors
that affect the capacitance. The diameter of the semicircle in the high-frequency region
corresponds to the faradaic charge-transfer resistance (Rg) 4. From Figure 11, the charge-
transfer resistance of the NiO NP electrodes are reciprocal to the particle size, in the following
order: 22 < 12 < 8 nm (Figure 11 inset). The low charge-transfer resistance is one of the reasons
for the better crystallinity of the 22-nm NiO NP electrode with the macro-flake morphology
compared to the other NiO electrodes *°. The Nyquist plot after the knee frequency has a straight
line slope in the low-frequency region. For a resistor and capacitor in series, the Nyquist plot in
the lower frequency range definitely shows a finite slope, which represents the diffusion
resistance (Warburg impendence, W) of the electrolyte ion diffusion in the pore structure of the
electrode materials. The diffusion line of the 22-nm NiO NPs indicates that the material has low
diffusion resistance because of the highly open channel structure.

4. Conclusion

In this work, the size effect of NiO NPs on the electrochemical performance was studied.
Various sizes of NiO NPs (8, 12, and 22 nm) were synthesized via a facile sol-gel method using
gelatine as a green polymerizing agent, followed by calcination at various temperatures (300,
400, and 500 °C). The calcination temperature played an important role in controlling the particle
size. The NiO NPs with different size distributions were used as electroactive materials in
supercapacitors, and their electrochemical behaviors were investigated by cyclic voltammetry,

galvanostatic charge/discharge, and electrochemical impedance spectroscopic techniques in 1 M
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KOH. The NiO NPs with an average particle size of 8 nm gave the highest specific capacitance
value of 549 Fg' at a scan rate of 1 mVs™ compared to those of the NiO NPs with average
particle sizes of 12 and 22 nm. The NiO NPs with a 22-nm size showed good reversibility
compared to the other NiO NPs because of the high crystalline nature when calcined at 500 °C.
Further, the effects of the porous structure and size distribution of the NiO NPs on the
supercapacitor performance such as the specific capacitance, current density, potential window,
and energy/power density were also explored in this investigation. The study demonstrated that
by controlling the size and morphology of a NiO NP film, it could be an ideal electroactive

material for energy conversion and storage devices.
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Tables

Table 1 Geometric parameters of NiO NPs calcinated at 300, 400, and 500 °C.

Calcination Constant Size-strain

Temperature é‘ilze;a(gnerrgi'g?lze Lattice plot Strain Bazled\gap
- (A9 D (nm)
300°C 8.1 4,181 6.8 0.024 3.68
400°C 11.9 4,181 8.4 0.017 3.65
500°C 21.8 4179 14.3 0.008 3.61
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Table 2. Potential difference between redox peaks for NiO NPs at different calcination

temperatures.

Scan

Rate -

mVs-1 AE = E, —

mV

1 202
5 291
15 440
20 490
30 595
40 679
50 733

NiO-8 nm

RSC Advances

AE =

C; (F/g)
549
413
269
236
200
175

161

NiO-12 nm

mV
151

231

363

379

390

401

414

By =

AE =

Cs(F/g)
442
286
210
200
179
168

159

NiO-22 nm

mV
91

160

214

231

270

288

315

E,—

C:(F/q)

199

169

134

128

118

111

104
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Table 3, The potential window, discharge time of NiO samples that produced at different

calcination temperatures.

Current NiO NPs-8n m NiO NPs-12 nm NiO NPs-22 nm

Density AV D AV D AV D
Alg At (S e At (S e At (S e

mv) | A5 whikg) | my) S whikg) | (mv) ®) 1 (whykg)

0.1 581 2200 17.8 593 1480 12.2 633 610 56
0.2 595 810 13.4 605 712 11.9 650 313 5.7
0.5 614 265 11.3 626 214 9.3 692 97 4.6
1.0 642 123 11.0 645 100 9.0 705 38 3.8
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Figures and Caption
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Figure 1. X-ray diffraction patterns of NiO NPs calcinated at different temperatures.
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Figure 2. SSP plots of NiO NPs calcinated at different temperatures.
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Figure 3. (a-c) FESEM morphological structures of NiO samples at different calcination
temperatures. (d-f) TEM micrographs and (g-1) the size distribution of NiO NPs calcinated at
different temperature.
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Figure 4. Plots obtained for the crystallite size and particle size of NiO NPs vs. calcination
temperature.
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Figure 5. (a-c) Cyclic voltammograms obtained for the 8, 12, and 22 nm sized NiO NPs
electrodes at different scan rate in the presence of 1 M KOH. (d) Cyclic voltammograms of NiO
NPs with different particles size at the scan rate of 30 mVs” in 1 M KOH. Inside (d) Linear

relationship between anodic current density and scan rate obtained for the NiO NPs with

different particle size.
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Figure 6. Specific capacitance of NiO NPs at different scan rate.
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Figure 7. (a-c) The chronopotentiomentery curves of the NiO NPs with particle size of 8, 12, and

22 nm at different current density.

29



o
)

RSC Advances

0.8
— 1A — 8 nm
0.7 (a) 0.1 A/g Binms 0.7 (b) /g
’ e 12 DM = 121nm
06 22 NM 06 — 22 M
E 0.5 < 05
':__: 0.4 E .4
< €
- j
o 03 +< 0.3
s &
0.2 0.2
0.1 0.1
0¥ T T T 0 4 T T T
0 1000 2000 3000 4000 5000 6000 0 50 100 150 200 250 300
Time (S) Time (S)

Low Current Density

Nanoflake Macroflake

,(/

(©) (d)

High Current Density

€

Figure 8. (a-b) The Galvanostatic charge—discharge curves obtained at low and high current
density for the NiO NPs with particle size of 8, 12, and 22 nm. (c-d) The schematics of the

morphology NiO electrode with different particle size and their effect on the diffusion of
electrolyte ions with the NiO electrodes.
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Figure 9. Capacitance retention for the NiO NPs electrode with different particle size.
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Figure 10. Ragone plots of NiO NPs electrode with different particle size.
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Figure 11. The Nyquist plots of NiO NPs electrode with different particle size.
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