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Abstract

A straightforward, low-cost process using cetyl trimethylammonium bromide (CTAB) as a templated
sonochemical production method was used to create ZnO nanostructures with the appearance of flowers.
Morphological characteristics of ZnO crystals have a greater impact on variables like the CTAB template and
sonochemical reaction time. The synthetic strategy is easy to use and economical. The advantage of the flower-
like ZnO crystals is the more active reaction centre, which improves redox processes and results in outstanding
electrochemical attributes like high specific capacitance, good rate capability, and improved cyclic stability.
The flower-like ZnO nanostructures (ZnO-2) deliver the specific capacitance of 425 Fg™ at a scan rate of 5
mVstfrom CV analysis whereas the charge/discharge study renders the specific capacitance of 426 Fg* at a
current density of 1 Ag™. In long-term cyclic stability analysis, 89 % initial capacitance was retained after
3000 CV cycles at a scan rate of 100 mVs™. The distinctive flower-like ZnO nanostructures can be extended
more for supercapacitor device applications.
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lintroduction

Flower-like ZnO nanostructures were synthesized
by a simple, inexpensive cetyl
trimethylammonium bromide (CTAB) templated
sonochemical preparation method. Till now,
various transition metal oxides have been
demonstrated as a pseudocapacitor electrode
material. Because of its high specific capacitance,
high  conducting  properties, and  better
environmental sustainability, ruthenium oxide
(RuO2) is commonly recognized as the primary
active substance for pseudocapacitor electrode
application[1,2]. Its low availability and poisonous
nature have restricted its use in commercial
applications, despite its high cost. As a result, lot
of work has gone into developing different
transition metal oxides such as MnO; [3], MoOs;
[4], SnO; [5], NiO[6], C0304 [7], ZnO[8] and V205
[9] materials. Recently, ZnO has drawn a lot of
attention in the field of energy storage devices
particularly in supercapacitors. Similarly, ZnO has
excellent characteristics like wurtzite crystal
structure, wide and direct bandgap, better binding
energy (60 meV), optical, electrical,
semiconductor and piezoelectric nature. ZnO has
several benefits, including its availability,
relatively inexpensive, low toxicity, and eco -
friendliness[19,20]. These characteristics and
benefits of ZnO make it a desirable substance for a
variety of uses such as solar cells [10,11], light-
emitting diodes [12,13], photovoltaic applications
[14], solar water splitting [15] and photocatalysis
[16]. As a result of its exceptional characteristics
and electrical conductivity, ZnO is a substance of
significant concern for supercapacitor
applications. For instance, Lee et al [17] prepared
various ZnO nanostructures through the chemical
co-precipitation method and demonstrated their
usage in electrochemical supercapacitor electrode
application and exhibits the specific capacitance of
2.75 F g Huang et al [18] demonstrated the
synthesis of ZnO microspheres from metal organic
framework which exhibits the specific capacitance
of 1017. 5 Fg! at a current density of 5 Ag™.
Bishwakarma et al [19] prepared ZnO
nanoparticles through hybrid machining process
and examined its supercapacitor properties. It
delivered 708. 75 Fg™ at a current density of 1 Ag!
and it retained 90.42 % initial capacitance. Saranya
et al established self-assembled flower-like
mesoporous  zinc  oxide nanoflakes using
hydrothermal method which deliver 322 Fg* at a
scan rate of 5 mVs™,

In this endeavor, we demonstrate the simple and
versatile synthetic approach to prepare ZnO
flowers and it is utilized as a supercapacitor
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electrode material. The cetyl trimethyl mmonium
bromide (CTAB) template was used to alter the
morphology of the ZnO crystals. The XRD and
FTIR techniques were used to analyze the
crystalline structure and bonding properties of the
ZnO materials. The supercapacitor features of
freshly prepared ZnO flowers were analyzed
through  cyclic  voltammetric, galvanostatic
charge/discharge studies. The synthetic method is
simple and cost-effective. These results indicated
that the freshly prepared ZnO flowers are a
significant ~ candidate  for  supercapacitor
application.

2 Experimental sections

2.1 Materials

All chemicals and reagents were used without
purification and analytical grade. Zinc nitrate
hexahydrate (Zn(NOs),-6H,0), polyvinylidene
difluoride (PVdF), carbon black and N-methyl-2-
pyrrolidone were purchased from Sigma Aldrich,
India. cetyl trimethyl ammonium bromide (CTAB)
was procured from SRL (India). Potassium
hydroxide, sodium hydroxide and stainless-steel
foil were purchased from Alfa aeser.

2.2 Synthesis of ZnO crystals

The ZnO crystals were prepared by CTAB assisted
sonochemical synthetic approach followed by the
calcination process. In a distinctive preparation,
the 100 ml water was taken in the separate beaker
and 0.01 M of cetyltrimethylammonium bromide
(CTAB) was dissolved in it. Then, the separate
beaker containing 100 mL of DI water was taken
and 0.5 M of zinc nitrate hexahydrate was
dissolved in it. After that, the zinc nitrate precursor
solution was added to the ~ CTAB solution and
stirred for half an hour. In this precursor mixture,
the precipitating agent such as 10 ml of 2 M NaOH
was added and stirred for 20 min. to obtained the
precipitation. After that, the precipitate was
transferred to the ultrasonic bath and sonicate for
40 minutes. The resultant precipitates were
collected by centrifugation process and washed
completely with ethanol and deionized water
respectively 80 °C for 10 h and it was annealed at
300 °C for 5h to  attain the final samples. The
sonication time was varied to 0, 20 and 40 minutes
to attain ZnO-1, ZnO-2 and ZnO-3 samples.

2.3 preparation of electrodes for supercapacitor
analysis

The electrochemical supercapacitive features were
examined using cyclic voltammetric and
galvanostatic charge/discharge analyses ina 1 M
KOH electrolyte solution. The three-electrode
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configuration was used to evaluate the
electrochemical properties. The saturated calomel
electrode, platinum foil, and ZnO coated steel foil
current collector were utilized as reference counter
and working electrodes respectively. The working
electrode was prepared by the following
procedure: At first, active material, carbon black
and poly (vinylidene fluoride) (80:10:10) were
taken in a mortar pestle and made a slurry with N-
methyl-2-pyrrolidone (NMP) solvent. The slurry
was coated on the stainless-steel foil and dried in a
vacuum oven at 80 °C for 10 h. The resultant
electrodes were used to analyze the supercapacitor
studies. The weight of active material of the
electrode materials is 4 mg.

3 Results and discussion

3.1 X-ray diffraction analysis

The material phase and crystalline nature of the
freshly prepared ZnO crystals were evaluated
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utilizing XRD analysis and the corresponding
results are displayed in figure 6.1. The sharp and
high intensity peaks are perfectly visible in all
XRD patterns, confirms that the high crystalline
nature of the ZnO materials. The diffraction peaks
shown at 31.8, 34.5, 36.3, 47.6, 56.7, 63, 66.5,
68.1, 69.2 72.7 and 77.1° are corresponds to (100),
(002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202) planes respectively. The
obtained planes are confirmed the formation of
wurtzite hexagonal type ZnO structure with a
space group of P63mc and it more consistent with
the JCPDS card no.-01-075-0576. The wurtzite
type of hexagonal structure is more stable when
compared with zinc blende structure, which gives
additional stability during the electrochemical
cyclic stability analysis.
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Figure 6.1: XRD analysis of (a) ZnO-1; (b) ZnO-2 and (c) ZnO-3 crystals

3.2 FTIR analysis

In particular, FTIR offers qualitative knowledge
about the substance's functional groups and the
vibrations of metal oxides. The FTIR analysis of
the ZnO crystals prepared by the CTAB assisted
sonochemical method is shown in figure6. 2. The
peaks visible from 400 to 1000 cm™ wavelengths
are correspond to metal oxide peaks, which
confirms the formation of ZnO materials[20,21].
The peaks at 428, 507 and 572 cm™ are noticeable
in the FTIR spectrum which is signature of the

polar stretching vibrations and corresponds to
E1(TO), A1(LO) and E1(LO) modes respectively.
The abovementioned three peaks are signifying the
formation of ZnO crystals[22]. The peaks at 1023
and1325 cm correspond to the presence of the
CH; group and C-O-H bending mode respectively,
which comes from the CTAB template. The peaks
at 1621 and 3432 cm™ are ascribed to stretching
and bending vibrations of the O-H group
respectively [23]. The FTIR and XRD pattern
results signify the formation ZnO structure.
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Figure 6.2: FTIR analysis of (a) ZnO-1; (b) ZnO-2 and (c) ZnO-3 crystals
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3. 3 Morphological analysis
The surface textural properties of ZnO crystals
were evaluated by HR-SEM analysis as shown in

The nanoplate structure is perfectly visible in both
higher and lower magnification images. The
breadth and size of the nanoplates are 350 £10 nm
and 60 £ 10 nm respectively. It is interesting to
note that the small nanomaterials are uniformly
formed on the surface of nanoplates. The ZnO
flowers (ZnO-2) are formed when increasing
ultrasound irradiation time to 20 minutes as shown
in figure 6.3 c and d. The nanoplates are combined
themselves and form flower-like structural
morphologies. With the increase of irradiation time
to 40 minutes (ZnO-3), the size of the ZnO flower
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Figure 6.3 (e) & (f): Lower and higher magnification HR-SEM images of ZnO-3 crystal

Section A-Research Paper

figure 6.3. Figure 6.3 a and b demonstrates the
lower and higher magnification HR-SEM images
of ZnO-1 material.

Kk SEIM

is increased which is shown in Figures 6.3 e and f.
More nanoplates  are joined and show as the
micro-sized flowers when increasing the
ultrasound irradiation time from 20 to 40 minutes.
The surface analysis signifies that the template and
ultrasound irradiation time has influenced more
during the material generation and provides ZnO
flowers.

3.4 Electrochemical analysis
Various electrochemical tests, such as cyclic
voltammetry  (CV), cyclic stability, and
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galvanostatic charge/discharge (CP) analysis, were
executed on a three-electrode set-up, employing
1M KOH aqueous phase as the electrolyte to assess
the performance of ZnO samples for
supercapacitor electrode purposes. The CV
analysis was recorded within a potential limit of
0-0.5 at various scan rates from 5 to 100 mVs? as
shown in figure 6.4 a-c. These methods are
commonly used to investigate the
oxidation/reduction  activity = of  processed
electroactive material as well as their unique
capacitive characteristics. Interestingly, during the
cathodic and anodic sweeps of CV examination, a
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couple of very well redox peaks are generated,
demonstrating the pseudocapacitive character of
the prepared ZnO electroactive material. The
generated pair of redox peaks are attributed to
valence state changes related to the Zn (11)/Zn (111)
transition arisen on the surface of 2ZnO
electrodes[24]. It is worth noting that the redox
peak potential of different prepared ZnO materials
differed to some extent, which could be explained
by the existence of varying surface morphological
features[25].

0.009 <

0.006

e e
s I
S S
= D

0.0 0.1 0.2 0.3 0.4 0.5
Potential (V)

(c)

Potential (V)
-1
0.0064 >mVs
—— 10 mVs™'
-1
oo BV
—— 50 mVs~
B -1
< oon2d SmVS
= =100 mVs"
2
5 0.000 1
&)
-0.002
-0.004 1
-0.006 =y r
0.0 0.1

0.3 0.4 0.5

Potential (V)

Figure 6. 4 : CV curve of (a) ZnO-1, (b) ZnO-2, (c) ZnO-3 electrode crystals
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Figure 6. 4 (d): Specific capacitance vs scan rate graph of ZnO electrode crystals
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The cathodic and anodic peak potentials and peak
currents for all ZnO electrodes raised with
increasing scan rate, signifying diffusion-
controlled reaction kinetics and faster electronic
and ionic transport at the interface of electrolyte
and electrode materials [26]. The rate capability of
the ZnO electrode was also tested with scan rates
ranging from 5 to 100 mVs™. The observation that
well-defined redox peaks can be observed even at
faster scan rates indicates that prepared ZnO
specimens are resistant to fast redox reactions[38].
The unique capacitance character is directly
proportional to the area under the CV curve of
active materials. Interestingly, ZnO-2 electrode
has a large area under the CV curve when
compared to ZnO-1 and ZnO -3  electrodes,
demonstrating that the ZnO-3 electrodes have a
superior basic capacitive feature. Equation 1 is
used to calculate the specific capacitance of CV
curves.

_ Jidv
(s = 2%S* MV ()

Where Cs is the specific capacitance (Fg™), /idV is
the integrated area of CV curves, S the scan rate
(mV s, M is the active mass (g), and V is the
potential window (V). ZnO-1 and ZnO -2 and
Zn0-3 electrodes deliver the specific capacitance
of 257, 425 and 329 Fg* respectively. Among all
the ZnO materials, ZnO-2 provides superior
capacitance than ZnO-1 and ZnO -3 materials.
Figure 6.4 d shows the scan rate vs specific
capacitance graph. It is apparent that the specific
capacitance increases with the rising of scan rate
from 5 to 100 mVs™. The observation that real
capacitance lowers with rising current density may
be attributed to low electrolyte ion diffusion on
electrode surfaces. At high scan rates, only the
external surface region of the electrode materials is
included in the electrochemical phase, limiting the
electroactive substance usage, while at lower
current densities, there might be enough time for a
redox reaction to proceed both in the inner and
outer surface regions of the electrode substance,
allowing for greater -electroactive substance
utilization[27].The galvanostatic charge/discharge
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analysis was recorded for ZnO materials within a
voltage limits from 0 to 0.45 V at different current
densities such as 1, 2, 3, 10 and 30 Ag* as shown
in figure 6.5 a-c. All the charge-discharge curves
deviate significantly from a rectangular behavior
and show the non-linear profile, demonstrating that
capacitive activity is caused by a faradic redox
reaction[28]. The fact that all of the charge/
discharge curves have small iR lass means that
ZnO materials have good capacitive features. The
charge/discharge curve of the ZnO- 2 electrode has
a longer duration than the other electrode manO-1
and ZnO-3. This trend supports the ZnO- 2
electrode's high specific capacitance behavior.
Equation 2 is utilized to calculate the specific

capacitance from charge/discharge curves.
IAt

Cs = m (2)
Where I, At, m and AV is representing the current
density (Ag?), discharge time (s), the mass of the
active materials and the potential window. The
calculated specific capacitance values are 255, 426
and 307 Fg! for ZnO-1, ZnO-2 and ZnO-3
electrodes respectively at a current density of 1 Ag-
1. The higher specific capacitance values are due to
the flower-like nanostructure of the current ZnO-2
electrode material, which contributes to good
electrolyte penetration, resulting in shorter OH~
ion diffusion time and more usable spaces for
redox reactions. Further more, The ZnO flowers,
which are made up of centrifugally self-assembled
nanoplates, can significantly improve the
electrode/electrolyte contact area and speed up
electron and ion movement. Since every plate isin
interaction with the electrolyte, the open space
between the neighboring plates allows for quick
diffusion of the electrolyte, ensuring that each
sheet can contribute to the electrochemical
process. The ZnO-3 materials deliver lower
capacitance when compared with ZnO-2 materials,
which due to the larger size ZnO flower structure
and the small gap between neighborhood plates
restricts the ion transport and it reduced the
specific capacitance.
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Figure 6. 5 : GCD curves of (a) ZnO-1, (b) Zn0O-2, (c) ZnO-3 electrode crystals
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Figure 6. 5 (d): Specific capacitance vs current density graphs of ZnO electrode crystals

The current density vs specific capacitance graph
is shown in fig.6.5 (d). When the current density
is low, the capacitance is large, but as the current
density rises, the capacitance reduces. The drop in
capacitance is primarily due to a decrease in
voltage drop in discharge curves as current density
increases, as well as slow reaction kinetics at the
interface of electrolyte/electrode materials. The
energy and power density parameters of
supercapacitors are quite important for device
fabrication. Charge/discharge profiles can be used
to measure energy and power densities, which are
measured using the equations (3) and (4)
respectively.

_1Cxv?
T2 36

®)

_ Ex3600
t

p (4)

Where E, C, V, P and t represent energy density
(Wh Kg*), specific capacitance (F g*), Potential
window (V), power density (W Kg?), and
discharge time respectively. The energy density vs
power density graph is shown in figure 6. 6. The
energy density values of 7, 12 and 8.6 Wh Kg*
were offered by the ZnO-1, ZnO-2 and ZnO-3
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materials respectively. Furthermore, the power
density values such as 3600, 6720, 6660 W Kg*
were obtained from ZnO-1, ZnO-2 and ZnO-3
electrodes respectively. The flower structure of
Zn0-2 electrodes delivers higher energy and
power densities than ZnO-1 and ZnO-2 materials
due to its unique morphological properties.
Cycling stability is a major necessity for
supercapacitors and it explores by 3000 continuous
CV cycles at a scan rate of 100 mVs™. The cyclic
stability studies of ZnO-1, ZnO-2 and ZnO-3
electrodes are shown in figure 6.7 a. The figures
6.7 (b, c and d) are corresponds to 1 and 3000%"
cycles of cyclic stability studies for ZnO-1, ZnO-2
and ZnO-3 respectively. It can be shown that the
preliminary specific capacitance increases steadily
over 800 cycles, which can be due to the complete
activation process of the current ZnO electrodes
[29]. After that, the specific apacitances are
gradually decreased and withstand 80 (ZnO-1), 89
(Zn0O-2) and 84 % (Zn0O-3) of initial capacitance
after 3000 consecutive cycles. The Zn0O-2
electrode delivers superior cyclic stability than
Zn0-1 and ZnO-3 electrodes implies that the ZnO-
2 flowers be more advantageous than other
morphologies for improving electrochemical
efficiency.
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4 Conclusion

A facile, CTAB assisted sonochemical approach
was followed to generate flower-like ZnO
nanostructures. The factors such as the CTAB
template and sonochemical reaction time are more
influenced by the morphological properties of ZnO
crystals. The synthetic approach is simple and cost-
effective. The more active reaction center is the
beneficial feature of flower-like ZnO materials
which provide better redox reactions leading to
excellent electrochemical properties such as high
specific capacitance, good rate capability, and
enhanced cyclic stability. The flower-like ZnO
nanostructures (ZnO-2) deliver the specific
capacitance of 425 Fg? at a scan rate of 5 mVs?
from CV analysis whereas the charge/discharge
study renders the specific capacitance of 426 Fg*
at a current density of 1 Ag™. In long-term cyclic
stability analysis, 89 % initial capacitance was
retained after 3000 CV cycles at a scan rate of 100
mVs?t,  The distinctive flower-like ZnO
nanostructures can be extended more for
supercapacitor device applications.
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