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INTRODUCTION

The need for clean, safe and sustainable energy is one of
the most important issues of the 21st century, as worldwide
energy demand continues to increase [1,2]. Over the last few
years, huge efforts have been made by several researchers to
improve the performance of supercapacitor electrode materials
to increase energy capacity and also high power efficiency.
Among the different renewable energy storage technologies,
super-capacitors have made significant impact in energy
systems [3-5]. Basically, the supercapacitors are classified by
two types of charge storage mechanisms: (i) electrical double-
layer capacitors (EDLC) and (ii) capacitive or pseudocapacitive,
which determine the electrochemical performance of product
[6-8]. The charge-discharge mechanisms of the pseudocapa-
citors are based on electron transfer between the electrode,
electrolyte interaction and EDLC showed by electrostatic adsor-
ption of electrolyte ions onto the surface of carbon nature with
high porosity materials [9-12]. Thus, the researchers have
focused on superior pseudo-capacitive behaviour of transition
metal oxide with high specific capacitance nature [13,14].
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Therefore, many studies have been devoted to exploring low-
cost metal oxides, which are considered potential candidates
for super-capacitor electrodes such as NiO, MnO,, SnO,, CuO,
TlOz and V205 [1 5-1 9]

Recently, CuO has been studied as an suitable material
for pseudocapacitor electrodes due to its cost effective, copious
resources, sustainable, fast cycle stability and easy synthesis
[20]. Recently, significant efforts have been focused on different
types of CuO nanostructured material with various surface
morphologies, such as, flower, rock, spherical, rod, nanotubes
and hollow spheres. Added surfactants, which tune the surface
morphology, enhance surface area and also improve electro-
chemical behaviour [21]. The CuO electrode nanomaterials
are prepared by different methods, such as including sol-gel
synthesis [22], co-precipitation [23] and hydrothermal method
[24]. Among these methods, the hydrothermal technique stands
out as the most effective for synthesizing CuO nanopatrticles,
owing to its high efficiency, low processing temperature and
capability to regulate crystallite size, morphologies, stability and
processing versatility [25]. The synthesis of phase-CuO nano-
particles at low temperatures with controlled size and morpho-
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logy is the major advantage of the hydrothermal method. In
this work, various surfactants(PEG, CTAB and HMTA) added
with CuO nanoparticles were prepared through the high pressure
hydrothermal method. The crystallite size, functional group,
morphologies were carried out XRD, FTIR and SEM. Further-
more, the prepared CuO products have shown excellent electro-
chemical properties.

EXPERIMENTAL

Analytical grade copper nitrate (99.9%), NaOH (99.9%),
polyethylene glycol (PEG, 99.9%), cetyltrimethylammonium
bromide (CTAB, 99.9%) and hexamethylenetetramine (HMTA,
99.9%) were procured from commercial suppliers and used
as received.

Synthesis of CuO nanoparticles using different surfac-
tants: In this study, CuO nanocrystals were synthesized using a
simple hydrothermal approach. A 0.1 M solution of Cu(NOs),-
5H,O was prepared by dissolving in 40 mL of deionized water
in two separate beakers, followed by stirring for 20 min to
achieve homogeneity. Subsequently, 0.05 M of PEG surfactant
was mixed into solution B using 30 mL of deionized water and
agitated the mixture for 15 min, followed by the addition of
solution B into solution A. A precipitating agent consisting of a
0.4M NaOH solution was gradually added dropwise to the afore-
mentioned solution. The synthesized solution was allowed to
stir magnetically for another 45 min at room temperature to
achieve a homogenous state. Finally, the solution was transferred
into a 150 mL autoclave, sealed and maintained in a hot air
oven at 170 °C for 6 h. The resultant digested material underwent
filtration to isolate clean products and was subsequently washed
with ethanol to eliminate moisture content. Additionally, the
filtered precipitate products underwent a drying process in an
oven for a duration of 6 h at 100 °C. Similar methodology was
employed utilizing different surfactants e.g. CTAB and HMTA.

Characterization: The crystalline phases of the prepared
CuO nanomaterials consisted of different surfactants were
identified by X-ray diffraction (Shimadzu 6000), whereas the
surface morphology was examined using SEM (JSM-6360LA).
The chemical condition of the produced electrode material was
analyzed using X-ray photoelectron spectroscopy (Thermo-
Fisher). The chemical bonding of the sample was identified
in the range of 4000 and 400 cm™ using FTIR (Perkin-Elmer
Spectrum 2). The multipoint N, adsorption and desorption iso-
therm curves were evaluated using BET (Micromeritics-ASAP).
The PEG-CuO nanomaterial was evaluated at several indepen-
dent scan rates for supercapacitor performance using an electro-
chemical analyzer (CHI 660).

RESULTS AND DISCUSSION

Powder XRD studies: The XRD peaks of all samples
confirmed the presence of diffraction features with various
surfactants (CTAB, PEG and HMTA). From Fig. 1, the charact-
eristic peaks at 20 = 35°, 36°, 38°, 42°, 43°, 58°, 61°, 65°, 68°
and 72°, which revealed the orthorhombic crystalline phase,
are well matched with JCPDS card No. 77-1898. The peaks
present in the spectra correspond to the synthesized CuO nano-
particles as no any additional peaks is revealed [26]. The broad
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Fig. 1. XRD spectra of CuO with different surfactants

diffraction peaks are obtained from the XRD pattern due to
the small crystallite size. The calculated average crystallite
size exhibited a slight variation, ranging from 16.19 to 13.23
nm, in reactions employing the different surfactants. The reduced
crystallite size of the PEG-assisted CuO nanoparticles typically
indicates a greater surface area, leading to an increase in the
number of active sites, which contributes to an enhance-ment
in specific capacitance characteristics [27].

The various parameters for average crystallite size were
calculated by Debye-Scherrer’s equation [28]:

D= kxA "
BcosO
where k = shape factor of approximate value 0.9, A = wave-
length of CuKo: radiation (A = 1.5406 A), B=FWHM and 6 =
diffraction angle (°).
The dislocation density (8) of the electrode material was
calculated by using the following formula [29]:

1
°=pr @
Microstrain (€) was calculated by using eqn. 3 [30]:
BcosO
g=——" 3
7 3)

Table-1 displays the calculated parameters from the XRD
data of crystal size, dislocation density and microstrain. The
crystallite sizes were 16.19 nm, 15.45 nm, 13.23 nm and 15.14
nm, respectively. Therefore, the PEG-assisted CuO nanoparticles
demonstrated a reduced crystallite size and was selected for
further analysis.

FTIR studies: The functional groups of the surfactants
assisted CuO nanoparticles were analyzed by FTIR spectra.
As shown in Fig. 2, the assigned two characteristic peaks at
493 cm™ and 610 cm™ are attributed to v(Cu-O) [31-33]. The
presence of the broad peaks around at 3427 cm™ is owing to
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TABLE-1
STRUCTURAL PARAMETERS OF CuO NANOPARTICLES
SYNTHESIZED WITH DIFFERENT SURFACTANTS

Sample Crystallite  Dislocation density, ~ Microstrain (€)
size (nm) d (lines/m?) x 107
Pure CuO 16.19 3.815 2.152
CTAB 15.45 4.189 2.247
PEG 13.23 5.715 2.622
HMTA 15.14 4.362 2.296
(d) HMTA
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Fig. 2. FTIR spectra of CuO with different surfactants

stretching vibration of water molecule. The absorption band at
1650 cm™ is usually ascribed to the bending modes of water
molecules from atmosphere [34,35]. The weak absorption band
position at 2900 cm™ and all the samples are attributed to C-H
bond as a stretching vibration [36].

SEM studies: The size of PEG-assisted CuO nanoparticles
was significantly lower than that of other materials, indicating
an improved specific surface area for electrochemical behaviour.
Fig. 3a-h demonstrates that the structural variations are
attributable to the influence of surfactants, in addition to the
enhanced porosity of the PEG-assisted CuO nanoparticles
[37,38]. The CuO NPs confirmed spherical like nanostructure
in Fig. 3a-b, whereas the rock-like nanostructure was obtained
by CTAB with CuO NPs as shown in Fig. 3c-d. In Fig. 3e-f, a
rod like morphology is provided by PEG with CuO NPs, whereas
Fig. 3g-h illustrates the twisted plate-like morphology of HMTA
with CuO NPs. The several surfactants provided different particle
size, which led to various microstructures with great potential
candidate for supercapacitor applications [30-32]. The chemical
composition of the synthesized CuO material was studied via
EDX spectra, the Cu and O elements confirm presents in the
prepared materials (Fig. 3i).

Fig. 4a-d revealed the histograms of particle size in the
range of 30 nm, 29 nm, 15 nm and 23 nm for CuO NPs, CTAB
CuO NPs, PEG-CuO NPs and HMTA-CuO NPs, respectively.

(0

Energy (keV)

SEM images of CuOpqe (a,b), CuOcrag (c,d), Cuope, (€,f), CuOmyira
(g.h) and EDX (i)

Fig. 3.

BET studies: The active surface area and pore size of the
PEG-CuO nanoparticles were distributed by nitrogen adsor-
ption and desorption isotherm curves. According to the [UPAC,
the mesopore structure of the obtained nanomaterial is type
IV, as shown in Fig. 5a-b. The calculated active surface area
and pore size were found to be 11.38 m* g and ~50 nm, respec-
tively, which is suitable for the electrochemical applications [38].
Furthermore, the surface area of PEG-CuO NPs was increased
owing to the enhancement of the pores, which yielded the high
capacitance property.

XPS studies: XPS analysis is conducted to investigate
the atomic states of PEG-CuO NPs. Fig. 6a shows the spectrum
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Fig. 5. Nitrogen adsorption and desorption isotherms and the corresponding
pore size distribution curve (inset) of bare CuO nanoparticles

of the prepared copper oxide nanoparticles, confirms the pres-
ence of both elements (Cu and O). Fig. 6b-c illustrates the core
level spectra of Cu 2p and O s in the prepared samples. Fig.

Number of particles

Number of particles
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6b demonstrated the spectrum of Cu, the Cu 2p peaks found
with doublet-fitted peaks at 934.46 eV (Cu 2p,,») and 935.10
eV (Cu 2psp) [39,40]. Furthermore, the O 1s in the XPS
spectrum (Fig. 6¢) exposed two peaks are revealed at 530.53
eV and 531.32 eV [41,42].

Electrochemical properties

Cyclic voltammetry (CV): The CV measurements for
CuO NPs was performed using a three electrode cell combi-
nations system 1 M Na,SO, electrolyte. Fig. 7a illustrates the
CV curves of the synthesized product at various scan rates
from 10-100 mV s in potential windows of 0.05-0.50 V. The
main characteristics of ideal materials are the rectangular shape,
which exhibits the pseudocapacitive behaviour of the synthe-
sized product [43].

The capacitance values of the prepared electrode material
were calculated from the CV curves from the following relation
[44]:

S
" mkAV @

where s = the specific area of CV curve; m = mass of active
electrode; k = scan rate (mV/s) and AV = the potential window.

C




Vol. 36, No. 12 (2024) A Simple Hydrothermally Prepared CuO Nanoparticles for Enhanced Supercapacitor Applications 2787

1000000 160000 40000
Cu2p3 Cu2p,, Cu2py, Cu2py, Ols
800000 140000 Satellite peaks Cu2p‘,2 Satellite peaks / 70000 /
{ | () 60000 ©
i 120000
s 600000 o @ 50000
£ £ 100000 £
3 400000 3 3 400007
o (&) o
40000+ 300001
200000 200004
60000
| 100001
0
T T T T T 40000 T T T T 0 L} T L} L} T
1200 1000 800 600 400 200 0 970 960 950 940 930 920 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Fig. 6. (a) XPS survey spectra of CuO nanoparticles and (b) core level spectra of Cu 2p, (c) Ols
18 0.50
154 10 mV/s (@) 0.454 ” (b)
12 25 mV/s // H
o 1 50 mV/s 0.40+ / \
| 75 mV/s S ; i“
Z 0.35+ '
< 64 | 100mV/s | z \
~ - e} ‘y
€ £ \
o 3 2 0.30 \
S ) 8
O o4 < \
2025 \
4 ) i
3 o _2Ag
: 0.20
-6+ - 4 \\\‘
ol 0.15 9 \
: \
-1 2 v Ll v L) v A v Al v L] bl Al v L) hd L v 0 1 0 L) T L] L) L] L} L] L) 1
0.05 0.10 0.15 020 025 0.30 035 040 0.45 0.50 0 10 20 30 40 50 60 70 80 90
Potential window (V) Time (s)
2519 1001
I..ll.lg. B - _
20 80 . " - n
9
(c) 5 (d)
= 154 -E 60
1S L
< o
o
N 8
N c
10 S 404
Q
©
Q.
[
O
54 20
-
l._r-""
0 T v T v T 1 0 ) ] L\l L] L ’ L . L) L L] L v L)
5 10 15 20 0 100 200 300 400 500 600 700 800 900 1000
Z' (ohms) Cycle number

Fig. 7. (a) Plot of cyclic voltagram of CuO nanoparticles at various scan rates, (b) galvanostatic charge/discharge curve, (c) Nquist plot of
CuO nanoparticles electrode, (d) cycle stability and capacitance retention of CuO electrode

The calculated C,, values of the CuO electrode (eqn. 4)

the working electrode rapidly due to the limited mobility of
were found to be 297, 275, 251, 186 and 153 F g™ at diverse

ions, which cannot reach the inner active site within the sufficient
scanrate of 10, 25, 50, 75 and 100 mV/s. Howeyver, the obtained time [45]. These results proved that the CuO electrode (rod
specific capacitance values continuously reduced in the CV like) nanostructure is more suitable for supercapacitor applica-
loop with increasing scan rates. The electrode interacts with tions [46].
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Galvanostatic charge-discharge (GCD) studies: Fig. 7b
illustrates the GCD curves recorded in a 1 M Na,SO, solution
at varying current densities of 1, 2, 3 and 4 A/g. The charging/
discharging curves were almost symmetrical triangular shapes
and also exhibit a good linear variation, which proved excellent
electrochemical performance [47].

From the GCD curves, the C,, values of the prepared nano-
materials can be calculated using eqn. 5 [48]:

_ IxAt 5

mxAv )

The applied current (mA), the discharge time of GCD curves

(s), the applied potential windows (V) and the mass of the active
material (mg) are I, At, Av and m, respectively.

The C,, values are found to be 153, 147, 110, and 87 F/g at
the current densities of 1, 2, 3, and 4 A/g, respectively. The
obtained capacitance value decreased with increased current
density. The outstanding cyclic stability of the PEG-CuO NPs
can be mainly determined by its rod-like structure and low
crystallite size, which provide a suitable active surface area
for ion transition. These results showed that the PEG-CuO
active electrode (mesoporous structure) is a promising candi-
date for the supercapacitor applications [49].

Electrochemical impedance spectroscopy (EIS): As
shown in Fig. 7c, the electrical conductivity and ion transfer
of the prepared electrode was investigated by EIS [45,46]. The
Nyquist plots demonstrate the superior electrochemical behavior
of PEG-CuO electrodes. In the high-frequency region, the semi-
circle exhibited a depression, indicating of electrolyte resistance
attributed to the faradic reaction. A vertical linear spike is predicted
along the imaginary axis in low frequency areas that results
indicate pseudocapacitance characteristic features of the product
[50]. The prepared PEG-CuO nanomaterial has outstanding
performance for electrochemical applications.

Cycle stability: To assess the cycle stability of the prepared
PEG-CuO electrode material and investigate its potential appli-
cations, GCD profiles were conducted over 1,000 cycles at a
current density of 0.25 A g, According to Fig. 7d, the CuO
NPs electrode exhibits exceptional cycling performance, with
almost 77.24% capacitance retention up to 1,000 cycles [49].
The result indicated that the reduced particle size, accessible
surface area and shorter ion/electron transfer channels of PEG-
CuO NPs rod-like structure could be suitable candidates for
electrochemical applications. Additionally, the synthesized
nanoparticles demonstrated improved mechanical power and
long-term charge-discharge with exceptional cycling capability.

sp

Conclusion

The CuO nanostructures were successfully prepared with
different surfactants (CTAB, PEG and HMTA) via a simple
hydrothermal route. The XRD profile revealed the ortho-
rhombic structure of surfactant-mediated CuO nanoparticles.
The different surface morphologies, such as spherical, rock-
like rod-like and plate-like were observed through SEM images.
The BET results distributed an enhance in the active surface
area of the prepared nanostructures. The PEG-assisted CuO
shows a very high capacitance of 297 F g at 10 mV s'. Hence,

this nanostructure enhanced the electrochemical behaviour of
prepared electrodes at low scan rates. The PEG-assisted CuO
NPs have retention of 77.24% after 1,000 cycles, which is suit-
able for the electrochemical applications.
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