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ABSTRACT: This study provides a comprehensive analysis of a biofabricated
nanomaterial derived from Sansevieria trifasciata root extract, evaluating its
structural, morphological, and optical properties for use in asymmetric super-
capacitors. The nanomaterial comprises pristine ZnO nanoparticles (ZnO NPs)
and a 1% Ag-doped ZnO nanocomposite (Ag@ZnO NC), synthesized through a
green-assisted sol−gel autocombustion method. Employing techniques such as X-
ray diffraction, ultraviolet−visible near-infrared, scanning electron microscopy−
energy-dispersive X-rayspectroscopy, Fourier transform infrared spectroscopy,
Raman spectroscopy, and transmission electron microscopy, the study confirms a
hexagonal wurtzite structure and nanocrystallites with spherical and hexagonal
shapes (30 nm). Optical analysis reveals a red shift in the band gap with Ag doping,
indicating improved conductivity. The material shows potential applications in
solar cells, optoelectronics, spintronics, wastewater treatment, and high-perform-
ance asymmetric supercapacitors. Raman spectra validate the wurtzite phase and identify intrinsic defects. Electrochemical tests
demonstrate remarkable supercapacitive behavior with a 94% capacitance retention after 10,000 cycles, highlighting its promise as
advanced asymmetric supercapacitors.

1. INTRODUCTION
In this cutting-edge era of science and technology, people seek
new electronic devices with cutting-edge characteristics.1 The
development of new uses of large-band-gap-energy (Eg)
semiconductor materials with prominent properties is
encouraged viz ZnO,2 TiO2,

3 SnO2,
4 NiO,5 etc., are currently

having attention due to large applications. Metal oxide (MO)
semiconductors are widely used in many different applications,
such as hybrid solar cells,6 piezoelectric devices,7 emission
control,8 LEDs,9 UV shields,10 gas-sensing devices,11 temper-
ature control paints,12 supercapacitors,13 and photocatalysis.14

To repair our damaged environment and sustainably advance
technology, semiconductor materials should be used more
frequently. The development of advanced electronic features
that are both gratifying and beneficial is necessary for the new
world of electronic base systems.15,16 In next-generation
energy-storing devices, the supercapacitor has an effective
energy-storage component for the output of high-power-
demand applications.17 To store energy, two types of
supercapacitors can be distinguished by their primary proper-
ties: (i) electrochemical (EC) double-layer capacitors
(EDLCs),18 which use activated carbon, carbon aerogel,
graphene, carbon nanotubes, etc., and (ii) pseudo capacitors,19

which are used in NiO, MnO2,
20 RuO2,

21 ZnO, CoO,22 etc.
Because of their exceptional qualities, semiconductor oxides,

including SnO2, TiO2, NiO, ZnO, and others, have been
attracting the attention of researchers for usage in super-
capacitors as electrode material.23,24 ZnO is regarded as a
cheap and environmentally friendly material used as an
electrode for supercapacitor applications compared with
other semiconductor oxides. There are several applications
for supercapacitors, such as in hybrid vehicles, space or military
technology, backup energy storage systems, and portable
gadgets.25 The characteristics and makeup of the electrolytes,
current collectors, separators, and electrodes can all be
changed to enhance the EC properties of supercapacitors. A
transition metal can improve the EC performance in the crystal
of the ZnO lattice.23,26 Doping is a useful method for
enhancing the chemical and physical characteristics of ZnO
for a variety of applications. Numerous dopants, viz, Fe,27 Bi,28

Mn,29 Cu,30 etc., have been employed to control physiochem-
ical properties by being incorporated into the crystal of ZnO
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lattices. According to a survey of the literature, most research
focuses on anticancer,31 antifungal,32 and antibacterial33

applications since ZnO, a semiconductor material, is an
excellent material for healthcare purposes.34 We know that
Ag performs well in electronic devices, by enhancing the EC
performance,35 thereby showing an abrupt increase in the
capacitance values.36 Various physical, chemical, and biological
approaches have been developed for the fabrication of ZnO
nanoparticles (ZnO NPs) and Ag-doped ZnO nanocomposite
(ZnO NC), including hydrothermal,37 sol−gel,38 chemical
vapor deposition,39 sonochemical,40 coprecipitation,41 bio-
logical and microwave-assisted methods.42 Biological methods
have a number of advantages over other methods for
synthesizing NPs, including increased yield, environmental
friendliness, lower manufacturing costs, and high advantages in
quality. The nano-based MO constituents have strong EC
properties, including great stability, quick current response, low
detection limit, and excellent repeatability, according to cyclic
voltammetry (CV) investigations. Additionally, the projected
values of the specific capacitance of the MO-based electrodes
are higher than those obtained from experimental testing.
There is hence a great chance of increasing the energy density
of the MO-based electrodes. Different MO materials are used
for PC applications.43 These include ZnO/rGO 190.5 F/g44

and Zr-doped ZnO 518 F/g.45 ZnO is a cheap and
environmentally favorable electrode material when compared
with other metal oxides. Due to its superior physical and
chemical characteristics, including enhanced EC stability and
low toxicity, it is employed in a number of applications,
including solar cells, photocatalytic activity, EC capacitors,
batteries, and gas sensors.46 ZnO is an n-type semiconductor
with excellent optical and electrical performance and a big
energy gap (Eg = 3.20 eV). It can withstand high-temperature
doping and contact formation processes since it is resistant at
those temperatures.47 Depending on the surface shape,
microstructure, and battery design, ZnO displays remarkable
pseudocapacitive performance in a variety of topologies with a
specific capacitance ranging from 5 to 500 F/g.48,49 For the
purpose of using supercapacitors, it is still possible to increase
the capacitance of ZnO by adding impurities or creating a
composite with carbon-based metals. Compared to pure metal,

ZnO doped with cationic ions has a good EC performance.
Researchers have found that cationic-doped ZnO performs
better electrochemically than pure ZnO. According to
Pallavolu et al.’s findings, Mo- and V-doped ZnO electrodes
showed 555 and 585 F/g for 0.5 A/g, respectively.50 Rashid et
al. reported a value of 515 F/g at 2 mA/g for Mn-doped ZnO
electrodes45

In the current study, using the green-aided sol−gel auto
combustion approach, we have effectively synthesized a novel
Ag-doped ZnO NC, which is made of ZnO and Ag doping in
ratios such as Ag0.01ZnO0.99, for its usefulness in high-
performance supercapacitor (SC) applications. Using XRD,
SEM, EDX, UV−vis, and TEM, the morphology and structure
of ZnO and Ag0.01ZnO0.99 NC have been studied. These
findings demonstrated that the as-synthesized (Ag-doped
ZnO) NC revealed extraordinary EC properties, including a
tremendous areal capacitance compared with the pristine ZnO
with superior charging/discharging capabilities and a very
stable nature, indicating their suitability as electrode material in
SC applications.

2. MATERIALS AND METHODS
2.1. Materials. In this experiment, all of the analytical-

grade compounds were employed without further purification.
The chemicals used in this experiment were zinc acetate
dihydrate (Zn (OAc)2·2H2O) (98.50%, Fisher Scientific),
silver acetate (AgNO3) (99.00%, Fisher Scientific), double-
distilled water, Whatman filter paper no. 1, and root extract of
Sansevieria trifasciata. For EC evaluation, carbon paper (∼0.7
W) was used as the substrate. N-methyl-2-pyrrolidinone
(NMP), PVA, and activated carbon purchased from Sigma-
Aldrich Co., Ltd. were used as the solvent, binder, and
conducting material, respectively. Double-deionized (DI)
water obtained from a Sartorius mini plus UV was directly
used in an aqueous electrolyte. Sodium sulfate procured from
Merck was used as received to prepare 1 mole of a neutral-pH
electrolyte.
2.2. Methods. ZnO NPs and Ag@ZnO NC were

synthesized by using a biological approach. The sequential
steps involved preparing plant extract: 30 g of S. trifasciata root
was cut into small pieces, meticulously washed, and placed in a

Figure 1. Schematic diagram for the synthesis of ZnO NPs and Ag@ZnO NC.
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conical flask. Subsequently, 200 mL of double-distilled water
was added, and the solution was autoclaved for 30 min at 121
°C and 15 pounds per square inch of pressure. The mixture
was filtered and cooled after being autoclaved, and the
resultant plant extract was obtained. For the synthesis of
pristine ZnO NPs, a plant extract of 25 mL was added to it in
100 mL of water containing a salt of zinc acetate. The
precursor was kept in a magnetic stirrer at 250 rpm at 60 °C
for 3 h until completely dry. Thereafter, it was calcined at 650
°C to get the ZnO NPs. 1% of a 0.1 M silver nitrate solution
was mixed with the zinc acetate solution to achieve the doping
of Ag ions into the zinc oxide structure. Specifically, 0.039 g of
silver nitrate and 4.96 g of zinc acetate were dissolved in a 100
mL Erlenmeyer flask containing double-distilled water, to
which 25 mL of the plant extract was added. Following the
reaction, the precipitate formed as a result of the process was
carefully dried by using a hot air oven. The dried precipitate
was then ground to a suitable consistency using an agate
mortar. The collected nanopowder, containing the Ag@ZnO
NC, underwent a final calcination step at 350 °C for 3 h within
a muffle furnace to get Ag@ZnO NC. Figure 1 shows a
schematic diagram of biologically synthesized ZnO NPs and
Ag@ ZnO NC.
A Rigaku Miniflex II desktop diffractometer (current of 15

mA, anode material Cu Kα, voltage of 30 kV, wavelength (Cu)
1.541838 Å) was used to determine the unit cell dimension
and crystallinity phase. Optics involved beta filtering with
graphite, automatic divergence slit, and monochromator in the
2θ range varying from 5 to 80° in 0.04° steps for the bio-
fabricated samples. SEM (model no. JEM 2100, JEOL, Japan)
was used for finding the surface morphology; for elemental
identification, EDS was utilized attached with SEM. For
analyzing the functional biomolecules present in the samples,
FTIR spectroscopy was performed to detect the functional
groups ranging from 400 to 4000 cm−1 (Make-PerkinElmer).
Each sample was fabricated by mixing 200 mg of KBr (a
background nonabsorbing media) with 2 mg of synthesized
nanomaterial and applying high pressure to it. UV−visible NIR
absorption spectra of ZnO NPs and Ag@ZnO NC were
recorded between 200 and 800 nm using UV−visible NIR
(Make-PerkinElmer, Model-Carry 5000) spectrophotometer.
A Raman microscope with a 50× objective and a 532 nm He−
Ne laser excitation source was used to gather the Raman
spectra (Renishaw, RM-1000). The shape, particle size,
crystalline structure, and surface morphology of NPs were
investigated using TEM and selected area electron diffraction
(SAED) patterns. ZnO NPs and Ag@ZnO NC powder
samples were suspended in ethanol prior to precipitating on
the grid. TEM (model no. JEM 2100, JEOL, Japan) was then
used to scan the sample.
2.3. Electrode Preparation. The electrodes for EC studies

were precisely created by using a series of methods. Initially,
the as-synthesized active material, ZnO or Ag-doped ZnO, was
mixed with activated carbon and poly(vinylidene fluoride)
(PVDF) binder in a precise 8:1:1 weight ratio. To ensure
proper mixing, this composite mixture was continuously
ground for 1 h using a motor and pestle. Following that, the
finely powdered mixture was combined with NMP, a high-
purity solvent (99%, ACS reagent, Aldrich) that served as a
dispersion agent. The resulting slurry was then placed on a
magnetic stirrer to acquire a homogeneous slurry overnight.
The homologous slurry was drop-cast onto carbon paper in an
area of 1 × 1 cm2 and the deposition was allowed to dry

overnight in a vacuum oven at 80 °C until the solvent had
completely evaporated. The resulting dry electrode was ready
for EC experiments.
2.4. Device Fabrication. A Swagelok cell was used to

make an asymmetric supercapacitor device. A device anode
was created by combining pure activated carbon and PVDF in
a 9:1 ratio. The cathode Ag-doped ZnO slurry was prepared in
the same manner as described in Section 2.4. A circular, 13
mm diameter carbon paper was cut. The circular cut carbon
paper was drop-casted with a slurry of activated carbon
followed by Ag-doped ZnO. The resultant drop-cast electrode
was dried overnight at 80 °C. As an electrolyte and separator, 1
M-KOH and Whatman filter paper were utilized. An
asymmetric device was made after combining all together, as
shown in the schematic.

3. RESULTS AND DISCUSSION
3.1. Powder X-ray Diffraction Studies. The diffraction

patterns of pristine ZnO NPs and 1% Ag@ZnO NC are shown
in Figure 2. The spectra demonstrate that the peaks are

polycrystalline and have a high degree of texture showing an
intense peak at 2θ = 34.66° and a feeble peak at 2θ = 72.78°,
which correspond to the plane (200) and its harmonic at
(004) plane of hexagonal (wurtzite) structure confirming ZnO
structure, according to JCPDS card file no. 00-36-1451.51 This
finding suggests that ZnO crystallites have a strong preference
for c-axis orientation; when observed at 2θ = 36.69°, the third
peak is equally quite modest when viewed from plane (101).
Further, no other detected peaks correspond to secondary
phases. The atomic radius of Ag is greater than that of Zn, so
doping of Ag will increase the crystal size. Ag@ZnO NCs
exhibit larger crystallites than pure ZnO NPs, which is
explained by the difference in atomic radii; it is possible that
smaller Zn atoms caused crystallites to aggregate and grow to
the size of Ag atoms in the host lattice. From Figure 1, we can
infer that Ag doping enhances the powder’s crystallinity. The
crystallite sizes of the nanomaterials were estimated using
Scherrer’s formula in eq 152

=D
0.9
cos (1)

where β is the peak’s full width at half-maximum (fwhm), λ is
the wavelength, θ is the Bragg angle, and D is the crystallite
size.
3.2. FTIR Spectroscopy. Figure 3 displays the FTIR

spectra of pristine and 1 wt % Ag@ZnO nanomaterials. Figure

Figure 2. XRD pattern of (a) ZnO NPs and (b) Ag@ZnO NC.
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1 illustrates the wurtzite structures of pristine ZnO NPs and
Ag-doped ZnO NC, which are further corroborated by using
FTIR spectra. Additionally, FTIR spectra of ZnO NPs and Ag-
doped ZnO NC were recorded between 400 and 4000 cm−1.
Zn−O and Ag−O stretching properties are attributed to the
major bands at 425 and 514 cm−1,53,54 respectively. At 880 and
885 cm−1, the peak can be attributed to aromatic C�C
stretching mode.55,56 The absorption bands at 3445 and 3459
cm−1 arise due to the stretching of the mode O−H group;57−59

it demonstrates that the ZnO nanostructure has absorbed a
small amount of water. The peaks located at 2340 and 2364
cm−1 are due to the atmospheric CO2 present in the
instrument.60,61 Stretching modes for ZnO NPs and Ag@
ZnO NC of C−C and C�O are observed at 880, 885 and
1475, 1485 cm−1, respectively.58,62 The band between 2879
and 2885 cm−1 is attributable to vibrations caused by C−H
stretching.59,63,64 The host lattice’s Ag doping is indicated by
the peak shift from wavenumber 425 cm−1 to higher
wavenumber 514 cm−1.65

3.3. UV−Visible NIR Spectroscopy. Figure 4a displays
the UV visible spectra of the Ag-doped and undoped ZnO
NPs. The band gap of the synthesized ZnO NPs (3.13 eV) and
Ag@ZnO NC (2.88 eV) corresponding to the absorption at
365 and 374 nm was calculated using the Kubelka−Munk plot
(Figure 4b).66−68 It can be easily seen that the maximum
absorbance of Ag-doped ZnO lies in the visible region due to
electron trapping. The Ag dopant decreases the band gap of
the NPs thereby increasing the conductivity and improving the
EC properties of the nanomaterial.69,70

3.4. Raman Analysis. The Raman spectrum is an
important and adaptable diagnostic tool for investigating
crystallization, structural flaws, and structural disorders in
micro- and nanostructures. Raman spectra were used to
examine the modes of vibrational characteristics of nano-
structured ZnO. The P63mc space group is occupied by ZnO
NPs with hexagonal wurtzite structures. In the ideal ZnO
crystal, only the optical phonons close to the Brillouin zone
participate in first-order Raman scattering. The optical modes
existing in wurtzite ZnO according to group theory are
described in eq 2.71

= + + +A 2B E 2Eopt 1 2 1 2 (2)

where, due to the macroscopic electric fields connected to the
longitudinal optical (LO) phonons, the LO and the transverse
optical (TO) branches of the A1 and E1 modes are both two
polar branch components with distinct frequencies. The first-
order Raman-active modes are A1, E1, and E2. The B1 modes,
often known as silent modes, are defined by the Raman
selection rule as typically being inactive in the Raman spectra.
The Raman spectra of pure ZnO NPs are displayed in Figure 5.

The E2L, A1 (TO), E2H, and A1 (LO)/E1 (LO) basic
phonon modes of hexagonal ZnO were measured at 100, 380,
441, and 586 cm−1, respectively. The second-order phonon
mode, designated 2E2L, is present at a wavelength of roughly
150 cm−1. At 331, 508, 664, and 1065 cm−1, which correspond

Figure 3. FTIR spectra of (a) ZnO NPs and (b) Ag@ZnO NC.

Figure 4. (a) UV visible absorption spectra of ZnO NPs and Ag@ZnO NC; (b) calculated band gap of ZnO NPs and Ag@ZnO NC.

Figure 5. Raman spectra of (a) pure ZnO NPs and (b) Ag-doped
ZnO NC.
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to the 3E2H−E2L, E1(TO) + E2L, 2(E2H−E2L), and
A1(TO) + E1(TO) + E2L, respectively, the multiphonon
scattering modes are presented. Additionally, at 1101 cm−1, the
acoustic combination of E2 and A1 may be heard. The Raman
spectra of ZnO nanoparticles doped with 2 mM Ag are shown
in Figure 5. The doping agent on the ZnO matrix dramatically
alters the polar and nonpolar modes. The oxygen motion in
the E2H mode is sensitive to internal stress and is a feature of
hexagonal wurtzite ZnO nanostructures. A significant decrease
in the intensity of Ag-doped samples in the E2H mode is
caused by the breakdown of translational crystal symmetry
brought on by the insertion of impurities and defects.
Additionally, the polar mode of A1(LO)/E1(LO), which has
a peak at about 570 cm−1 and is expanded and moved to lower
energy, has been reported for Ag doping. Every phonon mode

shift and broadening that the scattering contributions have
produced outside the Brillouin zone center is represented.
Typically, the defect complexes of zinc interstitial and oxygen
vacancies in the ZnO lattice are represented by the A1 (LO)/
E1 (LO) phonon mode. The addition of Ag ions to ZnO
nanoparticles significantly boosts the intensity of the Ag-doped
ZnO Raman peaks. The outcomes also provide additional
evidence that ZnO nanoparticles included crystallization with
minimal flaws brought on by Ag ions.72

3.5. SEM. Figure 6 depicts the rough surface morphology of
ZnO NPs and Ag@ZnO NC obtained by using SEM. The
samples were evaluated for size and form homogeneity
(Figures 6a−f and 7 a−h). EDX analysis on the K and L
lines was used to determine the topological characteristics and
composition of the nanomaterial.

Figure 6. (a) SEM image of ZnO NPs and (b) corresponding EDX image confirming elemental composition. (c) Elemental mapping of NPs. (d)
Elemental mapping of Zn. (e) Elemental mapping of O. (f) Elemental composition of NPs by weight (%) and atomic (%).

Figure 7. (a) SEM image of Ag@ZnO NC and (b) corresponding EDX image confirming elemental composition. (c) Elemental composition of
Ag@ZnO NC by weight (%) and atomic (%). (d) Elemental mapping of Ag@ZnO NC. (e) elemental mapping of Ag. (f) Elemental mapping of
Zn. (g) Elemental mapping of O. (h) Elemental mapping of C.
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Figures 6a−f and 7a−h depict the SEM images used to
analyze the morphology of pure ZnO NPs and Ag@ZnO NC,
respectively. Pure zinc oxide exhibits spherical particles,
whereas zinc oxide that has been doped with 1% Ag displays
agglomerated, larger spherical particles. XRD results acknowl-
edge the recorded structures as a result. This indicated that
particularly for measurements performed using the bracket
sample holder, the XRD powder data may contain some
preferred inclination effects. The crystallite size is a remarkable
1 μm, despite the fact that the particle size is bigger as a result
of crystallite aggregation.
3.6. Transmission Electron Microscopy. TEM is

typically valid for assessing the size, shape, and morphology

of the nanoparticles, as well as for analytical characterization
and imaging. Figure 8 displays a typical TEM picture of the Ag-
doped ZnO NC. This image displayed particles with
homogeneous, nearly identical diameters ranging from 20 to
35 nm (Figure 8a,b). The polycrystalline nature was depicted
by the SAED pattern of TEM images which presents the
concentric rings (Figure 8c). Furthermore, Figure 8c illustrates
the NC information’s SAED pattern: the circular white patches
in the field of view exhibit the nanocrystalline particles, and the
detailed investigations of SAED patterns explore the
polycrystalline nature of Ag−ZnO NC of Ag and Zn in the
same lattice plane [1 0 1]. However, they have different
orientations in the plane.70 TEM images confirmed the

Figure 8. TEM images of Ag@ZnO NC confirming the formation at the nanoscale (a) 20 nm scale; (b) 20 nm scale; (c) SAED pattern with 0.001
nm diffraction; (d) average particle size calculated using Image J software from the TEM micrograph (a,b).

Figure 9. CV analysis of (a) ZnO at different scan rates (5−150 mV/s), (b) Ag-doped ZnO at different scan rates (5−150 mV/s), (c) comparison
at 100 mV/s; galvanostatic charge−discharge analysis of (d) ZnO at different current densities (2−10 mA/cm2), (e) Ag-doped ZnO at different
current densities (2−10 mA/cm2), and (f) comparison at 2 mA/cm2.
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formation of anisotropic nanoparticles, most of which were
spherical and hexagonal in shape. Figure 8a,b was used to
calculate the average particle size of Ag@ZnO NC using
ImageJ software and was found to be 30 nm (Figure 8d).

4. EC ANALYSIS
4.1. CV Analysis. Numerous electrochemical investiga-

tions, including CV, galvanostatic charge−discharge, and
electrochemical impedance spectroscopy (EIS), were used to
study the EC properties of the synthesized ZnO and Ag-doped
ZnO nanoparticles. For both ZnO and Ag-doped ZnO
samples, the CV curves were taken at scan rates ranging
from 5 to 150 mV/s. Figure 9a,b shows the CV curves of ZnO
and Ag-doped ZnO nanostructures recorded at different scan
rates ranging from 5 to 150 mV/s in the potential range of
−0.2 to 0.5 V, respectively. Figure 9c shows the CV curves of
the pure ZnO and Ag-doped ZnO samples at scan rates of 100
mV/s in the potential range of −0.2 to 0.5 V. The electrolyte
remains stable within that particular region, also known as the
stable EC potential window, which led to the selection of the
range of −0.2 to 0.5 V. It can be concluded from the CV data
in Figure 9a,b that the ZnO and Ag-doped ZnO nanostructure
exhibit EDLC behavior. This conclusion was reached due to
the rectangular shape of the curve and the lack of any
discernible oxidation or reduction peaks, which confirm the
EDLC behavior in both cases. It has been found that there is a
positive correlation between the values of the scan rate and
current density through our analysis of the CV curves for ZnO
and Ag-doped ZnO nanoparticles. This result indicates that the
capacitance performance of the nanoparticle electrodes is
enhanced with an increase in the scan rate.
Compared with undoped ZnO, the area of the ZnO CV

curve increases noticeably with the addition of Ag+ ions to the
lattice. Additionally, the rectangular shape of the CV curve is
preserved even at higher scan rates. Compared to ZnO
electrodes, the Ag-doped ZnO electrode has a higher areal
capacitance (CA), as shown by the larger area under the CV

curve. The areal capacitance can be calculated using the
following formula

=C
i v V

A V

( )d
A

where A is the geometric area of the working electrode, v
stands for scan rate, ∫ i(v)dV refers to the area under the CV
curve, and ΔV stands for the potential window.73,74 After the
CV curves of ZnO NPs and Ag-doped ZnO electrodes were
examined, it was found that the aerial capacitance (CA) values
were scan rate dependent. The CA values of the ZnO NPs and
Ag-doped ZnO electrodes were found to be 16.65 and 24.07
mF/cm2, respectively, at a lower scan rate of 50 mV/s. The CA
values of the ZnO and Ag-doped ZnO electrodes decreased to
10.12 and 22.48 mF/cm2, respectively, as the scan rate
increased to 150 mV/s. This trend suggests that CA values
decrease with increasing scan rates due to a reduction in the
interaction time between ions and the active material, resulting
in a lower capacitance performance (Table S1 and Figure 9d).
As a result, the scan rate and specific capacitance (Csp) have
an opposite relationship.
4.2. Galvanostatic Charge−Discharge. Galvanostatic

charge−discharge (GCD) curves are used to thoroughly
characterize the EC behavior of ZnO NPs and Ag-doped
ZnO electrodes by measuring the GCD curves within the EC
potential window of −0.2 to 0.5 V. To precisely understand
their EC properties, the GCD performance of ZnO NPs and
Ag-doped ZnO NC is examined at various current densities
ranging from 2 to 10 mA/cm2. Figure 9d,e displays the GCD
curves of ZnO NPs and Ag-doped ZnO electrodes at various
current densities ranging from 2 to 10 mA/cm2. The CA values
of ZnO and Ag-doped ZnO electrodes tend to decrease with
increasing current density values, which is attributed to the
inadequate redox reactions at electrode−electrolyte interfaces
(Table S1).
Additionally, the curves obtained from the EC GCD analysis

of ZnO and Ag-doped ZnO electrodes have a symmetrical
triangle shape, further confirming the EDLC behavior of both

Figure 10. (a,b) Nyquist and Bode plot of pristine ZnO at various potentials; (d,e) Nyquist and Bode plot of Ag-doped ZnO at various potentials;
(c,f) comparison of Nyquist and Bode plot of both ZnO and Ag-doped ZnO at OCP (open circuit potential).
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ZnO and Ag-doped ZnO electrodes (Figure 9d−f). The
calculation of the average areal capacitance (CA) of all ZnO
and Ag-doped ZnO electrodes in the supercapacitors was
carried out using the formula

=C I t
A VA

where I is the constant current, Δt is the discharge time, A is
the active area of the working electrode (1 × 1 cm2), and ΔV is
the potential window.73

The CA values of ZnO and Ag-doped ZnO were 10.01 and
12.25 mF/cm2 at a current density of 2 mA/cm2 (Figure 9f).
The GCD results reveal that the Ag-doped electrode shows
better charging−discharging performance with enhanced
capacitance.
4.3. EIS Study. EIS is a widely used technique to

investigate the fundamental characteristics of electrode
materials through the electrolyte ion transfer kinetics at
various frequency ranges. EC impedance results were
investigated using a frequency range of 0.01−105 Hz under
an alternating potential of 10 mV, as shown in Figure 10a−f.
Figure 10a−d displays a Nyquist plot of the EIS spectra for
ZnO and Ag-doped electrodes. The solution resistance (Rs)
and charge transfer resistance (Rct) of EC reactions are
calculated using the first and second intercepts with the real
impedance axis in the plot above. The plot clearly shows that
Ag-doped ZnO NC exhibits less solution resistance than pure
ZnO. This demonstrates that Ag+ doping improves the ability
of the ZnO electrode to enhance the charge transfer
performance.
The electrode diffusion rate is correlated with the impedance

curve’s slope at low frequencies.
The faster ion diffusion rate is associated with a steeper line

at lower frequencies. Findings reveal that the Ag-doped ZnO

electrode has a diffusion rate significantly higher than that of
the ZnO.
Figure 10b−e displays a Bode plot for ZnO NPs and Ag-

doped ZnO NC at various potentials ranging from −0.2 to 0.6
V. Compared to pure ZnO, the Ag-doped electrode has the
quickest response time. Additionally, the phase angle in an Ag-
doped ZnO electrode at lower frequencies approaches the ideal
value of 90°, with a value of about 80°. This suggests that the
sample has a strong capacitive property. Figure 10f depicts the
Bode plot of pristine ZnO and Ag-doped samples at open
circuit potential, clearly showing that Ag-doped ZnO has
relatively less impedance modulus of the EC system. The phase
angle has been found to be potential dependent, with a higher
potential giving a larger phase angle, indicating a more
significant capacitive contribution from the electrodes. This
can be understood by the fact that an increase in the potential
causes the frequency of the applied AC signal to increase
proportionally. The supercapacitor’s capacitive impedance
component dominates at higher frequencies, causing the
phase angle to close in on 90°, which is a sign of nearly
ideal capacitive behavior.
The plot in Figure 11a shows how capacitance varies in

relation to the scan rate and current density. The black plot
illustrates the capacitance as a function of scan rate and
provides information on how the capacitance varies with
different scan rates. Additionally, the red plot illustrates the
relation between capacitance and current density. According to
these plots, the capacitance of the device decreases with
increasing scan rate (as estimated from CV analysis) and
current density (as determined from the GCD study) (Figure
11a and Table S1). Moreover, Ag-doped ZnO results were
superior to those of pristine ZnO, which encouraged the use of
Ag-doped ZnO in the fabrication of devices. Figure 11b
illustrates a schematic representation of the asymmetric device,
offering a visual understanding of its electrode composition.

Figure 11. (a) Plot showing the variation of capacitance vs scan rate (black plot) and capacitance vs current density (red plot) for both ZnO and
Ag-doped ZnO, (b) schematic of the asymmetric device consisting of activated carbon as an anode and Ag-doped ZnO as a cathode, (c) CV plot of
the device at 100 mV/s before and after 10,000 cycles with the inset picture of a Swagelok cell, and (d) cyclic stability up to 10,000 cycles with the
inset plots of first and last five cycles.
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The anode consists of an activated material, while the cathode
comprises Ag-doped ZnO, with both drops cast on carbon
paper. A cyclic stability test was performed to evaluate the
asymmetric device’s stability. Measurements were made at a
current density of 5 mA/cm2 to evaluate the device’s
performance over 10,000 cycles. Figure 11c,d displays the
device’s cyclic efficiency and highlights exciting results.
Surprisingly, even after 10,000 cycles, the device shows
excellent capacitance retention, at around 94%. This result
indicates that the Ag-doped ZnO electrode performance has
not substantially dropped in combination with activated
carbon and exhibits excellent EC stability.

5. CONCLUSIONS
To test the feasibility as electrode materials in an asymmetric
supercapacitor, pure ZnO and Ag-doped ZnO NC were made
utilizing a simple green-assisted sol−gel autocombustion
process. The structural characterizations of the Ag-doped
ZnO NC, which enhanced the total electronic conductivity,
included XRD, UV−vis, FTIR, SEM, and HR-TEM inves-
tigation. From the CV study, the CA values of the ZnO NPs
and Ag-doped ZnO electrodes were found to be 16.65 and
24.07 mF/cm2, respectively, at a scan rate of 50 mV/s.
Moreover, the GCD study shows that pure ZnO electrodes
only have an arial capacitance of 10.01 mF/cm2 at 2 mA/cm2

and Ag-doped ZnO electrodes have a higher capacitance value
of 12.25 mF/cm2 at the same current density of 2 mA/cm2.
The data from CV and GCD illustrated its EDLC behavior,
while EIS confirmed that its Ag-doped ZnO has a more
conductive nature than pristine ZnO. Furthermore, Ag-doped
ZnO was used as an electrode material in asymmetric
supercapacitor devices. The capacity retention was found to
be 94% after 10,000 cycles. Thus, Ag-doped ZnO NCs are a
suitable option for supercapacitor applications based on the
aforementioned findings. The distinctive Ag-doped ZnO
electrodes demonstrate that there is a good electrode material
for the next high-performance supercapacitor.
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