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ABSTRACT: Ternary nanocomposites synergistically combine the material characteristics of three
materials, altering the desired charge storage properties such as electrical conductivity, redox states,
and surface area. Therefore, to improve the energy synergistic of SnO2, TiO2, and three-
dimensional graphene, herein, we report a facile hydrothermal technique to synthesize a ternary
nanocomposite of three-dimensional graphene−tin oxide−titanium dioxide (3DG−SnO2−TiO2).
The synthesized ternary nanocomposite was characterized using material characterization
techniques such as XRD, Raman spectroscopy, FTIR spectroscopy, FESEM, and EDXS. The
surface area and porosity of the material were studied using Brunauer−Emmett−Teller (BET)
studies. XRD studies showed the crystalline nature of the characteristic peaks of the individual
materials, and FESEM studies revealed the deposition of SnO2−TiO2 on 3DG. The BET results
show that incorporating 3DG into the SnO2−TiO2 binary nanocomposite increased its surface area
compared to the binary composite. A three-electrode system compared the electrochemical
performances of both the binary and ternary composites as a battery-type supercapacitor electrode
in different molar KOH (1, 3, and 6 M) electrolytes. It was determined that the ternary nanocomposite electrode in 6 M KOH
delivered a maximum specific capacitance of 232.7 C g−1 at 1 A g−1. An asymmetric supercapacitor (ASC) was fabricated based on
3DG−SnO2−TiO2 as a positive electrode and commercial activated carbon as a negative electrode (3DG−SnO2−TiO2//AC). The
ASC delivered a maximum energy density of 28.6 Wh kg−1 at a power density of 367.7 W kg−1. Furthermore, the device delivered a
superior cycling stability of ∼97% after 5000 cycles, showing its prospects as a commercial ASC electrode.

■ INTRODUCTION
Transformation of technologies from wired to wireless
communication devices and fossil fuel-sourced transportation
to electric vehicles require efficient energy storage devices.1

For a longer duration energy release process (higher energy
density), lithium-ion batteries (LIB) are currently preferred.
Redox reactions involving electrode−electrolyte surfaces due
to the intercalation−deintercalation process of Li ions store
charges in LIBs as chemical energy. Although LIBs are
accompanied by higher energy densities, their lower power
density hinders their high power applications.2 Supercapaci-
tors, another energy storage subclass, have gained prominence
due to their increased power density, rapid charging/
discharging, and long cyclic efficiency, along with their
increased environmental friendliness and relatively low cost.3

However, the low energy density limited the use of
supercapacitors in many applications.4 From this perspective,
it is critical to increase energy density by developing a hybrid
energy storage device, known as an ssymmetric supercapacitor
(ASC), which combines the characteristics of both super-
capacitors and batteries.5 A typical ASC consists of battery-
grade materials (redox-active materials enabling faradaic
reaction processes) as a positive electrode (high energy

density) and carbonaceous materials such as activated carbon
(high power density) as a negative electrode.6

Several redox-active metal oxides such as NiO, RuO2, MnO2,
TiO2, Co3O4, SnO2, and so forth were utilized for high-
performance energy storage devices.7 Among these metal
oxides, TiO2 and SnO2 are excellent candidates for electrode
materials due to their low cost and environmental friendliness.
Furthermore, these possess negligible volume expansion during
the discharge−charge process, resulting in long cycle life and
durability.8 However, pure SnO2 and TiO2 nanostructures have
low electronic conductivity, poor electrochemical stability, low
rate capability, and relatively low theoretical capacity, limiting
their industrial application.9 Synergistically combining the
properties of two or more materials is proven to be one of the
effective ways to overcome the obstacles of pure SnO2 and
TiO2. A recent research report on the electrospun binary
composites of SnO2−TiO2 3D nanoflowers showed higher
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specific capacitance (500 F g−1) than nanofibers (350 F g−1) at
1 A g−1, showing the superiority of the 3D structure.10

However, the rate capability of the SnO2−TiO2 electrode was
lower, achieving a lower capacitance at higher current
densities.11 The performance of supercapacitors can be
enhanced by incorporating the high surface area of carbon-
based materials into metal oxide nanostructures.12 Nowadays,
the fabrication of three-dimensional graphene (3DG) with
high surface area, low density, and high electrical conductivity
is increasingly receiving research attention.13 Intercalation of
metal oxides with graphene-based materials including 3DG
provides more electrochemically active sites for rapid redox
processes and conducting networks, as well as the benefit of
reducing the risk of large volume changes during a charge−
discharge mechanism.14 For example, 3DG-NiO nanocompo-
site electrodes with a high specific capacitance of 1328 F g−1 at
a current density of 1 A g−1 have been fabricated by Bao et al15

The device shows cycling stability with 87% retention of the
capacitance after 2000 cycles of galvanostatic charge−
discharge. Furthermore, the importance of 3DG was further
iterated by Jiang and his group by synthesizing the 3DG−TiO2
nanocomposite.16 The 3DG−TiO2 composite electrode
obtained a specific capacitance of 235.6 F g−1 at 0.5 A g−1 in
2 M KOH and delivered a rate capability of 87% after 2000
cycles of charge−discharge. Therefore, in general, nano-
composites based on 3DG achieved appreciable specific
capacitance, and the rate capability of these devices was
improved by adding 3DG to the composites. However, most of
the reported composites exhibited poor cyclic stability (less
than 80%).

In this research, a novel attempt to improve the charge
storage process of SnO2−TiO2 was performed using 3DG. A
ternary nanocomposite of SnO2−TiO2 with 3DG (3DG−
SnO2−TiO2) was prepared by the hydrothermal method for
the first time, and the electrochemical performance of the
3DG−SnO2−TiO2 ternary nanocomposite using 6 M KOH as
an electrolyte was investigated. An increase in surface area of
the SnO2−TiO2 composite was observed with the addition of
3DG into it. This addition shall increase the active surface of
the binary composite, providing more active sites for the
solvated electrolytes to access. Hence, in the three-electrode
system, the ternary nanocomposite of 3DG−SnO2−TiO2
exhibited a higher specific capacity compared to the binary
nanocomposite of SnO2−TiO2. Finally, an ASC was fabricated
based on the 3DG−SnO2−TiO2 ternary nanocomposite for
the first time, which showed good electrochemical perform-
ance and superior cycling stability.

2. EXPERIMENTAL SECTION
2.1. Materials. Graphite flakes were purchased from

Asbury Inc. (USA). All the experimental chemicals such as
aniline, hydrogen peroxide (H2O2), ammonium persulfate
(APS), poly (vinylidene fluoride) (PVDF), activated carbon
(AC), hydrazine, nickel foam, potassium permanganate
(KMnO4), sulfuric acid (H2SO4), hydrochloric acid (HCl),
potassium hydroxide pellets (KOH), phosphoric acid
(H3PO4), N-methyl-2-pyrrolidone (NMP), tin chloride
hydrate, and titanium isopropoxide were supplied by Sigma-
Aldrich, USA.
2.2. Preparation of the SnO2−TiO2 Nanocomposite.

To prepare the binary nanocomposite of SnO2−TiO2, 1:1 M
mixture of tin chloride hydrate (SnCl4·5H2O) and titanium
isopropoxide (C12H28O4Ti) was added to the mixture of

ethanol and dimethylformamide (DMF). Then, the mixture
was stirred vigorously for 24 h at room temperature to form a
homogeneous solution. After that, the solution was transferred
to a 50 mL Teflon-lined autoclave and heated at 75 °C for 24
h. The autoclave was naturally cooled to room temperature,
and the prepared SnO2−TiO2 nanocomposite was washed with
distilled water and ethanol.
2.3. Preparation of the 3DG−SnO2−TiO2 Ternary

Nanocomposite. Initially, graphene oxide (GO) was
synthesized from graphite flakes by using a modified Hummers
method.17 For the 3DG−SnO2−TiO2 nanocomposite prep-
aration, 50 mL of distilled water and the prepared GO (1 mg/
mL) were mixed under stirring for 2 h, and 50 mg of the
SnO2−TiO2 nanocomposite was added to the mixture. After
that, 10 μL of hydrazine was slowly dropped into the solution
and continued stirring for 20 min. Then, it was transferred to a
50 mL Teflon-lined autoclave and heated at 75 °C for 24 h.
The prepared ternary nanocomposite of 3DG−SnO2−TiO2
was filtered and washed several times with distilled water and
ethanol. After the purification process, the final product was
freeze-dried for 48 h.18,19

2.4. Material Characterization. An X-ray diffractometer
(Philips X’pert) with Cu−K X-ray radiation (=1.5418 A°) in
the range of 10−70 degrees of 2-theta was used to examine the
crystalline structures of the materials. Using a Fourier
transform infrared (FT-IR) spectrometer (model: Bruker IFS
66/S), the presence of various functional groups in the
produced samples was investigated. An FESEM instrument
(JEOL JSM-7600F) equipped with an Oxford energy-
dispersive X-ray spectroscopy system was used to characterize
the morphology and elemental mapping (EDS). A surface area
analyzer (Brunauer−Emmett−Teller (BET)) was used to
determine the specific surface area and pore size and volume
distribution of 3DG, the SnO2−TiO2 binary nanocomposite,
and the 3DG−SnO2−TiO2 ternary nanocomposite.
2.5. Electrochemical Measurements. The working

electrodes were made by combining the as-prepared materials
(SnO2−TiO2 and 3DG−SnO2−TiO2), carbon black, and
PVDF in a 75:15:10 weight ratio, with NMP as the solvent.
This mixture was stirred for 12 h before being pasted onto an
area of 1 cm2 of precleaned nickel foam and dried at 80 °C for
12 h. The mass loading of SnO2−TiO2 and 3DG−SnO2−TiO2
was 4.8 and 2.7 mg, respectively. At room temperature, the
electrochemical performance of the fabricated electrode was
tested on an electrochemical workstation (Metrohm Autolab
PGSTAT 302N) equipped with a three-electrode cell system
containing a working electrode (binary and ternary compo-
site), Ag/AgCl electrode as a reference, and a platinum wire as
a counter electrode. The electrolyte used for the analysis was 1,
3, and 6 M KOH. The CV curves were recorded at different
scan rates (3, 5, 10, 20, 30, 40, and 50 mV/s) within a specific
potential window for both the three-electrode system and the
ASC device. The GCD analysis was performed at different
current densities ranging from 0.5 to 10 A g−1. The EIS
measurement was performed at frequencies ranging between
0.01 and 100 kHz with an ac perturbation of 10 mV.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Characteristics of

Materials. The FTIR spectra of SnO2−TiO2 and 3DG−
SnO2−TiO2 are shown in Figure 1. The broad peak from 3000
to 3600 cm−1 in the FTIR spectra of both SnO2−TiO2 and
3DG−SnO2−TiO2 corresponds to the surface stretching
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vibration by H2O molecules or hydroxyl groups. The peak at
1642 cm−1 in both the as-prepared nanocomposites can be
associated to the O−H vibration in absorbed water on the
surface of the samples.20 Compared to the SnO2−TiO2
nanocomposite, the FTIR spectrum of the 3DG−SnO2−
TiO2 ternary nanocomposite indicates strong peaks at 1610
and 1130 cm−1, which are attributed to the C=C and C−O
stretching vibrations, respectively. This confirms the presence
of 3DG in the 3DG−SnO2−TiO2 ternary nanocomposite.21

However, the presence of C=C and C−O stretching vibrations
leads to the incomplete reduction of the graphene sheet.
Typically, the reduction of GO under chemical reduction
conditions (reducing agents) causes reduced graphene oxide
formation.22 The absorption bands, appearing between 660−
665 and 498 cm−1, are attributed to the stretching vibrations of
Sn−O−Sn and Ti−O−Ti, respectively.23

The XRD spectra of 3DG, SnO2−TiO2, and 3DG−SnO2−
TiO2 nanocomposites are compiled in Figure 2. For 3DG, the

sharp peak at 26.9° and two weak peaks at 44.9 and 48.3°
correspond to (002), (100), and (004) carbon reflections,
respectively.24 The peaks observed at around 28, 36, 42, 46, 52,
62.9, and 69.5° in the XRD patterns of SnO2−TiO2 and 3DG−
SnO2−TiO2 nanocomposites are ascribed to the (110), (101),
(111), (210), (211), (220), and (002) planes of the TiO2
rutile phase. The four characteristic peaks at approximately 27,
37, 42, and 56° can be associated to the (110), (200), (211),
and (220) planes of SnO2, respectively.25 The sharp and
characteristic peak at around 45 and 49° in the 3DG−SnO2−
TiO2 XRD pattern confirms the presence of 3DG in the

ternary nanocomposite.26 However, due to the overlapping
(110) planes of TiO2 and SnO2, the characteristic peak of 3DG
(002) is not observed in the XRD pattern of the ternary
nanocomposite. Hence, the characteristic peaks of all the
materials were well assimilated in the ternary composite,
proving the formation of the 3DG−SnO2−TiO2 composite.

Figure 3 shows the Raman spectra of 3DG, SnO2−TiO2
binary, and 3DG−SnO2−TiO2 ternary nanocomposites. The

Raman spectra of 3DG displayed a D band at 1348 cm−1 that
represents the sp3 vibrations of C atoms of disordered
graphene and a G peak at 1584 cm−1 which is related to the
in-plane vibration of sp2-bonded carbon atoms.19 The D and G
peak intensity ratio (ID/IG) indicates the quality of the
products. The ID/IG intensity ratio increases from 1.13 of 3DG
to 1.33 of the 3DG−SnO2−TiO2 ternary nanocomposite,
which is related to a decrease in the average size of the sp2

domains upon the reduction of the exfoliated GO, and this
indicates the removal of oxygen groups.27 The peaks appear at
144, 434, and 598 cm−1 in the Raman spectra of SnO2−TiO2
binary and 3DG−SnO2−TiO2 ternary nanocomposites corre-
sponding to the system matrices of B1g, Eg, and A1g of the TiO2
rutile phase, and another characteristic broad compound
vibrational peak at 230 cm−1 aroused from the multiple
phonon scattering processes.28 In addition, the peaks at 630
and 774 cm−1 correspond to A1g and B2g modes of SnO2,
which are related to the symmetric and asymmetric stretching
of Sn−O bonds, respectively.29

The surface morphologies of SnO2−TiO2 and 3DG−SnO2−
TiO2 nanocomposites are shown in Figure 4. The FESEM
images of SnO2−TiO2 showed irregular-shaped nanoparticles
due to the agglomeration of tiny spherical shaped crystals.
Figure 4c,d illustrates the FESEM images of 3DG−SnO2−
TiO2 nanocomposites at low and high magnifications. The
deposition of the SnO2−TiO2 nanocomposite on 3D graphene
sheets was clearly visible (Figure 4d).

The EDX elemental mapping of the 3DG−SnO2−TiO2
ternary nanocomposite is shown in Figure 5a−f. The EDX
analysis confirmed all the elemental components of the
prepared 3DG−SnO2−TiO2 nanocomposite, as indicated in
Figure 5a−e. The overall mapping in Figure 5a demonstrates
the presence of C, O, Sn, and Ti, proving the elemental
composition of the nanocomposite. Figure 5b shows the
carbon distribution within the prepared nanocomposite. The
presence of oxygen, Sn, and Ti elements in Figure 5c−e
corresponds to the presence of the SnO2−TiO2 nano-
composite. From Figure 5d, it is observed that the Sn element

Figure 1. FTIR spectra of SnO2−TiO2 and 3DG−SnO2−TiO2
nanocomposites.

Figure 2. XRD patterns of pure 3DG, SnO2−TiO2, and 3DG−SnO2−
TiO2 nanocomposites.

Figure 3. Raman spectra of 3DG, SnO2−TiO2, and 3DG−SnO2−
TiO2 nanocomposites.
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homogeneously distributed in the nanocomposite. In compar-
ison with the Sn element, the EDX elemental mapping of TiO2
(Figure 5e) shows obvious particle agglomeration and volume
expansion. The EDX image in Figure 5f shows the peaks of all
elements such as C, O, Sn, and Ti in the ternary
nanocomposite of 3DG−SnO2−TiO2, and the absence of
any impurity peaks demonstrates the purity of the as-prepared
nanocomposite.

The specific surface area of the prepared 3DG, SnO2−TiO2,
and 3DG−SnO2−TiO2 nanocomposites was characterized
using nitrogen gas adsorption and is illustrated in Figure 6.
The specific surface area, calculated using the standard
multipoint BET method, was 123.12, 63.50, and 72.21 m2

g−1 for 3DG, SnO2−TiO2 nanocomposite, and 3DG−SnO2−
TiO2 ternary nanocomposites, respectively. The surface area of
the ternary nanocomposite is much lower than that of pure
3DG and slightly increased compared to the SnO2−TiO2
binary nanocomposite. This might be due to the amount of
3DG. Based on the literature,30 by increasing the amount of
graphene materials, the surface area of the nanocomposite will
be further increased. The 3DG−SnO2−TiO2 ternary nano-
composite has a smaller pore size of 17.24 nm than the SnO2−
TiO2 nanocomposite (21 nm). The existence of a mesoporous
structure, with the pore size distribution center at 17.24 nm of
the 3DG-SnO2−TiO2 ternary nanocomposite, can be observed
in the inset of Figure 6. It is well established that the
mesoporous structure with a higher surface area can provide
excessive contacts between the electrode materials and the
electrolyte, enhancing the expansion of ion transport pathways
in the charge−discharge process, which is crucial to the rate
capability of energy storage devices.31

3.2. Electrochemical Measurement. CV and GCD
curves were recorded in a three-electrode system to evaluate
the electrochemical performance of the 3DG−SnO2−TiO2
ternary nanocomposite and are shown in Figure 7. The energy
storage properties of the prepared ternary nanocomposite
using KOH as an electrolyte with various molarities (1, 3, and
6 M) were also investigated and indicated in Figures S1−S4.

Based on the results, the specific capacity of the ternary
nanocomposite in the various electrolytes decreases in the
order of 6 M KOH >3 M KOH >1 M KOH. The enhancement
in the specific capacity of the 3DG−SnO2−TiO2 nano-
composite in 6 M KOH can be attributed to the concentration
of the ions in the electrolyte. The conductivity of the
electrolyte can be increased by increasing its concentration
in aqueous solution. Therefore, 6 M KOH provided higher
conductivity and more enough OH− concentration compared
to 1 and 3 M solutions, which facilitates the charge transfer in
both the bulk electrolyte and electrode.32 This happens as the
number of ions participating in the redox reactions increases.
The 6 M KOH electrolyte possesses a high current value,
resulting in a higher capacitance.33

To compare the electrochemical performance of the 3DG−
SnO2−TiO2 ternary nanocomposite with the SnO2−TiO2
binary nanocomposite, working electrodes based on the
SnO2−TiO2 binary nanocomposite and 3DG-SnO2−TiO2
ternary nanocomposite were made, and their electrochemical
performances were investigated. CV curves at a lower scan rate
(3 mV s−1) for the binary and ternary composites are
compared in Figure 7a. The CV curves at lower voltages
indicate the redox process involving both the charge storage
processes. The asymmetry in the CV curve shows that the
charge storage process is battery-type.34 The multiple redox
peaks in the ternary composite can be attributed to the faradaic
reaction involving the metal oxide and the solvated ions during
the charge−discharge process. In general, the redox peaks
occurred due to the insertion/de-insertion of the K+ ions in/
out of the composite oxides with concomitant oxidation/
reduction of the Sn and Ti ions.10 The 3DG−SnO2−TiO2 CV
curves exhibit well-defined redox peaks compared with the
SnO2−TiO2 CV curves.

The specific capacity of the electrode material from the CV
curves was estimated using eq 1 and summarized in Table 1:

Q
i E E( )d

vmS =
(1)

Figure 4. FESEM images of the SnO2−TiO2 nanocomposite at (a) low and (b) high magnifications and those of the 3DG−SnO2−TiO2 ternary
nanocomposite at (c) low and (d) high magnifications.
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where QS is the specific capacity (C g−1) of the electrode
material, i(E) is the current, ν is the scan rate (V s−1), and m is
the mass loading (g) of the active material coated on the
electrode.

Based on the calculated values, the ternary nanocomposite of
3DG−SnO2−TiO2 has a higher specific capacity at different
scan rates when compared to the binary nanocomposite of

SnO2−TiO2. Due to the inability of the solvated ions to access
the active sites at higher current rates, the specific capacity of
both electrode materials decreased as the scan rate increased
(Table 1). At a lower scan rate, the solvated ion can access
both the outer and inner pores of the electrode materials,
increasing the intercalation reaction. The higher specific
capacitance of the 3DG−SnO2−TiO2 ternary nanocomposite

Figure 5. (a−e) Elemental mapping analysis and (f) EDX image of the 3DG−SnO2−TiO2 ternary nanocomposite.
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electrode materials compared with the SnO2−TiO2 binary
nanocomposite can be attributed to both the faradaic
contribution due to the charge-transfer process with the
surface atoms (SnO2 and TiO2) and the nonfaradaic
contribution from the double-layer effect (arising from
3DG).35 The faradaic reactions of the SnO2−TiO2 nano-
composite are related to the following reversible process:

TiO C e TiOOC2 + ++ (2)

SnO C e SnOOC2 + ++ (3)

where C+ are the protons and alkali metal cations (K+) in the
electrolyte (KOH). Based on the above reactions, it is
suggested that both the protons and alkali metal cations are
involved in the redox process.36 Furthermore, the presence of
3DG in the nanocomposite provides a support matrix for the
growth of the electroactive species at the nanoscale, which
results in a larger specific surface area and thus enhances the
electrochemical performance.37

The origin of capacitance in the material is determined from
the CV curves by analyzing the dependence between the
anodic peak current (i) and scan rate (ν). A straight line was

obtained from (ν)1/2 and the anodic peak current (i), proving
the domination of diffusion or intercalation reaction for both
the binary and ternary composite electrodes (Figure S2) in 6
M KOH. The diffusion coefficient of all the electrodes will be
obtained from the slope of the i versus ν1/2 graph, as detailed in
our earlier research.38 It was observed that the slope
determined from the i versus ν1/2 graph for the 3DG−
SnO2−TiO2 electrodes was an order higher (0.07) than the
slope of the SnO2−TiO2 electrode (0.008). This proved that
the introduction of 3DG to the secondary composite improved
the solvated ion diffusion and hence the charge storage
process.

GCD curves were used to investigate the specific capacity of
the prepared electrode materials (Figure 7b). The charge−
discharge curves of the ternary composite electrode at 1 A g−1

were more symmetric compared to the binary composite
electrode, demonstrating the superior charge storage of 3DG−
SnO2−TiO2 electrodes. The electrode based on the SnO2−
TiO2 binary nanocomposite shows a decrease in charging and
discharging time with increasing current density, indicating
that capacity decreases with increasing current density. The

Figure 6. BET analysis of 3DG, SnO2−TiO2, and 3DG−SnO2−TiO2.

Figure 7. (a) Comparison of CV curves of the 3DG−SnO2−TiO2 ternary nanocomposite and SnO2−TiO2 binary nanocomposite at 3 mV s−1. (b)
Comparison of GCD curves of both the electrodes at 1 A g−1. (c) Variation of capacitance of both the electrodes with different current densities.
(d) Nyquist plots of both the electrodes, and the inset is the plot at higher frequencies.

Table 1. Specific Capacity of the SnO2−TiO2 Binary
Nanocomposite and 3DG−SnO2−TiO2 Ternary
Nanocomposite at the Range of Scan Rate of 3−50 mV s−1

in 6 M KOH

specific capacity (C g−1)

scan rate (mV s−1) SnO2−TiO2 3DG−SnO2−TiO2

3 46.16 322.45
5 39.60 285.63
10 30.47 235.28
20 22.63 177.68
30 19.03 150.96
40 16.78 127.41
50 14.69 110.43
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specific capacity of the electrode materials (QS) using 6 M
KOH as an electrolyte is estimated using the following relation
(equation 4):

Q
I t

m
s = ×

(4)

where I is defined as the discharge current (A), Δt is the time
the electrode needs to be fully discharged, and m is the mass
loading of the materials on the coated electrode.

A maximum specific capacity of 232.7 C g−1 is obtained for
the 3DG−SnO2−TiO2 ternary nanocomposite at a current
density of 1 A g−1. At the same current density, the binary
SnO2−TiO2 could achieve only a capacitance of ∼23.5 C g−1.
This demonstrated the importance of addition of 3DG to the
binary composite material. In the 3DG−SnO2−TiO2 ternary
nanocomposite, 3DG acts as a support matrix to develop
electroactive species in the nanocomposite, which has a larger
surface area and therefore improves the electrochemical
performance.39 Furthermore, the pore size of the ternary
composite was more convenient for the solvated ion access of
the KOH ions. The solvated ion size of K+ ions (13 nm) was
comparable with the pore size (17 nm) of the ternary
nanocomposite and hence delivers a higher capacitance.40

Also, the ionic conductivity of 6 M KOH is larger (626.6 mS
cm−1) compared to 3 M KOH and 1 M KOH.41 Hence, the
ternary composite electrode delivered a higher capacitance in 6
M KOH.

Similar to the variation of specific capacity with the scan
rates, the specific capacity of both the electrodes decreased
with the increase in the scan rate (Figure 7c). For the SnO2−
TiO2 binary nanocomposite, the increase in current density
results in a decrease in the charge and discharge times in the
GCD curves of the 3DG−SnO2−TiO2 nanocomposite. The
specific capacity of the SnO2−TiO2 nanocomposite decreased
to 18.3, 12.95, and 5.6 C g−1 at the current density of 2, 5, and
10 A g−1, as calculated using eq 2. The binary composite
electrode could only retain 24% of its initial capacitance with

10 times increase in current density. Compared with the
SnO2−TiO2 binary nanocomposite charge−discharge curves,
the 3DG−SnO2−TiO2 ternary nanocomposite exhibited
superior charge retention. At current densities of 2, 5, and
10 A g−1, the specific capacities of the as-prepared 3DG−
SnO2−TiO2 electrode are reduced to 208.4, 152.93, and
110.05 C g−1, respectively. The 3DG−SnO2−TiO2 electrode
could retain a specific capacity of ∼48% of its initial
capacitance with an increase in current density from 1 to 10
A g−1. This showed that the capacitance retention of SnO2−
TiO2 almost doubled with the incorporation of 3DG. The
decrease in capacitance for both the electrodes with the
increase in current density could be attributed to the charge
concentration at the electrode−electrolyte interface during the
charge storage process.42

Electrochemical impedance spectroscopy (EIS) measures
the characteristic resistances such as electrode resistance (RS)
and charge-transfer resistance (RCT) during the charge-transfer
process. RS combines the electrolyte resistance, intrinsic
resistance of the electroactive material, and contact resistance
between the active material and the current collector to
determine the high frequency of the EIS spectrum. The RS
value is calculated from the x-intercept of the high-frequency
region of the Nyquist plot. The EIS plot of the SnO2−TiO2
binary nanocomposite is compared with the EIS plot of the
3DG−SnO2−TiO2 ternary nanocomposite in Figure 7d. The
values of RS determined from the high frequency of the EIS
spectra for SnO2−TiO2 and 3DG−SnO2−TiO2 nanocompo-
sites in 6 M KOH are 2.9 and 1.3 Ω, respectively. The ternary
nanocomposite of the 3DG−SnO2−TiO2 electrode has a
smaller semicircle in the high-frequency region than the binary
nanocomposite of SnO2−TiO2, confirming that the electrode
material based on the ternary nanocomposite has the lowest
charge-transfer resistance (inset of Figure 7d). The lower
electrode resistance of the ternary nanocomposite would have
enhanced the electrode−electrolyte ion access and hence
delivered a superior specific capacity compared to the binary

Figure 8. (a) CV curves of a 3DG−SnO2−TiO2//AC ASC device at different scan rates (3−50 mV s−1); (b) GCD curves of a 3DG−SnO2−
TiO2//AC device assessed at different current densities; (c) variation of specific capacitance of the ASC device at different current densities; (d)
Nyquist plot of the 3DG−SnO2−TiO2//AC ASC device.
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composite. Furthermore, the higher surface area of the ternary
nanocomposite compared to the binary nanocomposite of
SnO2−TiO2 would have increased the electrochemical
performance of the 3DG−SnO2−TiO2 ternary nanocomposite.
Intercalation of SnO2−TiO2 with 3DG provides more active
sites for rapid redox processes, and the presence of 3DG in the
composite can effectively prevent the degradation of the
SnO2−TiO2 nanocomposite.14

4. CHARACTERIZATION OF ASYMMETRIC
SUPERCAPACITORS

An asymmetric supercapacitor (ASC) is made up of two
electrodes separated by an electrolyte ion separator, with
capacitive materials such as activated carbon serving as the
negative electrode and a ternary nanocomposite of 3DG−
SnO2−TiO2 serving as the positive electrode. This combines
the effects of a capacitor and a battery in a single device to gain
the benefits of both systems, resulting in a higher energy
density than that of a typical EDLC.32 The 3DG−SnO2−TiO2
ternary nanocomposite and activated carbon (3DG−SnO2−
TiO2//AC) were used as positive and negative electrodes,
respectively. The fabricated device was then electrochemically
analyzed at room temperature. Figure 8a shows the CV curves
at various scan rates (3−100 mV s−1). Furthermore, even at
higher scan rates, the shape of the CV curves is well preserved,
which demonstrates the excellent rate capability of the device.
The ASC was built based on the mass loading calculation
shown in eq 5

m
m

Q V

Q V

(PC)

(EDLC)
S

S

=
×

×+

+

(5)

where m‑ and QS‑ are the mass loading and specific capacity of
the negative electrode; m+and QS+ are the mass loading and
specific capacity of the positive electrode; and ΔV is the
potential window. Figure S5 shows the electrochemical
characterization of AC in 6 M KOH. The specific capacitance
of AC was calculated to be 84 F g−1 at 1 A g−1. Using eq 5, the
AC and 3DG−SnO2−TiO2 mass loadings in ASC were
determined to be approximately 1.38 and 2.85 mg,
respectively. Cyclic voltammetry (CV), galvanic charge−
discharge (GCD), and electrochemical impedance spectrosco-
py (EIS) were used to investigate the electrochemical
performance of AC as a cathode (Supporting Information
S5). The AC electrode CV curves show EDLC charge storage
with no redox peaks (Figure S5a). The GCD curves (Figure
S5b) and Nyquist plot (Figure S5c) illustrate a typical EDLC
process, indicating that the electrode is an appropriate negative
electrode for the ASC.

Figure 8b shows the GCD curves of the ASC at various
current densities (0.5, 1.0, 2.0, 5.0, and 10.0 A g−1) at a
potential window of 1.5 V. The nonlinear GCD curves
demonstrate the presence of faradaic reactions during charge−
discharge. The electrochemical behavior of the fabricated ASC
was highly reversible. The specific capacity of the ASC was
calculated using eq 4, and the variation of specific capacitance
of the ASC device at different current densities is indicated in
Figure 8c. It can be observed from Figure 8c that the specific
capacity of the ASC device is decreased with the increase in
scan rate. At the current density of 0.5 A g−1, the specific
capacity is calculated to be 137.3 C g−1.

To estimate the efficiency of the assembled device, the key
parametric quantities are specific energy (E) and specific
power (P), which have been calculated using eqs 6 and 7.

E
V Q

(Wh/kg)
2 3.6

S=
×

× (6)

P
E

t
(W/kg)

3600= ×
(7)

where ΔV (V) represents the potential range, Qs (C g−1) is the
specific capacity, and Δt is the time required to fully discharge
(s). A maximum energy density (ED) of 28.6 Wh kg−1 is
obtained at a power density (PD) of 367.7 W kg−1 at 0.5 A g−1,
which is comparable with the reported carbon-based nano-
composites such as PANI−SnO2−TiO2//AC with energy
density of 27 Wh kg−1,8 MnO2/CNT//AC with energy density
of 23.2 Wh kg−1.,43 CoS/graphene//AC with energy density of
29 Wh kg−1,44 and Al2O3-doped Co3O4/graphene//AC with
energy density of 40.1 Wh kg−1.45Figure 8d shows the Nyquist
plot of ASC based on the 3DG−SnO2−TiO2 ternary
nanocomposite in the frequency range from 0.01 to 100 kHz
at an AC voltage of 10 mV. The EIS plot of the 3DG−SnO2−
TiO2 ternary nanocomposite shows a semicircle in the high-
frequency region and a straight line in the low-frequency
region, as expected for an assembled ASC. The RS value
calculated from the high frequency EIS for the 3DG−SnO2−
TiO2 ternary nanocomposite is 0.99. The semicircle diameter
measurement indicates a low resistance of the cell, which
implies a short charge-transfer path. The high slope of the line
in the Nyquist plot in the low-frequency region shows a low
interfacial diffusion resistance, implying fast ion diffusion and
mass transport at the electrode/electrolyte interface.46

The cyclic stability of an ASC based on the 3DG−SnO2−
TiO2 ternary nanocomposite at a current density of 5 A g−1 is
shown in Figure 9. The ASC based on the prepared ternary

nanocomposite could retain ∼97% of its initial capacitance
after 5000 cycles, which is a good indication of its high cyclic
stability. Based on the results, the cyclic stability and surface
area of the SnO2−TiO2 nanocomposite eventually improved
by the incorporation of 3DG with the SnO2−TiO2 nano-
composite, which helps to make it a suitable material for
energy storage devices.

Furthermore, the superiority of the present work over the
other SnO2−TiO2 composites for supercapacitors could be
observed from Table 2. Table 2 compares the specific

Figure 9. (a) Cycling stability of a 3DG−SnO2−TiO2//AC device at
a current density of 5 A g−1 after 5000 cycles.
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capacitance and cyclic stability of the 3DG−SnO2−TiO2
ternary nanocomposite and the previously reported composite
materials in two- and three-electrode configurations. For a
better understanding, the specific capacity of the 3DG−SnO2−
TiO2 electrode obtained in C g−1 was converted to specific
capacitance in F g−1 using eq 8:

C Q
VS S= (8)

Table 2 signifies that there were no earlier reports of an ASC
based on the 3DG−SnO2−TiO2 composite/ASC. As both
SnO2 and TiO2 materials are environmental friendly, easily
available, and cheaper, the combination of both the materials
into a 3DG matrix is significant. Furthermore, the fabricated
ASC device shows appreciable energy and power density and a
superior cycling stability. From Table 2, it can be observed that
the ternary nanocomposite of 3DG−SnO2−TiO2 exhibited
better rate capability compared to other nanocomposites. The
improvement in the rate capability of the 3DG−SnO2−TiO2
ternary nanocomposite is because of the presence of 3DG that
provides more active sites for the rapid electron transfer rate.

■ CONCLUSIONS
The 3DG−SnO2−TiO2 ternary nanocomposite prepared by
the hydrothermal method indicated the highest specific
capacity (232.7 C g−1) in 6 M KOH compared to the
SnO2−TiO2 binary nanocomposite (23.45 C g−1) because of
the successful incorporation of 3DG into the SnO2−TiO2
nanocomposite. The addition of the SnO2−TiO2 nano-
composite to the 3DG matrix enhanced the surface area and
increased the specific capacity almost 10 times in comparison
with the binary nanocomposite of SnO2−TiO2. Moreover, the
presence of 3DG can effectively prevent the degradation of the
SnO2−TiO2 nanocomposite and provide more active sites for a
rapid redox process. An ASC was also made for the first time
with the 3DG−SnO2−TiO2 composite, and the assembled
device had a specific energy of 28.6 Wh kg−1 and a specific
power of 367.7 Wkg−1 at a current density of 0.5 A g−1. As a
result, the ASC could retain 97% of its initial capacitance after
5000 cycles, demonstrating superior cycling stability. The
electrochemical performance of the 3DG−SnO2−TiO2 ternary
nanocomposite proves to be an appropriate candidate for
electrodes in energy storage systems.
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