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ABSTRACT: Abundant chitosan was rationally used for the green fabrication
of cadmium oxide nanorods (CdO nanorods) owing to its environmentally
benign characteristics, bioavailability, low cost, etc. However, the primary
unsubstituted amino group of chitosan interacts with the surface of Cd salt at
higher temperatures, resulting in CdO nanorod formation. A one-step
hydrothermal technique was adopted in the presence of chitosan. Optical,
structural, and morphology techniques characterized CdO nanorods. According
to X-ray diffraction crystallography, CdO is well crystallized in the face-centered
cubic lattice with an Fm-3m (225) space group. The AC@CdO nanoelectrode
demonstrated an outstanding gravimetric capacitance of 320 F g~' at a current
density of 0.5 A g7', nearly three-fold that of ordinary AC electrodes. The AC
electrode and the AC@CdO nanoelectrode retain 90 and 93% of their initial
specific capacitance after 10,000 galvanostatic charge discharge cycles. The
AC@CdO nanoelectrode has a lower equivalent series resistance value than the
AC electrode. Moreover, AC@CdO symmetric supercapacitor devices achieve excellent results in terms of specific energy, specific
power, and capacitance retention.
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1. INTRODUCTION

Recently, the rapidly expanding economic growth, rising
environmental pollution, and the use of fossil fuels are all
critical issues for humanity, necessitating the urgent need for
alternative energy sources and storage energy transforma-
tion."”” Electrochemical energy storage (EES), also known as

excellent energy storage.9 Better storage properties of super-
capattery devices are heavily dependent on electrode
fabrication procedures.

Metallic nanostructures, MOFs, phosphides, layered double
hydroxides, and carbon-based compounds are all choices for
electrode composition.'® Hydro/solvothermal synthesis, sol—

supercapacitors, has emerged as an innovative method of
storing energy conversion.” Since it has extended cycle
stability, fast charge—discharge flux, and high power density,
it is ideal for high-power uses; the EES system has played a
critical role in the development of energy storage devices
enabling upcoming portable electronic gadget technologies,
hybrid electric autos, and all-electric vehicles.”® Super-
capacitors in an electrochemical system are categorized into
electric double-layer capacitors (EDLCs) and electrochemical
pseudocapacitors (EPCs). However, EDLCs cannot replace
more conventional battery technologies because of their low
energy density.®

Pseudocapacitors have higher electrochemical activity,
increasing energy density, and capacitance.” False capacitors
have a lower power density and shorter cycle life.” Asymmetric
supercapacitors, also termed supercapattery devices, combine
the advantages of EDLCs and pseudocapacitors to overcome
their drawbacks. In function and performance, it's like a
battery-supercapacitor hybrid. Compared to standalone super-
capacitors and battery systems, this hybrid system’s energy and
power densities are notable, placing it in the category of
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gel, co-precipitation, green synthesis, etc., are being discussed
to create nanoparticles.11 In this regard, nanoparticles can be
synthesized utilizing various old processes that are expensive,
hazardous, and harmful to the environment.'> Chemical
synthesis methodologies for nanoparticles include electro-
chemical methods,"®> sonochemical,"* and chemical reduc-
tion."> Mechanical procedures include grinding, milling,
sputtering, and physical processes such as thermal/laser
ablation.'® These nanoparticle preparation approaches each
have merits and limitations."”

In light of the desire for sustainable development, the green
synthetic approach of creating nanoparticles has dramatically
increased in relevance.' Most synthesis procedures are
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dangerous due to the chemical compositions they exploit,
meaning they may not serve the objective of sustainable
development as envisaged.'® As an added downside, such
procedures frequently involve potential harm and chemical
exposure. Therefore, sustainable development aims can be
efficiently accomplished by creating and developing harmless
chemical ways of manufacturing electrode materials, known as
green synthesis.' Green synthesis, which uses plant extraction,
is seen as particularly promising among the several existing
technologies thanks to benefits like its nontoxic nature and low
cost. No excessive heat, pressure, or energy is required during
synthesis.20 Otherwise, algae, fungi, bacteria, and polymers can
all participate in this eco-friendly synthesis.”'

Chitin is a polysaccharide extracted by deacetylation to yield
chitosan.”” Chitin is derived from the exoskeleton of
crustaceans like shrimp, crabs, and lobsters.”” It shows promise
as a tissue engineering material for treating hypertension,
promoting wound recovery, and aiding in supercapacitance
investigation.”* ™" Chitosan has remarkable synergistic effects
when combined with metals, metal oxide nanoparticles, and
polymers. The surface features of the nanometal oxides
prepared using chitosan as templates have been altered,
making them more useful in various applications.”® Chitosan
acts as a template to encourage the development of particles
around 100 nm in size to be monodispersed by promoting
spatial separation of the particles.”” Chitosan-based metallic
(oxide) nanoparticles, such as chitosan-CuO,*  chitosan-
ZnO,*' and chitosan-NiO,>”** have been the subject of
increasing attention in recent years for their potential energy
applications.

Several different forms of nanocomposites of transition
metal oxides are being employed as electrode materials to
accomplish the desired characteristics of a supercapacitor
device, as reported in the literature.'”””** Cadmium oxide
(CdO) is a transition metal oxide often found in atypical
crystalline forms, such as brown or red crystals or a white
amorphous powder. CdO is a superb active material for
supercap due to its inexpensive cost and inherent dopability,
resulting in high electrical conductivity. CdO is considered an
n-type semiconductor with an index of refraction of 2.49 with
direct and indirect band gap values of 2.3 and 1.36 eV.>* Only
a few studies have been published on CdO alone as an
electrode for supercapacitors.®

The current investigation offers an eco-friendly using a
polymeric biosynthetic technique to develop CdO nanorods
with tunable sizes for supercap applications. Chitosan is a
cheap, stable, eco-friendly, water-soluble substance serving as a
capping, stabilizing, and reducing agent during nanoparticle
biosynthesis. Once the CdO was synthesized, the structural
and morphological properties were examined using trans-
mission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), etc. Cyclic
voltammetry (CV), galvanostatic charge discharge (GCD),
and electrochemical impedance spectroscopy (EIS) studied the
electrochemical nature of the produced CdO nanoparticles
using an electrolyte (KOH).

2. MATERIALS AND METHODS

Deacetylated chitin, poly(p-glucosamine), chitosan (Low My,)
extra pure, 10—150 m. Pa s, 90% DA, supported by Sisco
Research Laboratories Pvt. Ltd. India, NMP, N-methyl-2-
pyrrolidone C;HoNO 99.13 g/mol >99.5% from MERCK.
Cadmium nitrate tetrahydrate, 98%, Cd(NO;),-4H,0, syn-

thetic graphite powder, <20 pm, and polyvinylidene fluoride
(PVDF), average M,, ~ 180,000 by GPC, average M, ~ 71,000
were purchased from Sigma. Other nonmentioned reagents
and solvents were used as received.

2.1. Synthesis of Cadmium Oxide Nanorods (CdO
Nanorods) Based on Chitosan. CAONPs were successfully
synthesized using Cd(NO;),-4H,0, NaOH, and chitosan. The
process was quick, easy, and allowed for precise control of the
particle size. The diluted acetic acid solution (CH;COOH)
dissolved a fine powder of 0.5 g chitosan to exhibit 0.5 wt %.
Next, the mixture was stirred for 20 min after adding 0.1 M
NaOH. Subsequently, a specific quantity of 0.2 mol Cd-
(NO;),-4H,0 was gradually incorporated into the 50 mL
solution, and the stirring process was sustained for an
additional 30 min. The whole reaction was transferred to
hydrothermal synthesis autoclave reactor 5 MPa 220C-304 St.
St high-pressure (BAOSHISHAN 200 mL) and lasted for 2 h
at 180 °C. A brown suspension was formed, which precipitated
by centrifugation. After being rinsed multiple times with
ethanol, the remaining substance was left to dry overnight at
70 °C.

2.2. Material Characterization. 2.2.1. UV-Vis Spectra. A
double-beam spectrophotometer measured the CdONPs
absorbance peak (Bio Aquarius CE 7250, UK). 400 L of
CdONPs in water was suspended in 2 mL of Milli-Q water.

2.2.2. TEM. The CdONP suspension was sonicated for 5
min before being precipitated on the carbon-coated grid to
bolster the sample and then allowed to be air-dried before
analysis. A high-resolution TEM (JEOL, 2100) was used for
this purpose at 200 kV.

2.2.3. SEM. An FESEM (model: QUANTA-FEG250, the
Netherlands) was used to identify the prepared sample
morphology.

2.24. XRD. The structural analysis was accomplished by
Pertpro (Cu kal radiation with A = 1.5404 A, 45 kV, 40 mA,
USA diffractometer). The XRD pattern was recorded for all
compositions.

2.2.5. FTIR. An FTIR spectrometer (Perkin-Elmer 2000)
was enrolled to determine the cohesion of the surface’s
chemical structures of CdONPs, and the research infrared
spectra varied from 4000 to 4000 cm™.

2.2.6. XPS. The powder was examined using the X-ray
photoelectron spectroscopy instrument (PerkinElmer PHI
5600). The analysis range was up to 1400 eV with 0.1 eV
resolution.

2.3. Preparation of the AC@CdO Nanoelectrode. The
current collector nickel sheet was pretreated sequentially with
3 mL of concentrated hydrochloric acid for 0.5 h, washed
several times with deionized water, and left to be air-dried for
enough time to ensure a clean surface. To fabricate the AC@
CdO as a working electrode, then, the homogeneous slurry was
applied to the nickel sheet. It was made by combining 46%
activated carbon material (AC), 34% cadmium oxide (CdO),
10% carbon black (CB) acetylene, and 10% PVDF in 0.3 mL
of NMP as the solvent. The AC@CdO nanoelectrode with a
square area of (1 X 1 cm?) on the current collector was then
dried for 12 h at 85 °C in a hot air oven. The fabricated
electrode material’s mass was estimated to be 3 mg.

2.4. Electrochemical Measurements. With the three-
electrode assembly of the working electrode (AC@CdO), CV,
GCD, and EIS techniques were applied in an aqueous
electrolyte of sodium sulfate (Na,SO,). Platinum wire was
used as the counter electrode, Ag/AgCl (KCl saturated) as a
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reference electrode, and an AC@CdO nanomaterial as a
working electrode. At varied scan rates, from 10 to 100 mV s
the cyclic voltammograms were recorded in the potential range
of 0—1 V. GCD investigations were conducted at various
specific currents (0.5 to 4.5 A g”'). Additionally, with a 10 mV
amplitude, the EIS was recorded in the frequency range of 100
kHz to 10 MHz.

The explicit capacitance (C,,, F g™"), the specific energy (SE,
Wh kg™'), and specific power (SP, W kg™') were computed
based on information gathered from the GCD and CV
calculations, and coulombic efficiency (7 %) was measured as
published earlier.”***”

3. RESULTS AND DISCUSSION

Chitosan has a strong affinity for metal ions via chelation or an
ion exchange pathway, which aids in the nucleation and
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Figure 1. FTIR spectra of (a) chitosan and (b) CdO nanorods.

stability of metal oxide nanoparticles.””*" Several research
groups have claimed success in using chitosan as a mild
reducing and stabilizing agent in the production of metal oxide,
demonstrating the latter’s antibacterial and catalytic proper-
ties.”® Here, the presence of NaOH participates in the
coexistence of elementary CdO and Cd(OH),*’ Heating the
mixture to more than 100 °C using NaOH as a catalyst in the
presence of chitosan is essential in reducing Cd salt to CdO
nanorods. The particular interactions between the primary
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Figure 3. XRD diffractogram of CdO nanorods (inside XRD of pure
chitosan).

Table 1. CdO Nanorod X-ray Diffraction Pattern
Illustrating Crystallite Sizes Determined via Reflections
from 5 (hkl) Planes

Cdo
(hkl)
(111)
(200)
(220)
(311)
(222)

20

32.183
37.540
55.936
66.160
68.255

D (nm)  average D by  average D by
FWHM Cdo XRD TEM
0.100 36.028 12.80 11.25
0.187 6.915
0.216 9.834
0.252 5.6510
0.213 5.588

Figure 4. TEM for detection of the shape and size of CdO nanorods:
(a) 200 nm scale bar, (b) 100 nm scale bar, and (c) 50 nm scale bar.

unsubstituted —NH, of chitosan and the surface of Cd-salt
with increasing temperature imply an increase in CdO nanorod
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Figure 2. UV of (a) chitosan/CdO nanorods and (b) bandgap calculation of CdONPs.
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Figure 5. SEM texture of CdO nanorods (a) 10 ym, (b) S um, (c) 500 nm, and (d) EDX spectra.

formation. Autoclave pressure raises the temperature above the
boiling point of the solvent medium (water), increasing the
energy of the water molecule.*’ When the energy of a system is
increased, the average kinetic energy increases; consequently,
the particles move faster, resulting in enormous collision
energy. The collision of one atom with the existing nucleus is a
dominant process in forming a stable nucleus.*” This may
explain why our pressure-assisted system favors growth over
nucleation.

3.1. FTIR Spectra. The FTIR spectrum was used to
investigate the modes of vibration of chemical bonds present in
CdO nanorods prepared by chitosan, and functional groups
were recorded in the 400—4000 cm™' range. The FTIR
spectrum of CdO nanorods and the distinctive absorption
peaks of chitosan are depicted in Figure 1. The peak at 3472
em™' corresponds to the merged maxima stretching of the
—NH, and —OH moiety vibrations of chitosan.”> Figure 1b
illustrates CdO nanorods that, compared to chitosan, the
mighty broader peak migrated to a lesser wave number at 3472
cm™, confirming a substantial connection between CdO and
these groups.* Chitosan asymmetric stretching of CH; and
CH, is responsible for the absorption peaks at 2920 and 2858
cm™'. While the absorption peaks at 1791 and 1074 cm™ are
attributed to the bending vibration stretching of —NH and C—
O groups, new absorption peaks at 714 and 674 cm™! are
attributed to the attachment of the —CO—NH group and the
stretching mode of CdO.**** Additionally, the distinctive
peaks in Figure 1b have been relocated to a lesser wavenumber
at a 3472 cm™" wide peak that corresponds to —OH, —NH,,
and —CO—NH moieties, moving discernibly and becoming
more robust and broader, indicating the potent interaction
between CdO with these groups.

35685

3.2. UV—Vis Spectroscopy. Utilizing UV—vis spectrosco-
py to locate the absorption peak (Figure 2) facilitates a
straightforward investigation of the optical properties of metal
oxide nanoparticles and polymers. The UV—vis principle states
that the atom’s outer electrons can be moved to a higher
energy level after absorbing radiant energy. The spectrum,
including the chitosan and CdO nanorods, band-gap energy,
which the adsorption of radiant radiation may capture. The
extinction coefficients for wavelengths below 220 nm for
ordinary chitosan are due to its transparency.’® The UV—vis
spectrum of the CdO nanorods was shifted, and the spectral
changes around 319.5 nm were obtained, depicting that
chitosan supports the surface modifications of CdO nanorods
and matches with other findings."” The band-gap energy of the
CdO nanorods was determined using Tauc’s rule (direct band-
gap rule, y), and the plot of ahy” versus hy was extrapolated to
the x-axis following the maximization of the absorption level.
The band-gap energy for CdO nanorods was determined to be
2.48 eV using the extrapolated curve.

3.3. XRD Diffractogram. The XRD pattern elucidates the
as-prepared CdO nanorod and pure chitosan crystal structures
(Figure 3). Pure CdONPs, including chitosan, revealed the
existence of potential peaks 20 values at 32.2° (111), 37.8°
(200), 55.7° (220), 66.5.0° (311), and 68.4° (222) reticular
orientations of the single phase cubic Monteponite CdO
structure which also matched with Joint committee on powder
diffraction standards (JCPDS card no. 05-0640)."® The XRD
pattern of chitosan alone displayed different peaks; however,
the intensity of the most common one around 20° was
diminished, and other peaks are decreasing, suggesting that
chitosan stabilized CdO nanorods. CdO is well crystallized in
the face-centered cubic lattice with an Fm-3m (225) space

https://doi.org/10.1021/acsomega.3c02261
ACS Omega 2023, 8, 35682—35692


https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Cd 3d
a b
T”\ —
a a
CJ O1s L
= 2
= =
< 2
] [
b -
£ £
Cls
1200 1000 800 600 400 200 0 202 200 288 286 284 282
Energy Binding (eV) Energy Binding (eV)
C d Cd 3d ,,
— 2 Cd3d
@ o
Q '
) >
=
2 ®
-‘7, :
c 2
o c
= —
£
53 535 534 533 532 531 530 529 528 M4 412 410 408 406 404 402
Energy Binding (eV) Energy Binding (eV)

Figure 6. XPS spectra of (a) full spectrum, (b) C 1s, (c) O 1s level, and (d) Cd (3d) spin-orbit components.

12 15
b
=8
'op
I 41
&
E 01 = 10mVs!
- 20 mV &:
E =i
i=- S0mvs!
— 0 mV s
© g Tomyst
—— 80mVs"
—— 90 mV }"vl
12— ; ; ; ; - 154— : . . —
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
E vs. Ag/AgCl (V) E vs. Ag/AgCl (V)
54 1 ] AC Electrode
—~ 120 _ d [] AC@CdO Nano-electrode
—~ 41 —"en
".'M 3] = 1004 =
= & M 5
z 2 < 801
.g 1] é —
< ol 'g 60
=
g -14 :-2 40 -
S 2 H
-3 —— AC Electrode & 209
4 —— AC@CdO Nano-electrode 0
0.0 0.2 0.4 0.6 0.8 1.0 10 20 30 40 50 60 70 80 90 100
E vs. Ag/AgCl (V) Scan rate (mV s°1)

Figure 7. CV curves (a) AC electrode, (b) AC@CdO nanoelectrode at various scan rates, (c) AC electrode and AC@CdO nanoelectrode at a scan
rate of 10 mV s™, and (d) C,, of the AC electrode and AC@CdO nano-electrode.

35686 https://doi.org/10.1021/acsomega.3c02261
ACS Omega 2023, 8, 35682—35692


https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02261?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

E vs. Ag/AgCl (V)

E vs. Ag/AgCl (V)

1.2 1.2-
a — 05Ag! b — 05Ag!
- - — 10Ag' — — 10Ag'
1.0 T oisag| 10 o
— 20A¢'| 2 — 2
0.8 2.5 Ag" G 0.8
— 3.0Ag' 2
0.6 35A¢! % 0.6
— 40Ag'| <
— a5ag"| ¥
0.4 g 2 04
0.2 0.2
0.0+ T T T T 0.0+ T T T T
0 50 100 150 200 250 0 100 200 300 400
Time (s) Time (s)
121 —— AC Electrode 4001 <@~ AC electrode
(8 —— AC@CdO Nano-electrode - 350 - d @ AC@CdO Nano-electrode
1.0 o
€ 3004
0 &
% 250
0. £ 2001
&
0. g 150 -
£ 100 M
S
0.2 E‘ 50
0.0+ T T T T 0 T T T T
0 100 200 300 400 500 0 1 2 3 4 5
Time (s) Specific current (A g'l)
110
e
X 100 1
=g
by
g
2 904
b=
Y
=3
= 80
£
=3
H
o 704
-9~ AC electrode
-9~ AC@CdO Nano-electrode

60 ——T—T—T
0.0 0.5 1.0 1.5 2.0 2.5

3.0 3.5 4.0 45 5.0

Specific current (A g'l)

Figure 8. GCD of the (a) ordinary electrode, (b) nanoelectrode, (c¢) GCD under a current density of 0.5 A g™ for both electrodes, and (d)
computed Cg, and (e) n%.

Imaginary impedance Zjmyg ()

200 - AC Electrode 5 <A Zooming in semi-circle for AC Electrode
- AC@CAO Nano-electrode a <A Zooming in semi-circle for AC@CdAO Nano-elegtrode
160 41
(b
N
3 3
120 g3
s
=
53
=3
80 1 E 21
>
]
2
40 4 & 14
k|
0 T T T T T 0 T T T T T
0 100 20 30 40 50 60 70 0 3 6 9 12 15

Real impedance Zpeq) (€2)

Real impedance Zpqq) (©2)

Figure 9. (a) Nyquist plots and (b) semi-circle Nyquist plots using 1 M Na,SO, electrolyte.
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Table 2. Characterization Factor for the AC Electrode and AC@CdO Nanomaterial Electrode with 1 M Na,SO, Aqueous
Electrolyte @ Potential Window from 0—1 V

electrode

AC electrode
AC@CdO electrode

Cev (F 8_1)
71.5
120

Cecp (Fg™) SE (Wh kg™") SP (W kg™") ESR (Q) retention%
108 14.6 5103 39 100
320 44.45 1119 3.05 100
35687 https://doi.org/10.1021/acsomega.3c02261
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Figure 10. Cycling stability over 10,000 GCD cycles for (a)
nanoelectrode and (b) for AC electrode.

group. The crystalline size (D) of CdO nanorods was detected
based on the Scherrer equation:

A
Pcos 0 (1)

where 4, X-ray wavelength; 6, Bragg’s diffraction angle; and f,
FWHM (full width at half-maximum). The value of average
size D (nm) calculated from XRD was 12.80 nm and that
obtained by TEM was 11.25 nm (Table 1).

3.4. TEM Morphology. Figure 4 depicts TEM pictures of
the generated CdO nanorods with an average diameter of
11.25 nm. It agrees well with diameter values obtained from
XRD readings. Chitosan solution was employed as a stabilizer
in this research to create anisotropically well-defined CdO
nanorods. The correct quantity of chitosan solution addition
aids in controlling the precipitation operating variables of the
required size and shape.”” Stabilizing ingredient adsorption on
appropriate crystal aspects is expected to impact the intrinsic
anisotropy in CdO nanostructures. As a result, the expansion
rate in the longitudinal orientation is more rapid. It has been
documented that transition metal nanocrystals can be easily
regulated using a stabilizing reagent, which stops the
nanostructures from growing and agglomerating uncontrol-
lably.>® The nucleation process generally controls the shape
and size of nanostructures. Throughout the synthesis, nuclei
are generated by self-nucleation with a constant supply of
atoms given by precursor breakdown. The generated nuclei
will immediately begin to develop in the form of nanocrystals.
The form of nuclei has a significant impact on the ultimate
nanostructure morphology. Because of the high monomer
concentration, the surroundings have a strong chemical
potential, which provides additional circumstances for
anisotropic form creation and a variety of elongated
nanostructures.”’ Typically, a significant aspect in controlling
the shape of nanostructures is the manipulation of
thermodynamically and kinetically regulated growth regimes.>”

3.5. SEM Surface Texture. The SEM picture of produced
CdO nanorods is depicted in Figure 5. CdO was discovered in
several spots at different magnifications, creating many
scattered nanorods. The nanorods measured 0.75—1 m in
length and 200 nm in diameter, demonstrating the morphology
of nanorod array development. Cadmium salt combines with

D =094

chemical constituents of the CdO nanorods, as depicted in
Figure Sd. The hybrid materials have some elemental peaks at
0.51 and 3.21 keV due to the presence of oxygen (O) and
cadmium (Cd), respectively.

3.6. XPS Analysis. XPS was used to characterize the as-
prepared CdO nanorod to evaluate its surface elemental
composition and chemical states. The core-level spectra of C
Is, O 1s, and Cd 3d without further impurities are presented in
Figure 6 after being captured and deconvoluted using Avantage
software. The spectra were all energy-adjusted using the
adventitious carbon binding energy, 284.5 eV. The XPS survey
spectra of a CdO nanorod seen in Figure 6a reveal the two
primary elements, Cd and O, demonstrating the successful
synthesis of CdO. Carbon traces were also found in the survey
spectrum. The carbon peak usually arises with a binding energy
of approximately 284.5 eV (Figure 6b), generally obtained
from the chitosan structure’s carbon backbone and the XPS
instrument due to calibration. Based on deconvolution
analysis, Cd 3d has a concentration of 21.1%, while O 1s
and C 1s have an atomic percent of 44.83 and 34.07%,
respectively. Figure 6d depicts a typical core-level spectrum of
Cd (3d), comprising the Cd 3dS/2 and Cd 3d3/2 spin-orbit
constituents with 405.0 and 411.7 eV binding energies,
respectively. It is consistent with those reported in refs 53,
54. The Cd (3d) binding energy is ascribed to Cd** bonding,
suggesting the CdO single phase and the absence of CdO, or
CaCOj; secondary phases. This result is consistent with the
XRD results.

3.7. CV Studies. Figure 7 reveals the CV plots of designed
electrodes AC and AC@CdO nanorods at ranges between 10
and 100 mV s™". Both electrodes presented a large surface area
by CV curves, revealing excellent electrochemical activity. The
determining specific surface area for CdO nanorods was 35.43
m?/g, probably higher than that published CdO and/or mixed
with other metal oxides prepared by different routes.***%*°
Both electrodes maintained the CV curve’s shape despite the
high scan rate of 100 mV s™/, suggesting superior material
stability and fast electron transfer in the electrode. By looking
at the area under the curve for both fabricated electrodes, we
will notice the superiority of the nanoelectrode (AC@CdO) at
the expense of its counterpart (AC), which has a clear
indication of its superiority in the C,. Using the law of
calculating the specific capacitance (Cy,) by measuring CV, the
C,, was estimated to be 71.5 for the AC electrode and 120 F
g ! for the AC@CdO electrode at 10 mV s~'(Figure 7d).

3.8. GCD Studies. GCD curves were recorded for AC, and
AC@CdO electrodes have a similar triangular shape, as shown
in Figure 8, with the lowest voltage drop (IR drop) in the
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Figure 11. (a) CV curves of the AC@CdO//AC@CdO symmetric supercapacitor device, (b) Copr (c) GCD curves for the symmetric
supercapacitor cell, (d) C,p and coulombic efficiency at specific currents from 1-5 A g™, (e) Ragone plot, (f) capacitance retention vs coulombic
efficiency with cycle number at S A g7', and (g) schematic design in 2D of the symmetric AC@CdO//AC@CdO cell.

potential window range of 0—1 V. A broader discharge curve
for the AC@CdO nanoelectrode was produced than the
activated carbon electrode, revealing a better Cg, for the
nanoelectrode that matches the CV results. Figure 8c compares
the charging and discharging curves at 0.5 A g~' for both
electrodes AC and AC@CdO, which displays the superiority of
the nanoelectrode in terms of the large discharge time,

35689

demonstrating the remarkable distinction of the nanoelectrode
(AC@CdO) in discharge time thus superior in the Cj, to its
electrode (AC). According to Figure 8d, the electrodes (AC
and AC@CdO) have C,, of 105 and 320 Fg™" at 0.5 A g™" and
61 and 176 F g7 at 4.5 A ¢!, The Cy of the AC@CdO
electrode is greater than that of the commercial AC electrode
about three times at 0.5 A g~". Figure 8e shows the coulombic
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efficiency (#%) for AC and AC@CdO electrodes which was 75
and 76% at the beginning of the range of specific currents (0.5
A g7') and 100% at the end of the range of particular currents
(45Ag™).

3.9. EIS Studies. Figure 9a shows the EIS curves within a
frequency range of 0.01 to 100 kHz. Studying the conductivity
properties of materials using the EIS was addressed. As is
common knowledge, the higher the separation efficiency and
the better the ability of electron transmission, the lower the
resistance and interface resistance. The two variables utilized to
express the conductivity of the materials used to create the
electrode are equivalent series resistance (ESR), whose value of
3.05 Q for the nanoelectrode (AC@CdO) is still lower than
the value of the AC electrode (3.9 Q), and the charge transfer
resistance (R,). As seen in Figure 9b, the nanoelectrode
semicircle is smaller than the AC electrode, reflecting its strong
conductivity and lower R. Table 2 illustrates the factor for
characterizing the AC electrode and AC@CdO nanomaterial
electrode in 1 M Na,SO, with (0—1 V) of the potential
window.

3.10. Cycle Life Test. At 2.5 A g™' of a specific current, the
cycle stability for both electrodes was investigated. According
to the results (Figure 10a), 100% of the capacitance retention
can be maintained for both electrodes after 10,000 cycles,
indicating high cycle stability and no appreciable shape change
in the charge—discharge curves in a neutral aqueous solution of
Na,SO,.

3.11. AC@CdO//AC@CdO Symmetric Supercapacitor
Cell. The two-electrode system used to investigate the CV
curves for the symmetric AC@CdO//AC@CdO super-
capacitor cell is displayed in Figure 11. With weak reversible
humps and a quasi-rectangular shape, the CV curves of
symmetric cells show outstanding electrochemical behavior.
The symmetric cell's CV curves (Figure 11a) offer a range of
potential windows (1—1.8 V) and scan rates from 10 to 100
mV s~". The symmetric AC@CdO//AC@CdO cell displays a
specific capacitance value of 82, 79.5, 76, 74, and 71.5 F g_1 at
scan rates of 10, 30, 50, 70, and 100 mV s™. This means the
CV efficiency descended from 100% at 10 mV s™' to reach
87.2% at 100 mV s~ as shown in Figure 11b. The symmetric
cell GCD curves are measured at different specific currents
within 1 and § A g™', which are depicted in Figure 1lc.
Discharge curves can be used to determine the specific
capacitances at various current densities. The symmetric AC@
CdO//AC@CdO cell (Figure 11d) delivers 108 F g~' of
specific capacitance with coulombic efficiency (7%) of 80% at
1 A g”" and retains 84.26% of that capacitance (91 F g™') even
at 5 A g~ with 100% of coulombic efficiency, showing its
higher rate capabilities. Ragone plots’ x-axis (specific power)
and y-axis (specific energy) are significant indicators to
evaluate the practical applications of supercapacitors. The
Ragone plot of the symmetric cell in 1 M Na,SO, electrolyte is
depicted in Figure 11e. This cell could deliver 48.6 Wh kg™" of
specific energy at 3499.2 W kg™ of specific power and retain
40.7 Wh kg™" at 5236 W kg™". Continuous GCD tests were
used to evaluate the symmetric cell’s cycling life. According to
Figure 11f, after 10,000 GCD cycles, the capacitance retention
and coulombic efficiency are 100 and 75%, respectively, and
continue to hold at 80 and 100% of the starting values. Figure
11g shows a schematic design in 2D of the symmetric AC@
CdO// AC@CdO cell.

4. CONCLUSIONS

In conclusion, this study presented the benign fabrication of
nanomaterial CdO nanorods via an abundant biopolymeric
chitosan structure under a hydrothermal approach. The CdO
nanorods arise as the primary unsubstituted —NH, of chitosan
interacts with the Cd-salt surface at higher temperatures. The
electrochemical characteristics of the nanomaterial CdO
nanorod were compared with those of the activated carbon
material. The high specific capacitance of AC@CdO nano-
electrodes was 320 F g~!, three-fold that of ordinary AC
electrodes. Furthermore, after 10,000 GCD cycles, both
electrodes had superior capacitance retention with 100% of
their initial value at 2.5 A g”'. After the two electrodes were
tested, the symmetric supercapacitor cell using AC and CdO
nanorods was manufactured with extreme precision. After
10,000 cycles, the symmetrical cell stability achieved 80%
capacitance retention and 100% coulombic efficiency. This
indicates the potential of fabricated AC@CdO//AC@CdO
cell use in energy storage applications.
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