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Increasing energy demands are triggering the development of high performance, low-cost supercapacitor
electrode material, particularly in countries that are shifting to renewable energy as their current energy
supply cannot meet their significant energy demands. These countries require high-voltage, safe and
long-lasting electrical energy storage devices. Multi-walled carbon nanotubes (MWCNTs), reduced
graphene oxide (rGO) and Titanium Dioxide (TiO:) were tested during an in-situ hydrothermal process.
The structure test of X-ray diffraction (XRD) and scanning electron microscope (SEM) characterisation
was used to determine the relation between the morphology of the electrode and its electrochemical
value. The morphology of the composite electrode indicated that the nanocomposite electrode had better
values than the single material electrode. Additionally, cyclic voltammetry (CV) and electrochemical
impedance spectrum (EIS) tested in a two-electrode system indicated that the specific capacitance of
MWCNT-rGO-TiO» 30% was 168 F g ! and showed the energy and power density to be 15 Wh kg !
and 337.5 W kg !, respectively. This result was higher with the other electrode due to the faradaic and
non-faradaic processes in the electrode.

Keywords: MWCNT, rGO, TiO:, hydrothermal method, morphology, electrochemical reaction,
supercapacitor

1. INTRODUCTION

In the 21% century, the development of storage energy is the main concern for expanding the
technology. Especially electronic devices such as cellular phones, laptops and electric vehicles that
require an energy supply from an energy storage device. However, most batteries have low power density
and a short life cycling time and take a long time to charge storage into the device. Thus, new technology
is required that can provide a longer cycling time and greater energy and that can be charged in a short
time. There is significant potential for energy storage devices and this field has generated great interest
among researchers to develop more efficient energy storage devices. One such device is a supercapacitor
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[1-3].

Supercapacitors have several important parts such as electrodes, a separator and electrolytes.
Electrodes are an important aspect of supercapacitors that can ensure better performance at a low cost.
The research on supercapacitor electrode materials includes carbon materials, metal oxides and
conductive polymers and their composites. Multi-walled carbon nanotubes (MWCNTS5) and reduced
graphene oxide (rGO) have advantages regarding high specific capacitance, high conductivity and low
cost. Carbon-based materials, including carbon nanotubes and activated carbon, have significant
technological advantages for applications in energy storage [4-6]: most of the latest studies have used
electrolytes such as | M H2804, 1 M NaxSO4,6 M KOH and 1 M LiPFs [7-8].

There are three main types of supercapacitors with different energy storage mechanisms:
electrochemical double-layer capacitors (EDLCs) are energy storage systems that use the charge
accumulated at the interface between the electrolyte and electrodes, pseudo-capacitors (PDCs) store
energy using a redox reaction and reversible faradaic on the surface of the electrode material and hybrid
supercapacitors which is a combination of EDLCs and PDCs [9]. In recent years, supercapacitors have
been developed by combining EDLCs with PDC using a hybrid system whereby both faradaic and redox
reaction processes are used to store electrical charge [8,10]. Hybrid supercapacitors have high power
and energy densities and long lifetimes [11] and use carbon material combined with metal oxide (MnO2,
TiO2, Sn0», Fe304, FexO3, Ru0», CoS, CuS, CusS, SnS, and NiCo2S4) [12]. Among the metal oxide
materials, titanium dioxide (TiO2) has many advantages due to its low toxicity, high stability, availability
and beneficial physicochemical properties [13].

TiO; has been used in many applications, such as supercapacitors, fuel cells, batteries,
photocatalysis, solar cells, sensors and water treatment. Its wide band- gap, photo-absorption properties
and structural flexibility and the mobility of the charge carriers make TiO> a suitable solution to existing
energy and environmental problems. One-dimensional TiO: nanostructures (tubes, wires, rods, etc.) have
attracted great interest due to their high surface area to volume ratio, fast and long-distance electron
transport properties, and high photoconductivity [ 13]. Several researchers have explored TiO: combined
with composites such as graphene as the base material for supercapacitor electrodes. For example, Sun
et.al. used a graphene sheet coated with TiO2 nanoparticles with a specific capacitance yield of 75 F/g.
Liu et.al. investigated a graphene oxide (GO)/TiO:2 hybrid electrode and reported a specific capacitance
value of 100 F/g [4,14].

In this study, an MWCNT-rGO-TiO: electrode was synthesised using the doctor blade method.
MWCNTs with reduced graphene oxide was combined with TiO:2 at several ratios, while the TiO:
underwent an in-situ hydrothermal process and the graphene underwent an oxidation-reduction process
to increase the life cycles so that MWCNTs, TiO» and rGO could increase the electrochemical value of
the supercapacitor.

2. MATERIALS AND METHODS

2.1.Sample Preparation

The research method involved several stages: synthesis TiO:, rGO, and purification of CNT
material, the manufacture of a mixture of composite MW CNT-rGO-TiO2, manufacture MWCNT-rGO-
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TiO: thin film on the copper foil by doctor blade method, material characterisation, testing, and
manufacturing of the prototype supercapacitor. Initially, 4 g TiO2 was added with 70 ml NaOH 10 M
and sonicated for 30 minutes. The mixture was transferred to a Teflon lined stainless steel autoclave and
sealed in a hot air oven at 160 °C for 12 h for the hydrothermal process. Then, the solution was filtrated
and distilled with DI water and placed in a furnace at a temperature of 600°C for 2 h to produce TiO:
nanorods [13].

To make the rGO material, 2 g of graphite powder were added to 150 ml of sulfuric acid (H>SO4)
and stirred until it formed a homogeneous graphite solution. While stirring in an ice bath to cool the
solution, 7 g of potassium permanganate (KMnQO4) and then 200 ml of deionized water and 100 ml of
hydrogen peroxide (H20,) were added to produce an oxidation process. The stirring time was varied
from 4 to 10 h to observe the effect of oxidation time on the pore structure of rGO. The activated rGO
powder was transferred to the quarts tube and placed into a furnace under N2 or argon condition at 600°C
for 2 h [15]. Titanium dioxide (TiO2) and graphene were purchased from MERCK Chemical Co. Ltd.
All chemical reagents were in analytical grade and MW CNTs (inner diameter: 5—-15 nm, outer diameter:
>50 nm, length: 10-20 um, purity: >90.0%) were purchased from Aladdin Chemistry Co. Ltd. and
purified using a reflux method.

2.2. Materials Characterization

The structure of the prepared nanocomposite was characterised using X-ray diffraction (XRD,
PANalytical AERIS-600) employing CuKa (A=1.5406A) radiation. The surface morphology of the
prepared nanocomposite was analysed using a field emission scanning electron microscope (SEM, JEM-
2010, Japan). Electrochemical cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were performed using Palm sense 4. Electrochemical measurements were taken with a double
electrode configuration. In the double electrode configuration, a copper foil served as an electrode with
1 M of electrolyte HSO4 and a ceramic separator at a voltage range of —0.4 V to 0.4 V. Then, the
electrode was prepared with different compositions, as shown in Table 1.

Table 1. Variation of Material Composition

No. Sample Material Composition
(MWCNT:rGO:TiO:2)
1. MWCNT-rGO 1:1:0
2. TiO- 0:0:1
3. MWCNT-rGO-TiO: 60 % 1:1:3
4. MWCNT-rGO-TiO: 30 % 1:1:09

The composite was mixed with ethyl cellulose which served as a binding agent and ethanol with
60:25:15 portion to form a slurry. The copper foil was then coated with the slurry using a doctor blade
method and dried at 80°C for 4-6 h until the layer had dried and become a thin layer of electrode. The
CV and electrochemical-impedance-spectroscopy were done with two electrode cell setup using Palm
Sense 4.
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3. RESULTS AND DISCUSSION

3.1.XRD

Fig. 1 shows the XRD patterns. The pattern appeared with some diffraction peaks at 25.5°, 26 .3°,
37.9°,43.6° 44.8° and 64.2°, corresponding to crystal planes of (002), (110), (200), (210), (211) and
(301), respectively. Characteristic peaks at 25.5° and 43.6° indicated a crystalline MWCNTSs (JCPDS
Card No.01-0646) [ 15]. The diffraction peak at 26.3" was identical to crystalline rGO (JCPDS Card No.
75-2078) [13]. Additionally, the peaks at 37.9°, 44.8” and 64.2° corresponded to crystalline pure TiO:
nanorods with anatase phase (JCPDS Card No. 75-1749) [15, 17]. From the XRD patterns, it can be
concluded that the MWCNTSs (hexagonal) had 14.1 nm of crystalline. rGO and TiO: (hexagonal and
tetragonal) had 10.3 and 25.3 nm of crystalline, respectively.
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Figure 1. XRD pattern of the electrodes synthesized with: (a) MWCNT-rGO; (b) TiO2; (c) MWCNT-
RGO-TiO2 60 %; (d) MWCNT-RGO-TiO2 30 %.

Table 2. Structural parameters of MWCNT-rGO-TiO: electrode

Material Phase Lattice Parameters (Z\) Crystalline Size Strain Dislocation
(nm) Density (x10*
nm )

a=b= 1553565,

MWOCNTSs Hexagonal c=232642, 14.1 0.044728 5072729
a=p=vy#£90°
a=b=1.5499,

rGO Hexagonal ¢ =2.2522, 103 0.058878 94259

a=p=y£90°
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a=b=2.01906
TiO- Tetragonal = 3.7666 253 0.017922 1.5622
Nanorods a=p=y=90°

3.2. Surface Morphology

SEM imaging was used to characterise the surface morphology of the electrode. The surface
morphology of the prepared MWCNT-rGO-TiO: electrode is shown in Fig.2. Fig. 2 (a) presents the
SEM images of the MWCNT-rGO electrode on the aluminium foil. The MWCNTSs and rGO materials
were still agglomerated and there were no mesopores formed at the electrode. Fig. 2 (b) shows a
crystalline TiO; covering the area, however, from observations, it did not have sufficient surface area as
a supercapacitor. Fig. 2 (c) shows the composite MWCNT-rGO-TiO2 60%, which was beginning to
show the particle structure of the material; no agglomeration occurred and mesopores had begun to
appear, theoretically improving the surface area. Fig. 2 (d) shows significant morphological changes
along with changes in the composition of the electrodes; the MWCNTSs and rGO materials had formed
mesopores. However, TiO; crystals also began to form and blend with the electrode. For the reason,
metal oxide is important part for the functions during the faradaic process, the mesopores and the

formation of TiOz is useful for increasing the capacitance of a supercapacitor.

Figure 2. SEM images for: (a) MWCNT-rGO; (b) TiOz; (¢) MWCNT-RGO-TiO2 60%: (d) MWCNT-
RGO-TiO: 30%.
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3.3. Electrochemical Studies

CV was employed to analyse the electrochemical behaviour of the electrodes. The CV of
MWCNT-rGO-TiO: at scan rates (10 mV/s) within a range of —0.4V to 0.4V is shown in Fig 3. The
appearance of a non-rectangular shape in the CV shape indicates the pseudocapacitive behaviour of the
titanium oxide nanoparticles. The current under the curve increased steadily with the scan rate, including
at higher scan rates, the supercapacitors was deformed at high scan rates and also two small redox
reaction peaks [17]. The observed non-linear current response to the scanning rate may have been due
to the presence of cell terminal resistance, which can change the current reaction to the applied potential
during the measurement process. The specific capacitance of the cell terminal material was determined
by the specific capacitance equation. Fig. 3 shows that MW CNT-rGO-TiO2 30% had the highest specific
capacitance at 168.64 Fg™'; the specific capacitance of MWCNT-1GO-TiO: 60%, the MWCNT-rGO and
MWCNT-rGO-TiO2 100% electrodes were 90.815 Fg'!, 3.436 Fg! and 1.963 Fg'!, respectively. The
energy and power densities calculated using different equation, the result of value supercapacitor was as
follows MWCNT-rGO-TiO; 309%, MWCNT-rGO-TiO:> 60%, MWCNT-rGO and MWCNT-rGO-TiO»
100%: (15 Whkg!, 337.5 Wkg™'); (8 Whkg!, 180 Wkg !); (0.3 Whkg™', 6.75 Wkg™'); (0.17 Whkg™',
3.83 Wkg ). The equations to calculate the value of specific capacitance, power density and energy
density are shown in equations 1, 2 and 3, respectively.

dQ 1 [
Cs _W_ m . I(V)dV ...... (1)

g 1[Cav? "
ST I

At
where Cs is specific capacitance (F/g), I is current density (mAg '), m is mass of the electrode,

At is the discharge time (s), AV is the drop of voltage observed for a complete discharge, E is the energy
density (Whkg™!) and P is the power density (Wkg ™).

The electrodes using carbon materials and metal oxide such as MWCNT-rGO-TiO:2 can be
classified as hybrid supercapacitors, the low MWCNT-rGO and TiO: conductivity limited the current
density of the electrode and caused significant polarisation on the supercapacitor during
charge/discharge at specific current densities. Electrode polarization is the difference between the anodic
and cathodic peak potentials (Fig. 3). EIS measurements were taken for the variation of all electrodes to
obtain the resistance values between the supercapacitors. The Nyquist plot was obtained through EIS
measurements using a Palm Sense 4 device and an equivalent circuit was obtained which was used to
calculate the electrical resistance between the internal elements in this supercapacitor.
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Figure 3. CV plot of electrodes for: (a) MWCNT-rGO; (b) TiO2; (c¢) MWCNT-RGO-TiO2 60%; (d)
MWCNT-RGO-TiO2 30%. (d) MWCNT-RGO-TiO2 30%.

600

|—the— (a1)
550 4=¥—(b)
—&—(c)
500 |—=—(a)

450 4
400

E 3501
O 300 4
N 250 -
200 H
150 -
100

50 -

1%

1%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Re(Z)/Ohm

Figure 4. Nyquist plots for: (a) MWCNT-rGO:; (b) TiOz: (c) MWCNT-RGO-TiO2 60%; (d) MWCNT-

RGO-Ti0: 30% supercapacitors.
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Based on the literature, fitting a Nyquist plot with an equivalent circuit (see inset in Figure 4)
gives a serial resistance value of Rs (total cell resistance including electrode, electrolyte, and contact
resistance) and a charge transfer resistance value of R (at the electrode/electrolyte interface) [16].
Sequentially, the calculated values for (Rs, Rer) were (749 Q, 114.86 Q), (373.12 Q, 1455.1 Q), (0.6 Q,
5.21Q), (0.65 Q, 0.75 Q) for the MWCNT-rGO, TiO2, MWCNT-rGO-TiO2 60%, and MWCNT-rGO-
TiO2 30% supercapacitor devices, respectively. The MWCNT-rGO-TiO2 30% supercapacitor was the
lowest among the other composition. This confirmed the usefulness of the composite electrode
MWCNT-rGO-TiO: for reducing the internal resistance among elements and improving the ion diffusion
and transport toward the single materials electrode [16].

Table 3 shows both our and other research methods and the type of electralyte specific
capacitance and energy density values obtained. We produced significant specific capacitance and
energy density in our supercapacitors. Compared to other studies, the capacitance and energy density of
our supercapacitors had convincing values. The specific capacitance of MWCNT-rGO-TiO2 30% (168
Fg"l) was higher than that for TiO2/rGO/TiO: (83 Fg"l) and the carbon nanohorns and TiO:2 nanoflower
(168 Fg'). The energy density value was 15 Whkg ™' for MWCNT-rGO-TiO; 30%, 15 Whkg™! for
CNT/TiO2 and 20 thg_l for TiO2/rGO/Ni(OH)2/NFE. Future studies can examine electrodes more
comprehensively to obtain better capacitance and energy density values [19-24].

Table 3. Electrochemical characteristic of the supercapacitors.

Material Method Electrolyte Capacitance Energy Ref
(Fg™ Density
(Whkg 1)
MWCNT-rGO-TiO Hydrothermal 1 M H2S04 168 15 This
30% study
CNT/Ni@TiO: Hydrothermal H3PO4 549 336 [18]
CNT/TiO: CVD PVA-H:POu 26 11 [19]
gel
PTP/PANI/TIOz Oxidative chemical I M H2S04 265 4 [20]
polymerisation
Ti02/rGO/TiO> Sol-gel 1 M KOH 83 - [21]
TiO2 nanowire Hydrothermal 1 M NaOH 57 1.3 [22]
Carbon nanohorns Solvothermal 6 M KOH 164 - [23]
and TiO»

nanoflower

TiO2/rGO/Ni(OH)»/ Hydrothermal 1 M KOH 374 20 [24]

NF
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4. CONCLUSION

We fabricated MWCNT's, rGO and TiO» based hybrid supercapacitors. The hybrid and individual
materials were obtained via SEM and XRD methods. A combination of MWCNTSs, rGO and TiO2
affected the morphology, structure and single material of the supercapacitors. The combination of
materials caused the electrodes to form mesopores and nanomaterial structures. The combination of
carbon material and metal oxides formed a new composite which increased the electrochemical value,
making the supercapacitor more efficient due to the role of redox and pseudocapacitive reactions that
occurred while charging and discharging hybrid supercapacitors. MWCNT-rGO-TiO; 30% had the
highest electrochemical values with values of 168 F ¢!, 15 Whkg ', 337.5 Wkg ', 0.65 Q and 0.75 Q
for specific capacitance, power density, energy density, Rs and Ra, respectively. The results of the

MWCNT-rGO-TiO: composite can be further studied to optimize its use as a supercapacitor.
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