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Abstract: Electrode materials comprising SnO, quantum
dots embedded within ZnO hexagonal prisms were suc-
cessfully synthesized for building cost-effective energy-
storage devices. Extensive structural and functional
characterizations were performed to assess the electroche-
mical performance of the electrodes. SEM-EDS results con-
firm a uniform distribution of Sn0O, quantum dots across
Zn0. The integration of Sn0O, quantum dots with ZnO hex-
agonal prisms markedly improved the electrochemical
behavior. The analysis of electrode functionality con-
ducted in a 3M KOH electrolyte revealed specific capaci-
tances of 949.26 and 700.68 F g‘1 for SnO,@Zn0O and ZnO
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electrodes, respectively, under a current density of 2A g,
After undergoing 5,000 cycles at a current density of
15A g™, the Sn0,@ZnO and ZnO electrodes displayed
impressive cycling stability, maintaining specific capaci-
tance retention rates of 89.9 and 92.2%, respectively.
Additionally, a symmetric supercapacitor (SSC) device
constructed using the Sn0O,@ZnO electrode showcased
exceptional performance, exhibiting a specific capaci-
tance of 83F g at 1.2 A g™, Impressive power and energy
densities were achieved by the device, with values reaching
2,808 and 70.2 W kg™, respectively. Notably, the Sn0,@ZnO
SSC device maintained a capacity preservation of 75%
throughout 5,000 galvanostatic charge—discharge sequences.
The outcomes highlight the potential of SnO,@Zn0O hexa-
gonal prisms as candidates for energy-storage applications,
offering scalability and cost-effectiveness. The proposed
approach enhances the electrochemical performance while
ensuring affordability, facilitating the creation of effective
and financially feasible energy storage solutions.

Keywords: supercapacitors, energy storage, SnO, quantum
dots, ZnO hexagonal prisms, symmetric supercapacitor

1 Introduction

The increasing need for clean and sustainable energy solu-
tions has accelerated the advancement of effective energy
storage devices [1-6]. Supercapacitors, also known as elec-
trochemical capacitors, have emerged as potential candi-
dates because of their unique characteristics [7]. They
serve as a link between traditional capacitors and batteries,
offering superior power density than batteries and remark-
able energy density than capacitors [8,9]. This translates to
exceptionally fast charge/discharge cycles, making them
ideal for applications that require instantaneous power
delivery and uptake (such as in electric vehicles), integration
of renewable energy sources into the grid, and portable
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electronics [10]. Despite their immense potential, supercapa-
citors still face challenges that limit their widespread appli-
cation, particularly in the identification and development of
effective electrode materials [11,12]. Ideally, these materials
should possess a synergistic combination of properties, such
as high capacitance, excellent rate capability, and extended
cyclic stability [13]. A high capacitance corresponds to the
capacity to store a significant quantity of electrical energy,
directly affecting the energy density of a supercapacitor
device [14,15]. To achieve excellent rate capability, the elec-
trode material should allow for rapid charge/discharge
cycles, ensuring that the supercapacitor can deliver and
absorb energy quickly [16]. This attribute is vital for sce-
narios necessitating frequent bursts of power, such as the
acceleration of electric vehicles. In addition to achieving
extended cycling stability, the developed supercapacitors
should undergo degradation, resulting in a gradual decline
in capacitance over time. Electrodes with exceptional cycling
stability can maintain their performance for long durations,
thereby extending the lifespan of the device [17]. In this
regard, metal oxides [18] have been extensively explored for
supercapacitor electrodes (cerium dioxide [19], iron(m) oxide
[20]) because of their abundance, environmental friendliness,
and inherent electrochemical properties. SnO, and ZnO are
two prominent materials in this category [21-23]. ZnO is
acknowledged as a versatile semiconductor with notable elec-
trical conductivity, reaching up to 230 S/cm [24,25]. The ability
to adjust the bandgap, morphology, and size of ZnO allows for
its extensive utilization across various device technologies
[26]. ZnO offers several advantages, including a high theore-
tical capacitance, good environmental stability, and relatively
high conductivity compared to that of other metal oxides [27].
However, ZnO suffers from fast capacitance decay during
charge/discharge cycles. This rapid degradation significantly
reduces the long-term performance and stability of a super-
capacitor [28]. SnO, boasts several attractive features for
supercapacitor applications. It possesses a high theore-
tical capacitance, indicating its potential to store signifi-
cant amounts of electrical energy [29,30]. Additionally,
SnO, exhibits pseudocapacitive behavior, a mechanism
that enhances the capacitance compared with the pure
electrical double-layer capacitance [31]. However, a sig-
nificant drawback of using SnO, is its low electrical con-
ductivity, which hinders the efficient transfer of electrons
within the electrode, ultimately affecting the rate cap-
ability of the supercapacitor [32]. Hence, research endea-
vors have concentrated on mitigating the drawbacks of
individual metal oxides and exploring composite mate-
rials that leverage the strength of each component [33].
In this context, the utilization of SnO,-decorated ZnO hex-
agonal prisms shows promise in advancing the development
of high-performance supercapacitor electrodes. However,
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working on Sn0O,/ZnO composites for supercapacitor
applications may reveal a gap in knowledge regarding the
specific design and morphology of the composite material
for optimal performance. The use of ZnO hexagonal prisms
as a scaffold decorated with SnO, nanoparticles offers a
unique approach with several potential benefits. The hexa-
gonal prismatic structure of ZnO provides a large surface
area to accommodate the deposition of SnO, nanoparticles
[34]. This increased surface area can enhance the number of
electrochemically active sites available for charge storage,
potentially leading to higher capacitance. Further decora-
tion of the ZnO hexagonal prisms with well-dispersed SnO,
quantum dots can improve the overall conductivity of the com-
posite electrode. This addresses the limitations of pristine SnO,
while retaining its high theoretical capacitance. Thus, the com-
bination of SnO, and ZnO could potentially generate a syner-
gistic effect in which the advantages of each material comple-
ment the other. For instance, SnO, can enhance the capacitance
of a composite, whereas ZnO can improve its cycling stability.

This study aims to bridge this knowledge gap by com-
prehensively investigating SnO,-decorated ZnO hexagonal
prisms as supercapacitor electrodes. We explored the synth-
esis of these composite materials with controlled mor-
phology and tailored SnO, loading. Extensive testing was
conducted to evaluate the electrochemical performance of
the electrodes, with specific attention given to capacitance,
rate capability, and cycling stability. A detailed analysis was
conducted to decipher the structure—property relationships
between the morphology, composition, and resulting elec-
trochemical behavior of the composite electrodes by unveiling
the performance potential and underlying mechanisms of
SnO,-decorated ZnO hexagonal prisms.

2 Materials and methods

2.1 Material synthesis and preparation
2.1.1 Sn0O, quantum dots

To prepare SnO, quantum dots, 2.5 g of SnCl,'5H,0 (Daejung
Chemicals and Metals Co., Korea) was dissolved in DI water
(130 ml) and agitated at 600 rpm for 5min. Subsequently,
5.3 ml of hydrazine (N,H, — Sigma-Aldrich, USA) was gradu-
ally added dropwise to the solution while maintaining the
agitation for 20 more minutes at a temperature of 25°C. The
solution was then heated to 105°C (in the absence of agita-
tion) for 19 h. The residue from the mixture was retrieved
via centrifugation, followed by thorough washing with water
and ethanol, typically lasting 4-5 cycles. Following that, it was
placed in an oven at 75°C and dried for 14 h.
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2.1.2 Sn0, quantum dots interspersed ZnO hexagonal
prisms

To prepare SnO,-decorated ZnO nanostructures, equivalent
amounts of commercially obtained ZnO (Sigma-Aldrich,
USA) and synthesized SnO, quantum dots were separately
dispersed in 50 ml of water and stirred for 60 min to achieve
a homogeneous liquid solution. Subsequently, the SnO,-
based solution was added dropwise to the ZnO solution
under continuous stirring for 3h at room temperature
(25°C). Following that, the resulting material was subjected
to centrifugation and washed with water and ethanol four to
six times, followed by drying for 20h at 80°C in a hot
air oven.

2.2 Electrode fabrication

The assembly process of the working electrode entailed the
meticulous application of a slurry onto a Ni-foam using the
drop-casting technique. Ethanol was added to ensure a
homogeneous mixture, which was then uniformly applied
to pre-cleaned and pre-weighed Ni-foam substrates (1 x 1
cm?). The slurry was prepared by mixing the active mate-
rial with carbon spheres, which served as an electrically con-
ductive additive, in a weight ratio of 8:2. The active material
was loaded onto each electrode at a mass of approximately
1mg. Following that, the electrodes were dried overnight at
80°C to eliminate any residual solvent and ensure the forma-
tion of well-defined electrode structures.

2.3 Electrochemical performance
assessment

In the electrochemical setup, an Ag/AgCl and a Pt wire were
utilized as the reference electrode and counter electrode,
respectively. An active material (ZnO, Sn0O,, or Sn0,@Zn0)
drop-cast onto a Ni-foam substrate served as the working
electrode. All electrochemical assessments were carried
out in a 3.0 M KOH electrolyte. Several analytical methods
were used to explore the electrochemical attributes. Cyclic
voltammetry (CV) was employed to examine the redox char-
acteristics of the electrodes. To investigate the charge-transfer
resistance and interfacial features, electrochemical impe-
dance spectroscopy (EIS) was used. To assess the energy-sto-
rage capabilities of the electrodes, galvanostatic charge/
discharge (GCD) analyses were employed. A potentiostat
instrument (SP-200 Bio-Logic) was utilized to assess all the
electrochemical evaluations.

Nanoscale synergy for advanced supercapacitors = 3

2.4 Device assembly and testing

To assemble the symmetric supercapacitor (SSC) device,
Sn0,@Zn0 was deposited onto Ni-foam, fulfilling the roles
of both positive and negative electrodes. A 3.0 M KOH solu-
tion was used as an electrolyte. CV of the device was per-
formed by employing incremental sweep rates from 5 to
200mV s under a potential span of 0-1.3 V. GCD analysis
was carried out by employing current densities ranging
from 1.2 to 2 A g*. Furthermore, EIS assessments were con-
ducted within a frequency range of 200 kHz to 0.1 Hz using
an open circuit voltage. The specific capacitance (Cs) was
calculated using the following equation:

LAt

- 1
S maAv’ e

where I stands for the applied current (A), At signifies the
discharge time (s), AV indicates the voltage window (V), m
represents the active material mass (g), and C; denotes the
specific capacitance (F g™). The following equations were
used to calculate the energy density (E4) and power density
(Py) of the system:

1
Eq= ECS(AV)Zr )
Eq
= —, 3
Py At 3)

3 Results and discussion

3.1 Material characterization

X-ray diffraction (XRD) was utilized to examine the crystal-
line properties of ZnO, Sn0,, and Sn0O,@ZnO, and the
obtained XRD data are presented in Figure 1. All the dis-
cernible peaks of ZnO are precisely indexed and aligned
with JCPDS card No. 75-1526, confirming its high crystal-
linity. A prominent high-intensity peak is observed at
36.1°, corresponding to the (101) plane of hexagonal ZnO.
The XRD pattern for the SnO, quantum dots exhibits peaks
at 26.2° (110), 33.6° (101), and 51.8° (211), indicating a tetra-
gonal crystal structure (JCPDS card No. 77-0450). The XRD
peaks for the SnO,-decorated ZnO nanostructure include
one at 36.5°, corresponding to the (101) plane, with a slight
increase attributed to SnO,. Importantly, the hexagonal
crystal structure of the ZnO nanostructure remains unaf-
fected, indicating that the introduction of SnO, does not
alter the ZnO structure but rather enhances its crystalli-
nity. The X-ray intensity initially exhibits a maximum on
the surface of SnO, compared to that in the ZnO
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Figure 1: XRD patterns for ZnO hexagonal prisms (Zn0), SnO, quantum
dots (Sn0y), and SnO, quantum dot-decorated ZnO hexagonal prisms
(Sn0,@Zn0).

nanostructure because the characteristic peaks of ZnO
have higher intensities in the Sn0,@Zn0 samples. Informa-
tion on the interplanar distance, particle size, and strain
was obtained from the XRD results utilizing Bragg’s law,

(\‘l —ﬁ/\/f,
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Scherrer’s formula, and the Williamson-Hall formula, respec-
tively. The interplanar distance d (101) increased in the
Sn0,@ZnO sample, indicating the introduction of smaller
Sn atoms into the lattice. The crystalline sizes for (100),
(101), (102), and (110) peaks were increased in SnO,@ZnO
when compared to pristine ZnO but remained constant for
the (002) peak. This can be due to the interaction between
SnO, and ZnO that may alter the surface energy of the com-
posite material, affecting the kinetics of crystal growth differ-
ently for various crystallographic planes. These subtle varia-
tions in size can be attributed to differences in the growth
mechanisms, preparation temperatures, and particle sizes.
The observed distinctions align with prior reports on simi-
larly decorated compounds, confirming the successful decora-
tion of SnO, on ZnO.

Examination of the morphology of the samples was
carried out by utilizing field emission scanning electron
microscopy (FESEM), as shown in Figure 2(a)-(c). The
FESEM images reveal hexagonal prisms with an irregular
size distribution for the ZnO nanocrystals. Figure 2(b) shows
large grains of SnO, with irregular shapes, likely resulting
from particle accumulation owing to the reaction condi-
tions. Rapid nucleation facilitates the even distribution of

Figure 2: SEM analysis of (a) ZnO hexagonal prisms, (b) SnO, quantum dots, and (c) SnO,@ZnO hexagonal prisms.
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Sn0, quantum dots over the ZnO hexagonal nanostructure,
as observed in Figure 2(c).

The morphological characteristics of Sn0,@Zn0O were
further investigated by field emission transmission elec-
tron microscopy (FETEM). Figure 3(a)—(c) presents FETEM
images of the Sn0,@ZnO hexagonal prisms. Upon magnifi-
cation, the FETEM micrographs present well-defined lattice
fringes, indicating interplanar spacings of 0.47 nm (ZnO)
and 0.33nm (SnO,) (Figure 3(b) and (c)). The selected
area electron diffraction (SAED) pattern (Figure 3(d)) conclu-
sively illustrates the polycrystalline nature of the Sn0,@ZnO
hexagonal prisms, revealing interconnected nanostructures
[35]. The results align with the XRD findings, offering addi-
tional confirmation of the effective amalgamation of SnO,
quantum dots and ZnO nanostructures. Additionally, the
elemental distribution within the Sn0,@Zn0O specimen is
shown in Figure 3(e)-(h) illustrates the EDS mapping.
The homogeneous dispersion of core elements across
the sample, revealed by the mapping, suggests a uniform
distribution.

Porosity and specific surface area characteristics were
also assessed through Brunauer-Emmett-Teller (BET) ana-
lysis (Figure 4). Nitrogen adsorption—desorption isotherms
of the specimens display a distinct type IV hysteresis, fea-
turing a loop at relative pressures between 0.9 and 1.0,
which signifies the existence of mesopores, as depicted in
Figure 4(a). This mesoporous configuration aids in mini-
mizing the electron transport distance, thereby optimizing

.

HAADF MAG: 57.0kx HV: 200kV

300 nm
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the electron transfer efficiency [36]. In Figure 4(b), the
average pore diameters are shown to be 3.6 nm for ZnO
and 2.7 nm for Sn0,@Zn0, employing the Barrett-Joyner—
Halenda (BJH) method. These results indicate the presence
of a conventional mesoporous configuration in both sam-
ples [37]. The BET surface area measurements (Figure 4(c))
reveal values of 3.91 m?%g for ZnO and 9.39 m?%g for
Sn0,@Zn0O, demonstrating a threefold rise in surface area
ascribed to the decoration of SnO, onto ZnO. This enhance-
ment in surface area is evident in the comparative electro-
chemical performance analysis of the two electrodes.
X-ray photoelectron spectroscopy (XPS) is a suitable
technique for examining the chemical structure of sam-
ples. In this study, ZnO hexagonal prisms, SnO, quantum
dots, and Sn0,@ZnO hexagonal prisms were subjected to
XPS analysis, as shown in Figure 5(a). The core element
peaks of Zn, Sn, and O are identified at their predicted posi-
tions, indicating high quality of the samples. The Zn 2p
spectra for pure ZnO and SnO,@ZnO (Figure 5(b) and (c))
reveal two strong peaks at energies of 1021.2 eV and 1044.3,
corresponding to the Zn 2ps, and Zn 2p,, lines, respectively.
The difference of 23.1eV between these energy levels indi-
cates the oxidation state of Zn to be +2 [38]. Similarly, the
results in Figure 5(d) and (e) indicate that Sn is in the +4
oxidation state, confirmed by two strong peaks occurring at
energies of 486.1 and 494.5 eV, equivalent to Sn 3ds, and Sn
3dsy, respectively. A distinction of 8.4 eV between the major
Sn peaks corresponds to the energy variance. No significant

(101)

)

v *
-

o)

300 nm
HAADF MAG: 57.0kx HV: 200kV HAADF MAG: 57.0kx HV: 200kV

Figure 3: (a)-(c) FETEM images of Sn0,@ZnO, (d) SAED patterns of Sn0,@ZnO, and (e)-(h) EDS mapping.
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Figure 4: BET analysis. (a) Adsorption-desorption isotherms of ZnO and Sn0,@ZnO, (b) BJH pore volume vs pore diameter of ZnO and Sn0,@Zn0, and

(c) BET surface area of ZnO and Sn0,@ZnO.

changes are observed in these results. Figure 6(a)—(c) illus-
trates the deconvolution of the O 1s spectra for ZnO and
SnO, quantum dots and that of Sn0,@ZnO reveals a distinct
peak at 529.4 eV, attributable to lattice oxygen (Oy). An
adsorbed oxygen (0,q) peak also appears at 530.9 eV in the
samples, indicating the quality of all materials.

3.2 Three-electrode system electrochemical
studies

Electrochemical assessments of the ZnO hexagonal prisms
and Sn0,@Zn0 nanostructures were conducted within an
aqueous electrolyte of 3.0 M KOH. The CV results (Figure 7)
show distorted rectangular shapes, suggesting that the
electrodes operate in a manner that is characteristic of
electric double-layer capacitors (EDLCs). Additionally, the
detection of successive redox peaks in the CV profiles of all
electrodes suggests the occurrence of faradaic processes
during electrochemical cycling. CV signals for ZnO hexa-
gonal prisms (Figure 7(a)) are presented in the voltage

range of 0.1-0.5V, with varying sweep rates from 5 to
200mV s~ The oxidative and reductive peak currents of
the ZnO hexagonal prisms exhibit a linear relationship (Figure
7(c)), indicating surface-driven electrochemical behavior stem-
ming from a blend of pseudocapacitance and electric double-
layer capacitance [39]. The change in peak positions with
increasing scan rates reflects the polarization effects occurring
in the system [40].

Figure 7(b) illustrates the CV profiles of Sn0O,@ZnO
nanostructures at scan rates ranging from 5 to 200 mV s
within the voltage range 0.1-0.5V. A comparable trend is
observed in the electrochemical behavior of both the
Sn0,@Zn0O samples and the ZnO hexagonal prisms, as
they both exhibit a linear association between oxidative
and reductive peak currents. The presence of discernible
redox peaks implies significant faradaic characteristics
inherent in the prepared electrode material [41]. Decora-
tion of SnO, quantum dots on ZnO hexagonal prism sur-
faces enhances the efficiency of electron transfer, boosting
both anodic and cathodic currents. From the CV profile of
Sn0,@ZnO (Figure 7(d)), the disparity between the reduc-
tion and oxidation currents is highlighted, associated with
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Figure 5: (a) XPS survey spectra of ZnO, Sn0,, and Sn0,@Zn0, (b) and (c) XPS core level spectra of Zn 2p for (b) ZnO and (c) Sn0,@Zn0O, and (d) and (e)
XPS core level spectra of Sn 3d for (d) SnO, and (e) SnO,@ZnO.

the boosted oxidation peak current. The observed incre- remains lower than that of the Sn0,@Zn0O samples, broader
ment in the anodic peak potential (Ey,) is a result of the peak bases are observed, suggesting a more substantial
synergistic impact of SnO, over ZnO hexagonal prisms, accumulation of electrons. The association between the
leading to a diminished impedance at the electrode/elec- scan rate (v) and the recorded current (I) was explored
trolyte interface. This results in the ZnO electrode dis- utilizing the power-law model expressed as equation (4),
playing a lower anodic peak potential compared to that as postulated by Lindstrom et al. [42].

of the.SnOZ@ZnO nafnostructures. Moreover, while. the I=p, VP = Lyt + Ly )
cathodic peak potential (Epc) for ZnO hexagonal prisms
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Figure 6: (a)-(c) XPS O 1s spectra for ZnO, SnO,, and Sn0,@ZnO, respectively.

A linear dependency equation (equation (5)) is employed
to fit the experimental data to determine the parameters p,
and p,. This analytical approach facilitates the discernment of
diffusion and capacitive-controlled kinetics governing the
electrode process, offering key insights into the intrinsic elec-
trochemical performance.

log(I) = log(p,) + p,-log(v). 6

The parameter p, within the power-law equation offers
significant deep insight into the kinetic constraints inherent
in the investigated system. A p, value near 0.5 suggests that
the current is primarily constrained by diffusion. When
p, =1, however, it indicates a direct proportionality between
the scan rate and current, indicating a surface-controlled
(capacitive) process. A p, value ranging from 0.5 to 1 implies
a combination of diffusion-controlled and capacitive-con-
trolled kinetics. These observations, consistent with prior
research [43,44], enhance our comprehension of electrode
processes and the complex interaction between diffusion
and capacitive-based phenomena. As shown in Figure 7(c),
the reductive and oxidative peaks of ZnO hexagonal prisms
indicate a p, value of about 0.7, signifying the presence of

both diffusion- and capacitive-controlled kinetics. On the
contrary, the SnO,@ZnO electrode depicted in Figure 7(d)
exhibits redox peaks with a p, of 0.56, indicative of the
kinetics influenced by diffusion. In order to precisely quan-
tify the charge accumulation attributed to various mechan-
isms, the power-law equation can be adjusted to enable
a quantitative assessment of the charge contributed by the
diffusion-controlled process (m, v”») and the capacitive-type
process (myv) as follows [45]:

(6

I=mpy + myvi2

@)

W = ml-vl/z + my.

In this context, v denotes the scan rate, I represents the
peak current, and m; and m, are variable parameters.
Analysis of the current behavior at different potentials
under varying sweep rates yielded the gradient and inter-
cept values of m; and m,. Across incremental scan rates
from 5 to 200 mV s, the capacity contributions for the ZnO
hexagonal prism electrode (Figure 7(e)) were 14, 19, 25, 32,
36, 40, 42, 44, 47, and 51% of the total current, respectively.
These values suggest a combination of both surface-
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Figure 7: Three-electrode system evaluation. CV curves of (a) ZnO and (b) Sn0O,@ZnO0. Variations of oxidative peak (I,,) and reductive peak ()
currents versus scan rate of (c) ZnO electrode and (d) SnO,@ZnO electrode. Logarithmic plots of redox peaks for (e) ZnO and (f) SnO,@ZnO. Diffusion-

and capacitive-controlled contributions of (g) ZnO and (h) SnO,@ZnO.

controlled and diffusion-controlled kinetics. At the same
scan rates (Figure 7(f)), the electrode composed of Sn0,@ZnO
nanostructures exhibited capacity contributions of 5, 6, 9, 12, 14,
16, 18, 19, 21, and 23% of the total current, respectively, repre-
senting a dominant influence of diffusion-controlled kinetics.
Figure S1 represents the capacitive and diffusion contribution
of ZnO and SnO,@ZnO samples. This highlights the significant
role played by the diffusion-controlled mechanism in deter-
mining the charge storage performance of Sn0.@ZnO [46].
The exploration of the charge and discharge behaviors
was facilitated by comprehensive GCD measurements, as
depicted in Figure 8(a) and (b). Within a spectrum of cur-
rent densities from 2 to 15A g™, both the ZnO hexagonal
prism and Sn0O,@ZnO nanostructure electrodes displayed
asymmetric behavior in their GCD curves. The non-linear pro-
files observed for both ZnO hexagonal prisms and Sn0,@Zn0O
nanostructures indicate the presence of faradaic redox

dynamics that can correspond to the detected oxidation
and reduction behavior in the CV profiles. The ZnO hexa-
gonal prisms demonstrated a specific capacitance of
700.68 F g‘l, whereas the SnO,@ZnO electrode exhibited an
enhanced specific capacitance of 949.26 Fg™ at a current
density of 2A g™, As the current density increased to 4, 6,
8, 10, 12, and 15A g™, the specific capacitance of the ZnO
hexagonal prism electrode reduced to 582, 530, 406, 300,
249, and 219F g7, respectively. On the contrary, for the
same current densities, the Sn0,@ZnO electrode sustained
higher specific capacitances of 749, 630, 562, 517, 487, and
459 F g! (Figure 8(c)). These findings highlight the superior
electrochemical performance of the Sn0O,@ZnO electrode,
offering higher specific capacitances across different cur-
rent densities compared to the ZnO hexagonal prism elec-
trode. Both electrodes displayed notable cycling stability,
with the ZnO hexagonal prism and Sn0O,@ZnO electrodes
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Figure 8: Galvanostatic charge-discharge curves of (a) ZnO and (b) Sn0,@Zn0. (c) Specific capacitance vs cycle number at various current densities.
(d) Galvanostatic charge-discharge cycling stability of ZnO and SnO,@ZnO0 at a current density of 15 A/g for 5,000 cycles. (e) EIS spectra of ZnO and

Sn0,@ZnO0. (f) EIS fitted circuit.

retaining 92.5 and 89.9% of their capacity, respectively, after
5,000 cycles of charge and discharge under an elevated cur-
rent density of 15A g™ (Figure 8(d)). Alongside remarkable
cycling stability, both the ZnO hexagonal prism and SnO,@ZnO
electrodes demonstrated consistent Coulombic efficiency.

The EIS technique was utilized to examine the charge-
transfer behavior of ZnO hexagonal prism and SnO,@Zn0O
electrodes, as depicted in Figure 8(e). Figure 8(f) shows the
fitted impedance plot along with the corresponding para-
meters, and the comprehensive values are listed in Table 1.
Consistency in the Nyquist plots for all electrodes is achieved
by employing an equivalent circuit model. The determined
internal impedance (R1) values for the ZnO hexagonal prism
and SnO,@ZnO electrodes are 0.53 and 0.48 Q, respectively.
The resistance arising from the charge transfer process (R2)
for the ZnO hexagonal prism electrode was measured at 50
Q, higher than that of the Sn0.@ZnO electrode (45 Q). This
implies that the decoration of SnO, over ZnO hexagonal
prisms in the Sn0,@Zn0O electrode promotes charge trans-
port between the prisms and quantum dots, thereby enhan-
cing the overall electrochemical performance [47]. The Q2
value, which is a double layer capacitance, for the ZnO
hexagonal prism and SnO,@ZnO electrodes was determined
at 3.7 and 2.9 mF s, respectively. The pseudocapacitance
(C3) values of ZnO hexagonal prisms and SnO,@ZnO were
determined as 0.05 and 0.1F, respectively. The improved
electrochemical traits detected for the SnO,@ZnO electrode,
validated by the EIS investigation, corroborate the conclusions

drawn from the GCD and CV assessments, further reinforcing
the findings.

3.3 SSC device electrochemical studies

To accurately assess the electrochemical capabilities of the
Sn0,@ZnO electrode material, a two-electrode device (SSC)
was developed employing SnO,-decorated ZnO hexagonal
prisms as the positive and negative electrodes. As depicted
in Figure 9(a), the CV curves of the fabricated SSC device were
recorded at incremental scan rates from 5 to 200 mV s,
encompassing a potential interval of 0-13V. Significantly,
the CV curves display clearly defined rectangular shapes
with evident reduction and oxidation peaks, suggestive of
EDLC behavior. The pseudocapacitive behavior of the SSC
can be observed owing to the occurrence of a pair of redox
peaks. Specifically, even at elevated sweep rates, the CV plots
retain their rectangular shapes, highlighting the exceptional
rate capability of the SSC. This preservation of rectangular

Table 1: The impedance parameters obtained from fitting for ZnO and
Sn0,@ZnO electrodes tested in a three-electrode configuration

Electrode R1(Q) R2 () Q2 (mFs““™) C3 (F)
Zn0 0.53 50 3.79 0.05
Sn0,@Zn0 0.48 45 2.92 0.1
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shapes underscores the ability of the SSC to maintain its
electrochemical efficiency under heightened scan rates, high-
lighting its appropriateness for high-rate applications [48].
The CV for the SnO,@ZnO SSC device exhibited a pair of
redox peaks (Figure 9(a)), indicating the battery-type beha-
vior of the material [49]. This behavior can also be seen in the
GCD results as well. At various current densities (1.2-2 A g’l),
the GCD curves of the Sn0,@ZnO SSC were recorded (Figure
9(b)). Across the spectrum of current densities, a noticeable
extended discharge time is observed, signifying the advanta-
geous electrochemical behavior of the SSC device and empha-
sizing its remarkable efficacy in energy storage applications
[50]. The SnO,@ZnO SSC device achieves a consistent specific
capacitance of 83F g™ (Figure 9(c)) at a current density of
1.2 A g™, With a rise in the current density to 2A g™, a propor-
tional decline in specific capacitance to 19.2F g is evident.
With higher current densities, there is a reduction in specific
capacitance due to limitations in charge transfer kinetics and
ion diffusion within the electrode material. Such findings
underscore the relationship between the applied current den-
sity and specific capacitance. To evaluate the enduring capaci-
tance retention of Sn0,@ZnO SSC, a rigorous GCD examination
was carried out for an extended period of 5,000 cycles, at
2A g current density. The results portrayed in Figure 9(d)
reveal a consistent capacitance retention of 75% even after
enduring 5,000 GCD cycles, showcasing the SSC device’s satis-
factory cyclic stability. The obtained results emphasize the
viability of the SnO,@ZnO-based SSC for extended energy-
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storage applications. Figure 9(e) illustrates a Ragone plot
showcasing the correlation between the power and energy
densities of the prepared SSC, computed by means of equa-
tions (2) and (3). Remarkably, Sn0,@Zn0 SSC displays an energy
density of 702Wkg™ at a power density of 2808 Wkg™,
exceeding earlier documented benchmarks for energy and
power densities [51-55]. A thorough comparison of these
metrics with those of alternative supercapacitor systems is
presented in Table 2. The EIS spectrum of the assembled

Sn0,@Zn0 SSC is depicted in Figure 9(f), which shows a small

internal resistance of 0.79 Q, indicating enhanced specific

power capability. An enhanced double-layer capacitance in
combination with 62 Q of minimal charge-transfer resistance
emphasizes the decent electrochemical performance of the
fabricated SnO,@ZnO device. These results emphasize the
promise of the Sn0,@ZnO SSC device for sophisticated
energy-storage applications.

Overall, the key findings and advantages observed in
the experimental results are as follows:

* XRD analysis confirmed the high crystallinity of ZnO and
Sn0,@ZnO, indicating that the introduction of SnO, did
not alter the hexagonal crystal structure of ZnO but
rather enhanced its crystallinity. This structural stability
is crucial for maintaining consistent electrochemical per-
formance over multiple cycles.

« FESEM and FETEM imaging revealed well-defined hexa-
gonal prisms with uniform SnO, decoration, suggesting
effective integration of SnO, into ZnO nanostructures.
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Table 2: Comparison of the performance of SnO,@ZnO with various SSCs

Energy density (W kg™") Capacitance retention

Power density (W kg™

Specific capacitance (Fg™")

Electrolyte

Electrodes

Bhargav Akkinepally et al.

—

— — = o

— e e e e

91% after 10,000 cycles

NA
NA

16.43
31

932.74
565
884
792

76Cg™"
NA
NA
48

6 M KOH

NiO/ZnO@Ni2P/ZnP2/rGO//AC HSC

Zn0 SSC

0.5M Na,S0,
0.5M Na,S0,

6.8

131

ZnO/GNR SSC
ZNO/CNT SSC

~95% after 300 cycles

0.1 M TBAPC/DMF
1M NaySO4

1M NaySO4

3M KOH

73.6% after 1,000 cycles
85% after 250 cycles

10.65
32.78

258.26
1,000
2,808

94.6
92

PPy/GO/Zn0 SSC
Zn0O/C SSC

This work

75% after 5,000 cycles

70.2

83.07

Sn0,@Zn0 SSC

Bold values represents the results of the current work.

DE GRUYTER

Additionally, BET analysis demonstrated a threefold increase
in the surface area for Sn0,@ZnO compared to that of pris-
tine ZnO, which is advantageous for facilitating more active
sites for charge storage and transfer.
Electrochemical studies, including CV and GCD measure-
ments, showcased superior electrochemical performance
of Sn0,@ZnO compared to ZnO alone. SnO,@ZnO elec-
trodes exhibited higher specific capacitance across var-
ious current densities, indicating their ability to store
more charge per unit mass and deliver higher energy
densities.

* CV profiles of Sn0,@ZnO electrodes displayed well-defined
rectangular shapes even at elevated scan rates, indicative
of excellent rate capability. Moreover, GCD measurements
revealed extended discharge times and consistent capaci-
tance retention over 5,000 cycles, highlighting the enhanced
cycling stability of Sn0,@ZnO electrodes.

* Ragone plot analysis demonstrated that the SnO,@ZnO
SSC device achieved higher energy and power densities
compared to conventional ZnO-based devices, show-
casing their potential for high-performance energy sto-
rage applications.

4 Conclusions

In summary, this research introduced a novel electrode
material for supercapacitors, comprising SnO, quantum
dots integrated into ZnO hexagonal prisms (SnO,@ZnO0),
marking the first usage of the Sn0O,@ZnO electrode material
in supercapacitor application. A comprehensive examina-
tion was undertaken to assess the electrochemical per-
formance of the prepared material, yielding significant
results. At a current density of 2Ag‘1, the ZnO electrode
demonstrated a specific capacitance of 700.68 F g™, while
the Sn0O,@ZnO electrode demonstrated a specific capaci-
tance of 949.26 F g‘1 . Notably, both electrodes, SnO,@ZnO
and ZnO, showcased outstanding cycling stability. The
Sn0,@ZnO electrode retained a specific capacitance of
412.5F g™, whereas the ZnO electrode maintained a specific
capacitance of 277.5F g, even after 5,000 cycles at a high
current density of 15Ag™". These results underscore the
exceptional robustness and durability of the electrode mate-
rial. To evaluate the real-world applicability of SnO,@ZnO,
an SSC device was fabricated with Sn0,@Zn0O acting as posi-
tive and negative electrodes. Remarkably, at a current den-
sity of 12A g, the Sn0,@Zn0 SSC device showcased a decent
specific capacitance, achieving 83.07 F g . Additionally, remark-
able power and energy densities of 2,808 Wkg™ and
70.2Wkg‘1, respectively, were achieved. Furthermore, a
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significant capacity retention of approximately 75% was
exhibited by the SSC device after 5,000 GCD cycles. This
underscores the material’s ability to endure prolonged
cycling while maintaining a consistent electrochemical
performance. The outcomes of this investigation provide
significant insight into understanding the synthesis and elec-
trochemical attributes of Sn0,@ZnO hexagonal prisms.
These findings contribute substantially to the continuous
advancement of sophisticated supercapacitors, paving the
way for the enhanced optimization and applied integration
of Sn0,@Zn0 hexagonal prisms in energy-storage systems.
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