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ABSTRACT: In this study, we demonstrate rapid and facile
supersonic cold spray deposition of Zn2SnO4/SnO2/CNT nanocomposite supercapacitor electrodes with promising combinations of
power and energy density. Cyclic voltammetry conﬁrmed the capacitive
behavior of the optimized electrode, with speciﬁc capacitance reaching
260 F·g−1 at a current density of 10 A·g−1. We attribute this high
performance to the optimal combination of CNT (carbon nanotube;
double-layer capacitance) and Zn2SnO4/SnO2 (pseudocapacitance)
properties. The mesoporous and accessible surface of the CNT
signiﬁcantly contributed to the excellent retention (approximately
93%) of the speciﬁc capacitance after 15000 galvanostatic charge/
discharge cycles. In addition, the supercapacitor exhibited a remarkable
energy density, electrochemical properties, and mechanical stability. The materials and approach presented here can enable
cost-eﬀective, eﬃcient, and scalable production of high-performance supercapacitor electrodes.
KEYWORDS: Cold spray technique, Supercapacitor, Zn2SnO4, CNT, Nanocomposite

■

INTRODUCTION
Rapid economic development based on increased use of
nonrenewable fossil fuels has driven climate change and led to
many types of pollution that harm the environment. Major
changes in patterns of energy production and utilization will be
required to avoid catastrophic eﬀects.1−3 Alternative and
inexpensive renewable and clean energy sources are needed to
solve this environmental and energy crisis.4 Electrical energy
storage devices such as lithium-ion batteries and supercapacitors are needed for the eﬀective use of solar and wind
energy, which are inherently intermittent sources. Harnessing
renewable electricity for transportation requires portable
energy storage with high gravimetric and volumetric power
and energy densities. Compared to lithium-ion batteries, the
higher power density, faster charging ability, and longer life
cycle of supercapacitors (SCs) make them valuable components of many energy storage systems.5,6 However, SCs
generally have lower energy density than lithium-ion batteries
and can be prone to self-discharge.
The capacitance of a supercapacitor arises from two diﬀerent
basic mechanisms: electrochemical double-layer capacitance
(EDLC) and pseudocapacitance.7−10 EDLC occurs due to the
separation of electric charges at the electrode/electrolyte
interface with the electrostatic adsorption/desorption of ions
in the absence of Faradaic reactions.11 In contrast to EDLC,
pseudocapacitance involves Faradaic reactions. Supercapacitors
© XXXX American Chemical Society

based on reducible metal oxides (pseudocapacitive materials)
can exhibit much higher energy density than those based on
only EDLC.12 However, charge/discharge rates in these
devices are limited by the rates of the Faradaic reactions.
Most transition metal oxides (TMOs) have excellent
reversible reduction and oxidation reaction characteristics. In
particular, ruthenium oxide is an excellent pseudocapacitive
material, but its use is limited due to its toxicity, scarcity, and
high cost.13 TMOs, such as manganese oxide, iron oxide, tin
oxide, zinc oxide, and cerium oxide, are preferred owing to
their low cost and low toxicity combined with high speciﬁc
capacitance and power density.14−18 In each of these cases, the
TMO framework contains a multivalent metal that cycles
between oxidation states. This requires the diﬀusion of
electrolyte and ions outside and within the TMO framework,
respectively. The rates of these redox reactions are often
hindered by large activation barriers for ionic mobility.19 Thus,
energy density is often limited by the concentration of redoxactive sites, whereas power density is often limited by the rate
of ion diﬀusion.
Most TMOs are also electrically insulating. Their performance can be increased by adding an electronically conductive
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formation of a stable colloidal dispersion. CNT/Zn2SnO4/SnO2
colloidal dispersions with diﬀerent CNT concentrations were
prepared by adding the appropriate amount of CNTs to the precursor
dispersion and stirring until the CNTs were well dispersed (see Figure
1a). This precursor was then delivered to a cold spray system using a

material, preferably one with a high surface area to provide
EDLC.20,21 Various combinations of conductive carbon
materials with TMOs have been studied. Lee et al.22 reported
a gravimetric energy density of 15.8 Wh·kg−1 for CNF/
graphene/MnO2, and Li et al.23 demonstrated a MnO2/SCNT
(single-walled carbon nanotube) solid-state supercapacitor
with a volumetric energy density of 10.4 mWh·cm−3. Shi et
al.24 reported a high-performance Co3O4@carbon ﬁber@
Co3O4 supercapacitor with a speciﬁc energy density and
power density of 57.4 Wh·kg−1 and 375 W·kg−1, respectively.
Fe3O4-doped double-shelled hollow carbon spheres reported
by Li et al. delivered an energy density and power density of 45
Wh·kg−1 and 400 W·kg−1, respectively, and 96.7% retention of
the speciﬁc capacitance after 8000 cycles.25
Recently, mixed-metal oxides incorporating two diﬀerent
multivalent cations, with a spinel crystal structure and
stoichiometry of AxB3−xO4, where A and B are elements such
as copper, magnesium, zinc, iron, nickel, and titanium, have
emerged as promising supercapacitor electrode materials.
Bimetallic oxides such as Zn2SnO4 can increase electrochemical energy storage by supporting multielectron redox
reactions at diﬀerent potentials.26−28 Bimetallic oxides can
change structure during the Faradaic reactions, providing an
additional degree of freedom and facilitating rapid ion
diﬀusion.29 In addition, self-matrices alleviate agglomeration
during calcination and provide better thermal stability, while
the multivalent cations deliver more electrochemical
sites.28,30−32
In this study, the electrochemical performance of a
Zn2SnO4/SnO2/CNT composite was evaluated as a supercapacitor electrode. Nanostructured ﬁlms of the Zn2SnO4/
SnO2/CNT composite were deposited by supersonic cold
spraying. The fast and scalable cold spray deposition provided
excellent adhesion to the substrate, due to the high-speed
impact of particles. The additional beneﬁts of cold spray
deposition are discussed in our previous studies.33 The grafting
of Zn2SnO4/SnO2 particles over CNT occurred directly due to
the supersonic impact. Relative to alternative methods, the
cold spray approach eliminates several steps, such as particle
growth over CNT and washing of such CNT/metal oxide
composites to remove undesirable contamination in techniques
such as hydrothermal synthesis and chemical precipitation.
The nano/submicrometer particles of Zn2SnO4/SnO2 provided short diﬀusion pathways that improved the chargetransfer capability of composites. The high speciﬁc capacitance,
long life cycle, and enhanced energy and power densities of the
electrodes produced using this cold spray method demonstrate
the potential of the Zn2SnO4/SnO2/CNT composite as a
supercapacitor electrode.

■

Figure 1. (a) Schematic structures of Zn2SnO4/SnO2, CNT, and
Zn2SnO4/SnO2/CNT. (b) Schematic of the supersonic cold spray
system. (c) Annealed sample deposited using cold spray. (d) SEM of
Zn2SnO4/SnO2/CNT blend. (e) Flexible supercapacitor-powered
LED.
syringe pump (LEGATO 210, KD Scientiﬁc). The supersonic cold
spray system operating in open-air conditions (a “nonvacuum coating
method) was used for deposition; its schematic is shown in Figure 1b.
Preheated air was injected into a de Laval nozzle at a pressure (4 bar)
that accelerated the air and CNT/Zn 2SnO 4/SnO2 colloidal
dispersions to a supersonic velocity. The solvent evaporated, and
the particles were deposited on nickel foil (8 × 8 cm2) at a supersonic
speed (see Figure 1c). The nozzle dimensions and other process
parameters are listed in Table 1. The substrate was mounted on an x−

Table 1. Process Parameters
experimental conditions

parameter values

propellant gas
gas pressure
gas temperature
nozzle to substrate distance
x−y stage speed
precursor ﬂow rate

air
4 bar
200 °C
13 cm
1 cm s−1
1.5 mL min−1

y stage that was translated to produce a uniform deposition. The
deposition of Zn2SnO4/SnO2 and its composites was carried out for
N = 10 passes. In addition, an undoped ZnO (without SnO2) ﬁlm was
fabricated by spraying a ZnO/DMF dispersion.
The samples were ﬁnally annealed in Ar environment, in which the
temperature was raised from room temperature to 500 °C at a rate of
3 °C min−1. The temperature of 500 °C was maintained for 30 min,
and then the ﬁlm was allowed to cool naturally in the furnace. Figure
1d shows the intermingled CNT and Zn2SnO4/SnO2. A symmetric
supercapacitor assembled from a pair of Zn2SnO4/SnO2/CNT ﬂexible
electrodes was used to power a red LED, as shown in Figure 1e.
Characterization. The morphology of the samples was analyzed
using scanning electron microscopy (FESEM, S-5000, Hitachi, Ltd.),
transmission electron microscopy (TEM, JEM 2100F, JEOL, Inc.),
and energy-dispersive X-ray spectroscopy (EDS). For TEM, the
samples were directly coated on Cu grids. Raman spectroscopy (Jasco,
NRS-3100) was employed to analyze the CNT and other chemical
bonds based on their vibrational response. The crystal structures of
the Zn2SnO4/SnO2 sample and Zn2SnO4/SnO2/CNT composite
sample were investigated using X-ray diﬀraction (XRD, SmartLab,

EXPERIMENTAL METHODS

Materials and Deposition. Commercially available SnO2 (<100
nm average, Sigma-Aldrich) and ZnO (100 nm, Sigma-Aldrich)
powders were blended in a mass ratio of 2:1 using a high-energy ball
mill (PL-BM5L, AC 220 V 50/60 Hz, Poong Lim Tech., Korea).
Considering that the lower electrochemical potential of SnO2 induces
fast redox reactions, the ratio of SnO2/ZnO was set at 2:1 to obtain
SnO2-rich Zn2SnO4. The mechanochemical processing of the powders
with ceramic aluminosilicate balls for 72 h produced nanoparticles of
Zn2SnO4/SnO2. These nanoparticles of Zn2SnO4/SnO2 (0.30 g) were
then mixed with approximately 40 mL of N,N-dimethylformamide
(DMF, Reagent Duksan, Korea). Next, 0.3 mL of polyacrylonitrile
(PAN, Mw = 150 kDa, Sigma-Aldrich)/DMF solution was added to
the Zn2SnO4/SnO2/DMF mixture as a dispersant to support the
B
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Figure 2. SEM images of (a) ZnO, (b) Zn2SnO4/SnO2, and (c) Zn2SnO4/SnO2/CNT and elemental mapping of C, O, Zn, and Sn obtained using
EDS.

Figure 3. (a) XRD patterns and (b) XPS survey spectra of synthesized ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT materials.
Rigaku) over a 2θ range of 20−80°. The oxidation states of the
elements present on the surface of the samples were determined using
X-ray photoelectron spectroscopy (XPS, Theta Probe Base System,
Thermo Fisher Scientiﬁc Co.). The sheet resistances of the samples
were measured using a sheet resistance meter (FPP-400, Dasol ENG).
Electrochemical Measurements. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements were
performed using a potentiostat (VersaSTAT-3, Princeton Applied
Research, USA). The Zn2SnO4/SnO2/CNT composite electrode tests
were conducted using two electrodes (symmetric supercapacitor).
The EIS measurements were carried out over a frequency range from
100 kHz to 0.1 Hz with an amplitude of 10 mV. Symmetric coin cells
(CR2032) were also used to conduct the galvanostatic charge−
discharge (GCD) study using a WBCS3000 battery testing system
(WonATech, Seoul, South Korea). The coin cells were prepared using
two Zn2SnO4/SnO2/CNT composite electrodes (14 mm in diameter)
that were electrically isolated using a polymer separator (Celgard
3501; Celgard, Chungbuk, South Korea).
The electrochemical properties of Zn2SnO4/SnO2/CNT electrodes
were evaluated at a room temperature of 25 °C with a 6 M KOH
aqueous electrolyte. Such aqueous electrolytes are less expensive than
ionic liquids or organic electrolytes. The speciﬁc capacitance, energy
density, and power density were calculated using the following
equations. The speciﬁc capacitance values were calculated using the
discharge time as follows34

Cs =

4I
m(dV /dt )

(1)
−1

Here, Cs is the speciﬁc capacitance (F·g ), I is the speciﬁc current
(A), m is the combined mass of both electrodes (g), and dV/dt is
calculated from the slope of the galvanostatic discharge curve. The
energy and power density equations are as follows35
E=

1
·Cs·ΔV 2
2

(2)

P=

E
Δt

(3)

Here, E is the energy density, ΔV is the potential window, Δt is the
discharge time, and P is the power density.

■

RESULTS AND DISCUSSION
Surface Morphology and Elemental Composition.
The surface morphologies of various samples are presented in
the SEM images shown in Figure 2. The agglomerates of ZnO
and Zn2SnO4/SnO2 deposited on Ni foil are shown in Figure
2a and 2b, respectively. In the composite, well-dispersed CNTs
(ﬁber-like structures) were observed within the agglomerates
of Zn2SnO4/SnO2 (Figure 2c). The intermingled CNTs
C
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Figure 4. XPS high-resolution spectra of (a) Zn 2p and (b) O 1s regions for ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT samples.

(clovers, JCPDS ﬁle no. 24-1470). The diﬀraction peaks of
SnO2 are observed at 2θ values of 26.6°, 37.9°, 57.9°, 71.4°,
and 78.8° from (110), (200), (002), (202), and (321) planes,
respectively (squares, JCPDS ﬁle no. 72-1147). The dominant
diﬀraction peaks of the CNT are also observed at 26.6° and
42.8° (denoted by C in Figure 3a) corresponding to (002) and
(100) planes, respectively.
The XPS survey spectra of ZnO, Zn2SnO4/SnO2, and
Zn2SnO4/SnO2/CNT in Figure 3b show the surface chemical
compositions. The XPS survey spectrum of ZnO shows Zn, O,
and weak C and N signals. Further, along with Zn and O, Sn
signals at 486.7 and 495.1 eV were obtained in Zn2SnO4/SnO2
and composite sample. The core spectra of Sn are shown in
Figure S2 (Supporting Information). The presence of C and N
in ZnO and Zn2SnO4/SnO2 was due to carbonization of PAN
added as a dispersant to stabilize the nanoparticle colloids. The
C peak became much stronger when CNTs were added to
obtain Zn2SnO4/SnO2/CNT composite.
The high-resolution XPS spectra in the Zn 2p and O 1s
energy ranges for diﬀerent samples are shown in Figure 4a and
4b, respectively. The Zn 2p core spectrum contained a doublet
(Zn 2p3/2 and Zn 2p1/2) with a slight variation in the peak
positions due to the metal ions that formed Zn−O−Sn bonds
in the bimetallic oxide. Thus, the electronic interactions of two
diﬀerent atoms resulted in chemical shifts in the binding
energies. The binding energy diﬀerence of approximately 23
eV between the Zn 2p3/2 and the Zn 2p1/2 levels (close to the
standard value of 22.97 eV) indicated the presence of Zn in the
Zn2+ oxidation state. The oxygen O 1s core spectra for all
samples were ﬁtted to three Gaussian peaks, labeled as O1, O2,
and O3, in Figure 4b. The O1 peak with lower binding energy
in the O 1s spectrum corresponds to O2− ions bonded to
Zn2+/Sn2+ ions. The oxygen-deﬁcient regions within the metal
oxide lattice gave rise to the O2 peak at 530.7 eV. The varying
intensity of the O2 peak reﬂected the variations in the
concentration of O vacancies. The surface-adsorbed O, in
compounds such as CO2 and H2O, gave rise to the O3 peak at
higher binding energies. Further, the diﬀerences in the peak
positions of Zn 2p and O 1s for each sample are listed in Table

reduce the agglomeration of Zn2SnO4/SnO2 particles. In
addition, the network of CNTs and Zn2SnO4/SnO2 particles
delivers a faster electron transfer when used as electrode in a
SC. The uniform distributions of carbon (C), oxygen (O), zinc
(Zn), and tin (Sn) in the composites are presented in the EDS
elemental maps shown in Figure 2. The Raman spectrum in
Figure S1 (Supporting Information) shows peaks at 1350,
1582, and 2670 cm−1 corresponding to the defective D band,
graphitic G band, and 2D band of the CNT, respectively.
Comparing the peaks of Zn2SnO4/SnO2/CNT at 1350 and
1582 cm−1 with pristine CNT shown in Figure S1 (Supporting
Information) shows that pristine CNTs are rich in graphitic
phase. The ID/IG ratio of CNT powder was 0.31. The
corresponding ratios (ID/IG) in ZnO and Zn2SnO4/SnO2 cases
were 1.57 and 1.59, respectively, reﬂecting the disordered
carbon produced by annealing of PAN. However, in the case of
Zn2SnO4/SnO2/CNT, the carbon was more graphitic and less
defective, with an ID/IG ratio of 1.04, signiﬁcantly lower than
that of ZnO and Zn2SnO4/SnO2 but also much higher than
that of the pristine CNTs. The ID/IG ratio greater than one in
the composite results from the strong interaction between
CNTs and Zn2SnO4/SnO2 induced by the cold spray
deposition of the composite ﬁlms as well as the presence of
defective carbon produced from PAN.
Crystal Structure and Surface Functional Group
Analysis. The XRD patterns of ZnO, Zn2SnO4/SnO2, and
Zn2SnO4/SnO2/CNT are shown in Figure 3a, where the
diﬀraction peaks of Ni are observed at 2θ values of 44.4°, 52°,
and 76° from (111), (200), and (220) planes, respectively, of
the Ni substrate (circles, JCPDS 40-0850) along with a peak of
NiO at 38° (pound signs, JCPDS 47-1049). The ZnO sample
shows diﬀraction peaks at 34.4°, 36.2°, 47.5°, 56.6°, 62.8°,
66.4°, 67.9°, and 72.5° from (002), (101), (102), (110),
(103), (200), (112), and (204) planes of ZnO, respectively
(diamonds, JCPDS 36-1451). The bimetallic sample shows
peaks corresponding to Zn2SnO4, conﬁrming its formation by
cold welding during ball milling. The diﬀraction peaks of
Zn2SnO4 at 34.1°, 51.7°, 55.14°, 63.5°, and 68.6° correspond
to (311), (422), (511), (440), and (620) planes, respectively
D
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Table 2. XPS Analysis Showing the Peak Positions of the Elements Present
binding energy of O1, O2, and O3 deconvoluted peaks of oxygen
O 1s (eV)

binding energy of Zn 2p doublet and its diﬀerence (Δ) (eV)

sample

O1

O2

O3

Zn 2p3/2

Zn 2p1/2

Δ (eV)

ZnO
Zn2SnO4
Zn2SnO4/CNT

529.54
530.40

530.50
531.15
530.60

531.07
532.21
532.09

1021.22
1021.99
1022.07

1044.30
1045.06
1045.12

23.08
23.07
23.05

des at a scan rate of 100 mV·s−1. During the positive linear
voltage sweep, the anodic (positive) curve corresponded to
oxidation of the electrode. The CV capacitive curves reversed
during discharge, and the cathodic current reached a peak
value owing to the fast and eﬃcient reversible electrode
reaction. The ZnO electrode showed a gradual decrease of the
current, whereas the other two electrodes (Zn2SnO4/SnO2 and
Zn2SnO4/SnO2/CNT) showed almost capacitive characteristics. For the Zn2SnO4/SnO2 electrode, the bimetallic oxide
facilitated ionic transport and enhanced the redox reaction
reversibility owing to multielectron availability. Furthermore,
Zn2SnO4/SnO2/CNT delivered both EDLC and pseudocapacitance, and hence, a broader CV curve was obtained
compared to the Zn2SnO4/SnO2 electrodes. The quasirectangular shape of Zn2SnO4/SnO2/CNT electrodes (see
Figure 6a) indicates improved capacitive features. The
concentration of CNT was optimized, and CV was evaluated
for each electrode at diﬀerent scan rates, as shown in Figure S4
(Supporting Information). Increasing the CNT concentration
resulted in CV curves with dominant EDLC characteristics
(see Figure S4, Supporting Information). Zn2SnO4/SnO2/
CNT composites exhibited better conductivity, larger surface
area, and higher current response than those without CNT.
Thus, from the CV analysis, Zn2SnO 4/SnO2 /CNT 100mg
provided the optimal current response to the applied potential.
We also performed cyclic voltammetry measurements for SnO2
samples at various scan rates, as shown in Figure S5a
(Supporting Information). Furthermore, the relationship
between the square root of scan rate and the anodic/cathodic
peak current was observed to be linear (see Figure S5b,
Supporting Information). Unlike ZnO CV curves, SnO2
samples show more horizontal anodic and cathodic curves
(see Figure 6a). The diagonal-type CV curves of ZnO could be
due to higher resistance and lower electron mobility.
Furthermore, potential window is a critical parameter for
pseudocapacitors operating with aqueous electrolytes to lower
the cost of the SC electrodes. To address this issue, the CV
curves for Zn2SnO4/SnO2/CNT100mg were measured over
several potential windows, as shown in Figure 6b. A narrow
potential window lowers the energy density in accordance with
eq 2. The CV curve for Zn2SnO4/SnO2/CNT100mg in the
broader potential window (0−1.2 V) did not show irreversible
reactions or battery-like redox peaks. Thus, this wider potential
window could be used to enhance the energy density. The
anodic and cathodic peak currents increased linearly with the
square root of the scan rate (see Figure 6c), conﬁrming the
capacitive and reversible characteristics of the SC electrodes.35
Moreover, the linear relationship between the peak current and
the square root of the scan rate suggests a diﬀusion-controlled
energy storage process. The faster electrolytic ion diﬀusion in
the active material (Zn2SnO4/SnO2/CNT) also contributes to
the enhanced electrochemical activity.35−37
Furthermore, electrochemical impedance spectroscopy
provided insight into signiﬁcant characteristics of the super-

2. The high-resolution spectra in the C 1s and N 1s ranges are
shown in Figure S3 (Supporting Information). The C 1s
spectrum can be deconvoluted into peaks at 284, 284.6, 285.7,
287.5, and 288.8 eV, which are attributed to CC sp2, C−C
sp3, C−OH, C−O, and CO, respectively. The CC sp2 and
C−C sp3 in Zn2SnO4/SnO2/CNT sample support the
presence of CNT, whereas C−C sp3 in ZnO and Zn2SnO4/
SnO2 is due to the presence of adventitious carbon.
The morphological characteristics of the Zn2SnO4/SnO2/
CNT composite were further substantiated by TEM imaging,
as shown in Figure 5a. The TEM image shows particles of

Figure 5. (a) TEM images of Zn2SnO4/SnO2/CNT composite. (b)
HRTEM (upper right inset), fast Fourier transformation (FFT, lower
inset), and inverse FFT for the (c) 222, (d) 311, and (e) 111 planes
of Zn2SnO4.

Zn2SnO4/SnO2 intermingled with tube-like structures of CNT.
The high-resolution transmission electron microscopy
(HRTEM) of the sample also provided crystallographic
information. The selected area (left red square) of the
HRTEM shown in Figure 5b was magniﬁed and is shown as
the upper inset image. The red square (right side) was selected
to obtain the FFT (lower inset of Figure 5b). The FFT image
shows diﬀraction spots that corresponded to (222), (311), and
(111) planes of crystalline Zn2SnO4. The inverse FFT of three
diﬀraction spots shows lattice fringes with d-spacing values of
0.30, 0.50, and 0.26 nm corresponding to (222), (311), and
(111) planes, respectively. The interplanar distances shown in
Figures 5c−e correspond to Zn2SnO4.
Electrochemical Analysis. In electrochemistry, CV curves
display current as a function of the applied voltage. CV is
widely used to observe the electrochemical response of energy
storage devices, study their degradation processes, and
determine the capacitive potential window of SC electrodes.
Figure 6a shows the current responses to the applied voltages
for ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT electroE
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Figure 6. CV measurements of (a) ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT at a scan rate of 100 mV·s−1. (b) CV curves of Zn2SnO4/
SnO2/CNT over diﬀerent potential windows. (c) Peak current as a function of the square root of the scan rate. (d) Nyquist plots of EIS data for
the three samples.

resistances of ZnO and Zn2SnO4 were 7.3 and 6.8 mΩ/sq,
respectively, and the resistance varied from 3.7 to 2.1 mΩ/sq
with increasing CNT concentration, as shown in Table S1
(Supporting Information). The ﬁtting parameters listed in
Table 3 revealed that increasing the CNT concentration
reduced the charge-transfer resistance, which was consistent
with the fast electron transport provided by CNTs, as shown in
Figure 6d. The EIS results were consistent with the
electrochemical response demonstrated by the CV curves
shown in Figure 6a and Figure S4 (Supporting Information).
The GCD measurements reconﬁrmed the capacitive
characteristics of the composite samples. Measurements on
the diﬀerent samples were conducted over a voltage range of
0−1 V at current densities of 1−10 A·g−1 for ZnO, Zn2SnO4/
SnO2, and Zn2SnO 4/SnO 2/CNT (with diﬀerent CNT
concentrations), and the corresponding results are as shown
in Figure S7 (Supporting Information). A comparison of the
GCD curves of ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/
CNT at a speciﬁc current density of 1 A·g−1 is shown in Figure
7a. ZnO did not produce triangular charge−discharge curves
characteristic of the capacitive behavior. The sudden decrease
in the potential during the discharge of ZnO samples could be
because of their high internal resistance (see Table 3), as also
observed in the EIS results (Figure 6d). Zn2SnO4/SnO2 and
Zn2SnO4/SnO2/CNT electrodes displayed pseudocapacitive
behavior that was closer to the triangular charge−discharge
curve characteristics of the EDLC behavior (see Figure 7a).
However, the bimetallic oxide (Zn2SnO4/SnO2) electrode
without CNTs had a shorter charge/discharge duration owing
to its slower electron transfer rate (see Figure 6d). The optimal
composition of Zn2SnO4/SnO2/CNT showed the synergistic
eﬀects of faster charge transfer and larger energy storage
capacity. A detailed study of GCD curves (see Figure S7,
Supporting Information) for diﬀerent samples at various

capacitor electrodes. The plots displayed a semicircle in the
high-frequency region under a low alternating voltage
amplitude (10 mV) and an inclined linear response at a
lower frequency, corresponding to the electrolyte ion diﬀusion
and EDL formation, as shown in Figure 6d. The Nyquist
diagram (Figure 6d) is a well-known impedance plot that
represents the imaginary impedance (Z″) as a function of the
real impedance (Z′). The x-axis initial intercept of the
semicircle indicates the electrolyte resistance (Rs), and the
diameter of the semicircle arc indicates the charge-transfer
resistance (Rct) of the electrode. The EIS data were ﬁtted to an
equivalent circuit model (see inset of Figure S6, Supporting
Information), and the values of Rs, Rct, internal resistance (IR),
constant phase element (CPE), and capacitance (C) from the
ﬁtting process of each electrode are listed in Table 3. The small
Table 3. Parameters Obtained by Fitting of the Nyquist Plot
Using the Randle Equivalent Circuit
samples

Rs [Ω]

Rct [Ω]

IR [Ω]

CPE [S-secn]

C [F]

ZnO
ZSO
ZTC50
ZTC75
ZTC100
ZTC125

2.58
2.53
1.46
1.38
0.86
0.81

255.0
158.9
114.8
59.6
57.0
42.9

257.6
161.4
116.3
61.0
57.9
43.7

6.78e-5
0.0037
0.0019
0.0056
0.0113
0.0104

7.811e-5
1.091e-5
2.022e-5
3.322e-6
2.003e-6
2.003e-6

electrolyte solution resistance (Rs) indicated excellent electron
and electrolytic ion transport, provided by the large electrochemically active surface area and the coarse morphology of
the nanocomposite electrodes. The decrease in resistance due
to the incorporation of CNT, as exhibited by the impedance
spectroscopy, was consistent with the measured electrical
resistance obtained using a sheet resistance meter. The
F
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Figure 7. GCD curve comparison for (a) diﬀerent samples and (b) diﬀerent potential windows (for Zn2SnO4/SnO2/CNT) at a speciﬁc current
density of 10 A·g−1. (c) Speciﬁc capacitance and (d) energy density of ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT samples for current
densities ranging from 1 to 10 A·g−1.

Table 4. Comparison of the Speciﬁc Capacitances of Electrodes of Similar Materials to the Composites Synthesized in This
Study
materials

capacitance[F·g−1]/electrolyte

current density [A·g−1]

MnO2/ZnO
CoNi−CoNiO2−CMK-3
ZnO/rGO
ZnO/AC
ZnSb2O6
Zn−SnO2
ZnCo2O4
ZnCo2O4
Zn2SnO4/MnO2/CMF
Zn2SnO4
Zn2SnO4/SnO2/CNT

251/1 M KOH
280/6 M KOH
277/6 M KOH
155
9/1 M H2SO4
132/2 M KOH
647/2 M KOH
776/2 M KOH
642/1 M Na2SO4
323/6 M KOH
702/6 M KOH

0.5
0.25
0.05
0.5
1
1
1
1
1
1
1

potential window [V]
0
0
0
0
0
0
0
0
0
0

to
to
to
to
to
to
to
to
to
to

−1
1
−1
0.65
0.5
0.5
0.45
0.8
0.5
1

retention[%]/no. of cycles

ref

100/5000
98/10000
97/15000
73/1000
100/500
92/500
92/2000
84/1500
98.8/1000
97/3000
93/15000

38
39
40
41
42
43
44
45
46
47
present

446, 552, and 702 F·g−1 at a current density of 1 A·g−1 and
decreased to 160, 220, and 260 F·g−1 at a high current density
of 10 A·g−1, respectively. The Zn2SnO4/SnO2/CNT and
Zn2SnO4/SnO2 demonstrated similar current rate retention of
37% and 39%, respectively, upon increasing the current density
from 1 to 10 A·g−1. The embedding of CNT within Zn2SnO4/
SnO2 may limit the ability of CNT to enhance the current rate
capability of Zn2SnO4/SnO2/CNT. At a higher current rate,
the electrolytic ions do not diﬀuse deep enough to reach all of
the available CNT. However, the CNT underneath Zn2SnO4/
SnO2 provides faster electron transfer, signiﬁcantly improves
long-term stability, and exhibits higher capacitance at a lower
current rate (see Figure 7c). Moreover, the composite of
CNTs and Zn2SnO4/SnO2 and the grafting of Zn2SnO4/SnO2
particles on the CNTs can accommodate more charges and
improve the electrochemical performance. The electrochemical
performance of rarely reported Zn2SnO4/SnO2 along with
several other Zn-based bimetallic oxides is listed in Table 4 for

current densities was carried out to optimize the CNT
composition in the bimetallic oxide. Results in Figure S7
(Supporting Information) show that CNT-based electrodes
charge and discharge rapidly with an increase in the current
density, thereby exhibiting the ideal characteristics of
capacitors. Figure 7b shows GCD measurement curves for
Zn2SnO4/SnO2/CNT over diﬀerent potential windows. The
charge/discharge time was observed to increase linearly with
increase in potential window, as shown in Figure 7b. Use of a
wider potential window allows more charge storage, thereby
resulting in higher capacitance and energy density. The
aqueous electrolyte has a limitation of 1.23 V, which is the
minimum potential for splitting water. If the biasing voltage is
increased beyond this value there is a possibility of water
oxidation. Therefore, the measurements in this study were
restricted to 1.2 V.
Figure 7c shows that the speciﬁc capacitances of ZnO,
Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT electrodes reached
G
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Figure 8. (a) CV measurements Zn2SnO4/SnO2/CNT electrodes with and without bending. (b) Cyclic voltammetry measurement on a bent
supercapacitor electrode. (c) Capacitance retention during long-term cycling measurements of ZnO, Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT.
(d) LED powered using two symmetric supercapacitors.

change in the current response was negligible as shown by the
CV curves for Zn2SnO4/SnO2/CNT with (for ﬁrst bending
test) and without bending. However, the current response after
100 bending cycles was reduced slightly, and the cyclic
voltammetry curve became narrower as shown in Figure 8a.
The CV measurement setup using the bent Zn2SnO4/SnO2/
CNT electrode is shown in Figure 8b. The long-term cycling
performance is an important parameter for assessing the
performance of supercapacitors and electrodes. Therefore, the
long-term GCD measurements for ZnO, Zn2SnO4/SnO2, and
Zn2SnO4/SnO2/CNT were carried out, and the corresponding
speciﬁc capacitance (considering discharge only) retentions
after 15000 cycles at a current density of 10 A·g−1 are shown in
Figure 8c. The speciﬁc capacitance retentions of ZnO,
Zn2SnO4/SnO2, and Zn2SnO4/SnO2/CNT were 49%, 72%,
and 93% after 15 000 cycles (see Figure 8c), respectively. The
higher long-term cycling stability of Zn2SnO4/SnO2/CNT
compared to the other two electrodes was due to the lower
charge-transfer resistance of the intermingled CNT and
Zn2SnO4/SnO2 active material (see Figure 6d). The presence
of CNT overcame the poor conductivity issue of Zn2SnO4/
SnO2 and provided faster charge transport along with
inhibiting agglomeration of Zn2SnO4/SnO2 particles, resulting
in an improved electrochemical performance and stability.
Table 4 compares the excellent capacitance retention of
Zn2SnO4/SnO2/CNT to the values reported previously for
SCs based on similar materials. As a visual demonstration, two
symmetric supercapacitors (1.0 by 3.5 cm electrodes) were
used to power a red LED, as shown in Figure 8d.

comparison with the present work. The energy density was also
evaluated using the speciﬁc capacitance of the SC electrodes.
The Ragone plot (see Figure 7d) shows energy density as a
function of power density (1000−10 000 W·kg−1). A high
energy density of approximately 98 Wh·kg−1 was achieved for
the composite electrode at a power density of 1000 W·kg−1.
The energy density of ZnO was approximately 62 Wh·kg−1,
while Zn 2 SnO 4 /SnO 2 exhibited an energy density of
approximately 77 Wh·kg−1 at the same power density. The
Zn2SnO4/SnO2/CNT composite electrode exhibited an energy
density of 36 Wh·kg−1 at a higher power density of 10 000 W·
kg−1.
The results of this study, compared to those obtained using
other bimetallic oxides and their composites, showed a higher
capacitance and better electrochemical stability owing to the
combination of CNT and Zn2SnO4. The enhanced electrochemical performance of Zn2SnO4/SnO2/CNT electrodes
compared to ZnO and Zn2SnO4/SnO2 SC electrodes could
be because of the EDLC provided by the CNT anchoring
Zn2SnO4/SnO2 particles without agglomeration. The composite was able to adsorb K+ ions on the surface and allow
intercalation/deintercalation of K+ ions in the intermingled
CNTs and Zn2SnO4/SnO2. Figure S8 (Supporting Information) shows an SEM image, oxide particle/composite
adsorbing the ions, and corresponding voltammograms,
suggesting that the EDL formation plays an important role
for Zn2SnO4/SnO2/CNT electrodes, whose voltammogram
was more rectangular in shape than that of two electrodes
without CNTs.
The quasi-rectangular CV curves indicating the capacitive
characteristics of the Zn2SnO4/SnO2/CNT electrode remained
unchanged during bending tests, as shown in Figure 8a. The
H
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CONCLUSIONS
Electrodes produced using a mixed multivalent metal oxide
(Zn2SnO4/SnO2) and carbon nanotubes (CNTs) exhibited
excellent pseudocapacitive characteristics. The CNTs contributed to the electrode’s superior conductivity and enhanced
double-layer capacitance. Electrochemical measurements demonstrated a high speciﬁc capacitance of 702 F·g−1 at a speciﬁc
current of 1 A·g−1 for these nanocomposite electrodes. The
optimized Zn2SnO4/SnO2/CNT electrode demonstrated a
maximum energy density of approximately 98 Wh·kg−1 at a
power density of 1000 W·kg−1 and displayed excellent cycling
stability (93% capacity retention) over 15 000 GCD cycles.
The demonstrated speciﬁc capacitance, energy density, and
stable electrochemical performance make Zn2SnO4/SnO2/
CNT a promising SC electrode material.
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