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Abstract

This review article presents a research and technological investigation on supercapacitors and describes the recent advances
of titanium-based materials in these areas. The introduction covers the properties of titanium materials, electrochemical
performances of total stored charges, electric double layer capacitance (EDLC), and pseudocapacitance. The following two
sections focus on the synthesis and capacitance results of titanium carbide (Ti;C,Tx) and titanium nitride (TiN), respectively.
In the last section of this review, the role of titanium dioxide (TiO,) is demonstrated in the supercapacitors of TiO,-based,
carbon/TiO,-based, metal/TiO,-based, and conducting polymer/TiO, nanocomposites. Many factors affect the electro-
chemical performance of supercapacitor devices, such as doping process, conductivity, interaction between components
of nanocomposite, electrolyte type, and structure type, etc. In the end, future perspectives and challenges are summarized
and considered for future TiO,-based nanocomposite supercapacitors. A total of 182 references are cited to understand the
effects of TiO,-based materials on supercapacitor device performances.
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Alternative current

Aluminum interlayers
Alkoxy-functionalized
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Carbon nanotube

Carbon nanofibers

Carbon

Carbon cloth
Chrysanthemum-like

Cobalt (IT) sulfur

Cobalt molybdate

Cyclic voltammetry
Carboxymethyl cellulose
Electric double layer capacitance
Electrical impedance spectroscopy
Galvanostatic charge—discharge
Glassy carbon electrode
Graphene

Graphene oxide

Gibbs-free energy

Lithium chloride

Lithium sulfate

Manganese (IV) oxide
Molybdenum trioxide
Molybdenum disulfide

MXene materials

Multiwalled carbon nanotube
N-Doping graphene
Nanoparticles

Nanowire

Nickel

Nickel metal-organic framework
One-dimensional

Ohm resistance

Paper electrode

Phosphoric acid
Poly(3,4-ethylenedioxythiophene)
Polyaniline

Polyaniline nanoflakes and TiO,
nanoparticles

Polypyrrole

Potassium hydroxide

Potassium chloride
Polythiophene
Poly(3,4-ethylenedioxythiophene)
Reduced graphene oxide
Ruthenium (IV) oxide

Sodium sulfate

Single-walled carbon nanotube

Csor C, Specific capacitance

(SCs) Supercapacitors

S Sulfur

H,SO, Sulfuric acid

Ti Titanium

TiN Titanium nitride

TiN/NiCo,0, Titanium nitride nanoarray

Ti;C,T, or Ti;C, Titanium carbide

TiO, Titanium dioxide

MXene Transition metal carbides, nitrides
or carbonitrides

MnO /Ti;C, Titanium carbide nanosheets and
manganese oxide nanoparticles

VO, Vanadium penta oxide

VN Vanadium nitride

WO, Tungsten trioxide

a-MoO;-nanoplate  a-Molydenum oxide nanoplate

Introduction

Supercapacitors are considered to play an important role in
power devices and energy storage systems in future genera-
tions [1-3]. Owing to the fast storage (as high as 100 thou-
sand times) and large power (~ 10 kW/kg) and energy capac-
ities, supercapacitors make a great enhancement in advanced
energy applications [4-6]. Recently, supercapacitors have
been expanded on structural architecture, material produc-
tion, performance analysis, and understanding of the signifi-
cant electrochemical phenomena. Efficient energy storage
systems and clean environmental energy sources are crucial
issues for the contemporary society due to the rapid develop-
ments made in the technology and industry in today energy-
dependent world. Supercapacitors [7-9], batteries [10, 11]
and fuel cells [12, 13] can be used to solve these issues. One
of the most important energy storage systems is superca-
pacitors (SCs), which have attracted more interest than bat-
teries, because they have fast charged/discharged capability
and long cyclic stability as emerging energy storage devices
[14-16]. Supercapacitors are used in many hybrid electroac-
tive materials which have carbon-based materials and metal
oxides with reversible redox reactions [17, 18]. Superca-
pacitors are divided into three main parts depending on the
charge storage capability: EDLC [19], pseudocapacitor [20],
and hybrid supercapacitors [21-25]. Supercapacitors have
a combination of fundamental features for energy storage
systems [26, 27]. These are energy and power density [28],
good stability, fast charge/discharge capability, etc. [29-31].
Hybrid supercapacitors are used to improve device perfor-
mances based on the carbon materials in EDLC system and
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pseudocapacitive materials, such as metal oxides [32, 33]
or conducting polymers [34-36]. In this review article, we
chose the titanium-based supercapacitors supplying faradaic
effects and combining with other materials providing high
thermal stability, chemical stability, low cost, and low toxic-
ity [37-39].

Historical overview of supercapacitors

The development of capacitors started on the storage of elec-
trical charges using a metal and an electrolytic solution in
the nineteenth century [40]. General Electric Co. presented
a patent for porous carbon electrode in 1957 [41, 42]. Evans
explained the terms of faradaic charge transfer between elec-
trodes and ions [43]. It was partly explained by Helmoltz
plane and faradaic reactions in the anode and cathode com-
partments. Nowdays, numerous electroactive materials can
be prepared to perform EDLC, pseudocapacitors, and hybrid
supercapacitor systems. Synthesis of hybrid systems can be
useful to improve electrochemical performance of superca-
pacitors [44, 45].

Titanium-based nanocomposites

Transition metal carbide materials, such as titanium carbide
(Ti5C,T,)-based materials have the following characteristic
properties: high melting point (up to 3260 °C), remarkable
chemical and thermal stability, high rigidity, and high elec-
trical conductivity [46-48]. Ti,CT, are the lightest transi-
tion metal carbides, nitrides, or carbonitrides (MXene) and
supposed to have a larger surface capacity than Ti;C,T, for
the larger surface area and more functional groups per unit
mass [49, 50]. Titanium carbide is synthesized by replace-
ment of titanium (Ti) or TiO, and carbon (C) element at
high temperatures between 1500 and 2300 K. The reaction
temperature should be taken at higher temperatures as com-
pared to other carbides. Moreover, the higher temperature
supplies quick reaction and diffusion of carbon material into
the metal or metal oxides.

Titanium nitride (TiN) is another material that has many
advantages, such as high melting point, good mechanical
stability, low cost, and high electrical conductivity [51,
52]. Thus, supercapacitors have fast charge movements and
charge accumulation. TiN is used for electrochemical energy
storage devices, coating technology, sensors technology, and
battery technology [53, 54].

Titanium dioxide (TiO,) is used as an electroactive mate-
rials for supercapacitors. It has more advantageous than
other metal oxides, such as ruthenium (IV) oxide (RuO,),
vanadium (V) oxide (VOs), molybdenum trioxide (MoOs),
and cobalt (II) sulfur (CoS) due to low cost, environmentally
friendly, and high chemical stability [55-58]. TiO, has dif-
ferent names, such as TiO, (B), brookite, anatase, and rutile

[59-61]. Additional research studies are needed to develop
the surface morphology, doping process, and energy-power
density [62, 63]. However, TiO,-based supercapacitors have
still low electrochemical performances [64]. Therefore, we
need to improve the electrochemical performances of super-
capacitors with respect to their low cost and highly efficient
properties. Sandwich composite of amorphous titanium
dioxide/polyaniline/graphene oxide (TiO,/PANI/GO) was
used as an anode material for lithium-ion batteries (LIBs).
A first discharge capacity was used as 1335 mAhg~! at 50
mAg~! [65]. The amorphous states of many intercalation
metal oxides, such as TiO, have better power density than
crystalline forms [66].

EDLC, pseudocapacitance, and hybrid
supercapacitors

In a typical supercapacitor, the charge becomes stored
either by total charges in EDLC or pseudocapacitors with
redox reactions [67—-69]. The basic mechanism of EDLC
corresponds to a typical capacitance mechanism of dielec-
tric capacitor, since there is no ionic or electronic transfer
causing a chemical reaction (non-Faradaic charge transfer)
[70-72]. In EDLC system, charges can be stored electrostati-
cally due to reversible reactions [73]. Each material used in
supercapacitor affects the performance of the device. The
choice of electrode material is important to decide good
electrochemical performance of device. The double layer
in the interface can be created quickly, so high power den-
sity is a natural characteristic of EDLC as compared to a
conventional battery where mass transport is required over
longer distances [74, 75]. EDLC mechanism is caused by
surface process of the electrode. So, it produces an important
effect on the capacitance values. Carbon materials, such as
nanotubes [76], fibers [77], graphene [78], and foams [79]
are used in EDLC system due to their high surface area, low
cost, etc. [80]. Furthermore, carbon materials are mainly
combined with metal oxides and conducting polymers to
fabricate nanocomposite electrodes [81]. One-dimensional
(1D) nanostructured composites, including carbon mate-
rials and metal oxides have been mostly used in batteries
and supercapacitors [82, 83]. The reason for the redox reac-
tions is that their Gibbs-free energy (AG) is negative [84].
Low electrical conductivity affects the limited charge/dis-
charge stability. The capacitance value of pseudocapacitor
is 10-100 times greater than that of EDLC [85]. The pseu-
docapacitance behavior shows a consequence of reversible
redox reactions [86—88].

The other configuration of capacitor is the hybrid super-
capacitors, which enhances the energy density of super-
capacitor device to a range of 20-30 Wh kg~! [89]. The
principles of hybrid supercapacitors are the combination
of the EDLC and pseudocapacitors [90]. The better design
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of supercapacitor device supplies on the enhancement of
energy density criteria in EDLC in order to use better elec-
trode and electrolyte materials. The hybrid supercapacitor
formation comes from coupling of different redox reactions
(faradaic charge transfer) and EDLC materials like graphene
(theoretical specific area, 2630 cm?g~") [91-93] or graphite
[94], metal oxides [95], conducting polymers [96], and acti-
vated carbon, etc. [97, 98]. The limiting property of EDLC
is not present in the pseudocapacitor, their combination
together leads to showing of the limitations of the combining
components, with an advantage of presenting higher capac-
itance values. As a result, the hybrid supercapacitors are
capable of storing a large amount of charge provided at high
power rates compared to rechargeable batteries [99-101].

Titanium carbide (Ti;C,T,)
Synthesis of Ti;C,T,

MXenes are 2D transition metal carbides or nitrides which
were discovered in 2011 [102]. These are used in energy
storage systems, such as supercapacitors, batteries, and elec-
tro-catalysis. The synthetic illustrations of titanium carbide
(Ti;C,) [103], a paper electrode (3D Ti;C,T, aerogel) which
is subsequently prepared through vacuum-assisted filtra-
tion of the Ti;C,T, nanosheet suspension [104], Ti;AIC,
which is partially removed by simple hydrothermal etch-
ing to obtain Ti,C,T, reserving appropriate Al interlayers
(Ti,C,T /Al) [105], MXene materials (Ti;C,T /a-Fe,05)
[106], mono and hexahybrid forms that are synthesized
hydrothermally in one step by meticulously controlling the
WO; (2D Ti;C,/WOs3) phase [107], few layered titanium car-
bide nanosheets and manganese oxide nanoparticles (MnO,/
Ti;C,) [108] and PANI nanoflakes and TiO, nanoparticles
(PANI/TiO,/Ti,C,T,) [109] nanocomposites are presented
in Fig. 1. There are many synthesis procedures for Ti;C,
and T;C,T, nanocomposites. These methods are chemical
method, hydrothermal process, vacuum-assisted filtration,
heat treatment, and in situ polymerization techniques.

Capacitance results of a paper electrode (Ti;C,T,)

Cyclic voltammogram (CV) measurements were obtained
in 1 M lithium sulfate (Li,SO,) solution for Ti;C, mate-
rial over the voltage range between — 0.9 and — 0.3 V, at
a scan rate of 2-1000 mV/s as given in Fig. 2a. The CV
plots still show a relatively rectangular box shape even at
the higher scan rates up to 1000 mV/s. Therefore, it has a
low contact resistance and a high rate capability. There are
no redox peaks in the CV plots during charge/discharge pro-
cesses. The specific capacitance was obtained as Cy, =370
Fg~! at the scan rate of 2 mVs~! for the binder-free Ti,C,
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foam electrodes. Ti;C,T, aerogel was performed by CV
method in the voltage range from—0.6 to 0.2 V at a scan
rate of 50 to 2000 mVs~! in 3 M sulfuric acid (H,SO,)
solution as shown in Fig. 2b. The shapes of CV curves are
acceptable for supercapacitor device to work. The aerogel
electrode has reached the highest capacitance of Cy,=438
Fg~! at 10 mVs~'. Ti;C,T /Al electrode was used by CV
method in 0.5 M Na,SO, at various scan rates in the volt-
age range between 0 and 0.9 V. Figure 2c shows CV plots
of Ti;C,T /Al electrode. As seen from the figure, the device
with Ti;C,T /Al electrode shows a good performance with
a high areal capacitance of Cy,=242.3 mFecm™ at I mVs~.
CV measurements of Ti;C,T,/a-Fe,0; electrode were made
in 5 M lithium chloride (LiCI) solution at the voltage range
of — 1.2to 0 V. The CV curves of the Ti;C,T,/a-Fe,0; elec-
trodes in 5 M LiClI solution as a function of the voltage range
of — 1.2 to 0 V at different scan rates from 5 to 200 mVs~!
are presented in Fig. 2d. Two pairs of redox peaks are obvi-
ous at different scan rates as seen clearly from Fig. 2d, even
at high scan rates, such as 200 mVs™!. The CV results imply
that the Ti;C, T /a-Fe,O5 possesses a high rate performance.
A 0.5 M H,SO, was used as the electrolyte for Ti;C,/WO;
and potential window of — 0.5 to 0 V. Figure 2e shows the
CV curves of 2D Ti;C,/WO; at scan rates varying from 2
to 100 mVs~!. Apparently, the absence of redox peaks in
CV curves with symmetric rectangular shape indicates fast
and reversible reaction kinetics. The increase in the current
density with the scan rate highlights appreciable ionic charge
transport even at higher scan rates, suggesting the excellent
rate capability of electrodes. The MnO,/Ti;C,T, nanocom-
posite was used in 1 M sodium sulfate (Na,SO,) electrolyte
solution to perform the CV measurement by the potential
range of 0-0.8 V. As demonstrated in Fig. 2f, the CV curves
of the flexible supercapacitor can still keep the rectangular
shapes even at higher scan rates, such as 250 mVs~!. Cyclic
voltammograms (CVs) of MnO,—-Ti;C, films were obtained
in the voltage range between — 1 and — 0.3 V with scan rates
of 2-200 mVs ™' in 1 M Li,SO, solution. MnO,~Ti;C, nano-
composites have good CV profiles even up to 200 mVs™! as
given in Fig. 2g. Therefore, it has outstanding reversibility
and high scan rate capability. This electrode has a volumetric
capacitance as high as C;,=392.9 Fem™ at 2 mVs™!. CV
plots of PANI/TiO,/Ti;C,T, electrode as a function of the
potential range of — 0.3 to — 1 V (versus Ag/AgCl) were
applied using a three-electrode system in 1 M KOH aqueous
solution at various scan rates from 10 to 200 mVs~'. The
PANI/TiO,/Ti;C,T, ternary composite shows high specific
capacitance of Cy,=188.3 Fg~'at 10 mVs~! as clearly seen
from Fig. 2h.

The galvanostatic charge/discharge (GCD) plots of Ti;C,
electrode are presented in Fig. 3a for various current densi-
ties from 2 to 30 Ag™!. As seen from the figure [110], Ti;C,
material has good fast charge/discharge capability and rate
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Fig. 1 Schematic illustration

of the synthesis procedure of

a Ti;C, [103], b 3D Ti;C,T,
aerogel [104], ¢ Ti;C,T /Al
[105], d Ti;C,T /a-Fe,05 [106],
e 2D Ti;C,/WO; [107], f MnO,/
Ti;C, [108], and g PANI/TiO,/
Ti;C,T, nanocomposites [109].
Reprinted with permission from
Refs. [103—109]. Copyright:
Elsevier (Ref. [103]), Royal
Society Chemistry (Ref. [104]),
Wiley (Ref. [105]), Elsevier
(Ref. [106]), Wiley (Ref. [107]),
Elsevier (Ref. [108]), Elsevier
(Ref. [109])

capacity at 30 Ag~!
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Fig.2 CV curves of a T;C, [103], b 3D Ti;C,T, aerogel [104], ¢
Ti;C,T /Al [105], d Ti;C,T,/a-Fe,05 [106], e 2D Ti;C,/WO; [107], £
MnO,/Ti;C, [108], g PANI/TiO,/Ti;C,T, [109], and h MnO,/Ti;C,T,
[110] supercapacitors. Reprinted with permission from Refs. [103—

electrode as seen from Fig. 3c. The highest specific capaci-
tance was obtained as Cg,=1087 mFem™ at 1 mAcm™.
GCD plots of the Ti;C,T,/a-Fe,05 electrodes were used at
different current densities in the range of — 1.2 to 0 V. Fig-
ure 3d shows that Ti;C,T,/a-Fe,05 electrodes show both
characteristics of pseudocapacitance and electric double
layer capacitance (EDLC) behavior. There are a few peaks
at around charge point of — 0.28 V and discharge point of
—0.95 Vin the CV curves. These results are consistent with
the two pairs of redox peaks displayed on the CV curves.
Figure 3e presents the GCD curves of the hybrid electrode
of Ti;C,/WO;. As seen from Figs. 2e and 3e, these meas-
urements are compatible with the results of CV measure-
ments. Furthermore, the highest specific capacitance was
calculated as Cy, =566 F ¢! for Ti;C,/WO, nanocomposite.
The electrode of MnO,-Ti;C, film was used to obtain the
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GCD curves for different current densities as presented in
Fig. 3f. As seen from the figure, the low internal resistance
was also obtained for the MnO,-Ti;C, film using the three-
electrode system. The variation of GCD curves for PANI/
TiO0,/Ti;C,T, ternary composite is demonstrated in Fig. 3g.
All the GCD curves of PANI/TiO,/Ti;C,T, electrode show
equilateral triangle shapes, indicating high reversibility of
PANI/TiO,/Ti;C,T, ternary composite during charge/dis-
charge process. The PANI/TiO,/Ti;C,T, ternary composite
exhibits specific capacitance of Cy,=108.9 Fg~'at0.5 Ag™L.

Electrochemical impedance spectroscopy (EIS) is an
important method to find out the electrochemical perfor-
mance and understanding on the kinetics of the superca-
pacitor electrodes. The Nyquist plots corresponding to EIS
are shown in Fig. 4a—g. All the electrodes showed a slop-
ing line, indicating good capacitive behavior of the samples
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Fig.3 Galvanostatic charge/discharge (GCD) graphs of a T;C, [103],
b 3D Ti;C,T, aerogel [104], ¢ Ti;C,T /Al [105], d Ti;C,T /a-Fe,04
[106], e 2D Ti;C,/WO; [107], f MnO/Ti;C, [108], g PANI/TiO,/
Ti;C,T, [109] and h MnO,/Ti;C,T, [110]. Reprinted with permission

at low frequency region. The ohm resistances (R,, deter-
mined by the intersection of the real axis and the imaginary
axis) corresponded the solution and internal resistances of
all electrode materials at a high frequency region. These
results indicate that the Ti;C,T, nanosheets could effectively
improve conductivity, and thus significantly enhance the
capacitance of all the Ti;C,T, electrode materials.

In litereature, there are many Ti;C,T, nanocompos-
ites in various electrolytes and higher specific capaci-
tance values as given in Table 1. Specific capacitance
values can be affected by many factors, such as mate-
rial structure, electrolyte type and synthesis procedure,
etc. In literature, there are many papers based on the
Ti;C,T, electrode materials [118, 119]. For instance,
nickel-organic framework (Ni-MOF)/Ti;C,T, hybrid

Time (s)

from Refs. [103-110]. Copyright: Elsevier (Ref. [103]), Royal Soci-
ety Chemistry (Ref. [104]), Wiley (Ref. [105]), Elsevier (Ref. [106]),
Wiley (Ref. [107]), Elsevier (Ref. [108]), Elsevier (Ref. [109]), Else-
vier (Ref. [110])

nanocomposite is used in supercapacitor evaluations. It
shows high specific capacitance of Cy,=867.3 Fg~'at 1
Ag™'. $-Ti;C,Tx/N-C-700 °C electrode was designed at
a three-electrode system [120]. Its specific capacitance
was obtained as Cy, =260 Fg~'at 0.8 Ag™', about 3 times
higher than that of many other Ti;C,T,-based materials
reported in literature. Nam et al. [121] have synthesized
a Ti;C,T, MXene material for wearable energy devices,
such as supercapacitors and triboelectric nanogenera-
tors. Ti;C,T, free-standing film annealed under 200 °C
showed a high capacitance of Cy, =429 Fg~! and energy
density of E=29.2 Whkg™" in 1 M H,SO, solution [122].
Ti;C,T, MXene coated metal mesh electrodes were used
for stretchable supercapacitors, which showed an aneal
capacitance of Cy,=33.3 mFem™2 at 10 mVs™' [123].
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Fig.4 Nyquist plots of a T;C, [103], b Ti;C,T/Al [104], ¢
Ti;C,T /a-Fe,0; [105], d 2D Ti;C,/WO; [106], e MnO,/Ti;C,T,
[107], f MnO/Ti5C, [108], and g PANI@TiO,/Ti;C,T, [109] super-
capacitor. Reprinted with permission from Refs. [103-109]. Copy-

right: Elsevier (Ref. [103]), Wiley (Ref. [104]), Elsevier (Ref. [105]),
Wiley (Ref. [106]), Elsevier (Ref. [107]), Elsevier (Ref. [108]), Else-
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Ta.ble ! Capacitance.results of Materials Electrolyte Capacitance References

Ti;C,T -based materials
Ti,C,T, MWCNT sandwich 1 M MgSO, 120 Fg~! at 200 mVs~! [111]
400-KOH-Ti,C, 1 M H,SO, 200 Fg~! at 100 mVs™! [112]
N-Ti;C,T, 1 M Li,SO, 415.0 Fg~'at2 mVs~! [113]
TiO,~Ti;C, 6 M KOH 120 Fg~! at 100 mVs~! [114]
Ti,C,T, “clay” 1 M H,SO, 245 Fg~lat 2 mVs™! [115]
Ti,C,T /PPy 1 M H,S0, 416 Fg~lat 5 mVs~! [116]
Ti,C,T /ZnO 1 M KOH 120 Fg~! at 2 mVs™! [117]

The other Ti,C,T, suspension and carbonizing the com-
posite fabric presented the highest areal capacitance of
C,,=794.2 mFem™ (233.6 Fg™') at 2 mVs™' with 6% by
weight Ti;,C,T, at 1000 °C [124].

Titanium nitride (TiN)
Synthesis of TiN

The schematic synthesis procedure diagrams of chrysan-
thenum-like titanium nitride (CL-TIN) [125], titanium
nitride nanowire array (TIN/NiCo,0,) [126], polypyrrole/
titanium nitride/polyaniline coaxial nanotube hybrid (PPy/
TIN/PANI) [127], and polyaniline/carbon/titanium nitride
nanowire array (PANI/C/TIN NWA) [128] are presented in
Fig. 5. In these synthesis processes, there are many meth-
ods used, such as heating, nitradation at high temperatures,
electrodeposition process, etc.
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Capacitance results of TiN

The typical CV curves of the CL-TiN/glassy carbon elec-
trode (GCE) were obtained at different scan rates from 0.1
to 1.0 Vs~!. Similar rectangular shapes are obtained even
at a scan rate of 1.0 Vs~'in 1 M Na,SO, solution. Hence,
CV plots demonstrate good capacitive behavior and show a
typical characteristic of the electrical double-layer capaci-
tor. The CV measurements of TiN NWA/NiCo,0, electrode
were carried out at various scan rates from 10 to 200 mVs™!
by a three-electrode system in 2 M potassium hyyroxide
(KOH) solution. As seen from Fig. 6b, a pair of well-defined
redox peaks can be clearly observed from all the CV curves,
which refers to reversible faradaic reactions. The typical CV
curves of PPy/TiN/PANI nanotube hybrid material were
measured in 1.0 M H,SO, solution at different scan rates
from 5 to 100 mVs~! (Fig. 6¢). The PPy/TiN/PANI nanotube
hybrid shows typical pseudocapacitor behavior because the
intensity of couple peaks is directly proportional to the scan
rate. As the scan rate increased, the oxidation peak shifted
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to a positive value and reduction peak shifted to a negative
value, accordingly.

The electrochemical performance of the supercapacitor
device with CL-TIN electrode was carried out by the galva-
nostatic charge—discharge (GCD) measurements, which were
performed at different current densities from 0.1 to 1 Ag™!
(Fig. 7a). The GCD curves of CL-TIN electrode are nearly
linear and symmetric triangles, showing a good capaci-
tance performance of the device. The specific capacitance
of Cy,=23.35 Fg~! was computed for the CL-TiN electrode
at current density of 1.0 Ag™! using a three-electrode sys-
tem. Furthermore, the cycle life is one of the most important
parameters to measure the stability of the supercapacitor

electrode materials. Even after 20,000 cycles at a scan rate
of 10 Vs™!, the specific capacitance of CL-TiN endured at
89.8% of the initial specific capacitance. The GCD meas-
urements of the TiN NWA/NiCo,0, nanocomposite with
increasing discharge current density (5, 10, 20, 50, and 100
Ag~!) are given in literature [98]. All the potential-time
curves at different current densities are almost symmetric,
showing a good electrochemical capacitance performance of
the TiN NWA/Ni-Co,0, nanocomposite. In addition, these
charge/discharge voltage plateaus match the well-defined
redox peaks observed in the CV curves. The specific capaci-
tance of the TiN NWA/NiCo,0O, composite on carbon cloth
(CC) electrode was obtained as Csp= 1200 Fg_1 at current
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density of 2.0 Ag™!. There are many factors that affect
GCD method, such as mass of active materials, potential
window, discharge time, and discharge current, etc. [129].
The GCD curves and capacitance curve of PPy/TiN/PANI
nanotube hybrid material were studied at different current
densities from 0.5 to 20 Ag™! (Fig. 7b). The capacitance
value was found inversely proportional to current density.
The capacitance gradually decreased with increasing cur-
rent density and then gradually achieved a relatively stable
level. The corresponding specific capacitance was obtained
as C,,=1077.4 Fg~! at a high current density of 10.0 Ag™'.
Figure 7c shows the GCD plots of PANI/C/TiN NWA ter-
nary nanocomposite at a current density of 1.0 Ag™!. As
seen from the figure, all these samples by having almost
linear and symmetric curves demonstrated good electro-
chemical capacitance performance. The PANI/C/TiN NWA
ternary nanocomposite presents a high specific capacitance
of Cy,=1093 Fg~! at 1.0 Ag™'. The specific capacitance
of PANI/C/TiN NWA ternary nanocomposite remained at
98% of the initial specific capacitance after 2000 cycles. As
a result, the good conductivity of electrode materials could
facilitate high specific capacitance.
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All the Nyquist plots corresponding to electrochemical
impedance spectroscopy (EIS) consist of a nearly semicir-
cle in the high frequency range and a straight line in the
low frequency range as shown in Fig. 8a—c. As it is evident
in all parts of Fig. 8, the EIS parameters, such as solution
resistance (R,) and charge transfer resistance (R, in the high
frequency region demonstrate that TiN-based composites are
a favorable electrode with enhanced electronic conductivity
and charge transport. At higher frequencies, the electrolyte
ions do not penetrate into microporous structures. However,
at low frequency regions, total impedance shows basically
a capacitive behavior due to low diffusion of the electro-
lytes. At high frequency region, it is so fast and thus the
ohmic resistance of microporous increases, which causes
higher capacitance and hinders the migration of electrolytes
in pores [130].

In literature, there are many TiN-based nanocompos-
ites, which were presented in various electrolytes and spe-
cific capacitances as given in Table 2. The highest specific
capacitance was obtained for PPy/TiN nanocomposite as
C,,=1265 Fg~' by GCD method at 0.6 Ag™" in 1 M H,SO,
solution. TiN nanoparticles onto titanium foil were prepared
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by potentiostatic electrolysis at+5 V in an ammoniacal
solution of potassium chloride (KCl) [131. A symmetric
supercapacitor electrode showed a specific capacitance
of C;,=44.10 mFcm™2 at 6.66 mAcm ™2 in a good capac-
ity retention (95% after 10,000 charge/discharge cycles)
with~ 100% coulombic efficiency (see Table 3).

Su et al. [138] have studied vanadium nitride (VN), which
shows the capacitance of C,,=447.28 mFem” at 2 mAcm™.
Vanadium nitride/molybdenum disulfide (VN/MoS,) hybrid
composite reaches Cy,=3187.3 mFcm?, which is 7 times
higher than C, of VN. Porous TiN electrode was coated on
silicon substrate by direct current reactive sputtering method
[139].

Titanium dioxide-based composites

Carbon/TiO,-based supercapacitor

Carbon-based materials have more advantageous, such as
closed-spaced carbon atoms, high strength, high electron

density, and ultrahigh structure. There are many carbon
materials, such as graphene, carbon fiber, carbon nanotube,
fullerene, carbon black, etc. [140]. Graphene enables the
decreasing rate of recombination of electron hole pairs
through n—= interaction, and increases the charge transfer
rate of the electrons [141].

Synthesis of carbon/TiO,

The schematic synthetic procedure diagrams of titanium
dioxide/N-doping graphene (N-TiO,/NG) [142], TiO,/gra-
phene hydrogels [143], TiO,/carbon nanofiber [144], rGO/
TiO, [145] and rGO/thorn-like TiO, [146] are demonstrated
in Fig. 9.

Capacitance results of carbon/TiO,
Figure 10a presents the CV plots of N-TiO,/NG electrode
carried out at different scan rates from 1 to 50 mVs~!, at

a sweep potential of — 0.2 to 0.8 V in 1 M Na,SO, solu-
tion. The CV plots indicate that the capacitance is mainly
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Table 2 Capacitance results of TiN-based materials

Materials Electrolyte Capacitance References

PPy-TIN 1 M H,S0, 1265Fg~!at0.6 [132]
Ag’l

G/TIN IMKOH 333.7Fg 'atl Ag™' [133]

PANU/TIN core— 1 MH,S0, 1064.5Fg!at1 [134]

shell Ag~!

TIN/C 6MKOH 159 Fg~'at0.5 Ag™' [135]

TIN/VN IMKOH 170Fg 'at2mVs™' [136]

TiVN 1 MH,S0, 69.6Fg!at5 [137]
mVs™!

created from the electric double layer capacitance (EDLC)
behavior. Moreover, the redox peaks are also observed in
the CV curves, which may be referred to pseudocapacitance.
In addition, the highest specific capacitance of N-TiO,/NG
electrode was obtained as Cy,=205.1 Fg~'at 1 mVs~!. The
CV plots of the TiO,/graphene hydrogels electrode measured
in a three-electrode system in 1 M H,SO, as electrolyte at a
scan rate of 100 mVs~! and voltage range between -0.4 and
0.6 V are given in Fig. 10b. The CV plots of the TiO,/gra-
phene hydrogel electrode showed a more quasi-rectangular
shape and larger integral area related to a typical capacitive
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behavior as compared to other electrodes. The specific
capacitance of electrode was calculated as Cy,=332.6 Fg!
at a current density of 0.2 Ag~!. The CV curves of titanium
dioxide/carbon nanofibers (TiO,/CNFs) nanocomposite were
performed in 6 M KOH electrolyte solution at a scan rate
from 5 to 200 mVs~! with a potential range of — 0.9 to 0 V.
As it is given in Fig. 10c, the rectangular area increases
with the scan rate of TiO,/CNFs electrode, indication of
an increase of electrode capacitance. In literature there are
many studies using carbon nanotube (CNT) and graphene
[147, 148]. Combining sulfur (S) with carbon-based mate-
rials and conducting polymers improves the electrochemi-
cal performances and electrical conductivity of electrode
[149]. The cyclic voltammetry plots of the CNT/TiO, were
obtained in 1 M phosphoric acid (H;PO,) solution at dif-
ferent scan rates in the voltage window from 0 to 1.4 V.
The CV curves of rGO/TiO, nanocomposite electrode in
1 M H,SO, electrolyte solution are illustrated in Fig. 10d.
The CV graphs have a good rectangular box shape as seen
from the figure. The rGO/TiO, nanocomposite electrode
has the highest specific capacitance of Cy,=409.34 Fg™!
at 4 mVs~'. Figure 10e exhibits the CV curves of a rGO/
thorn-like TiO, electrode, the three-electrode system, in
1 M Na,SO, electrolyte solution for the potential window
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Table 3 Some examples of TiO,-based nanocomposites

Electrode Electrolyte Potential win- Specific capaci- Power density/ ~ Energy density/  Cycling reten- References

dow /V tance/Fg ™! kWkg™! Whkg™! tion
Few layer Ti;C,/ 1M Li,SO, -0.9,-03 370 at2 mVs™! - - 86.3% after [103]
Ni foam 10,000 cycles
PANI/TiO,// 1M KOH -0.3,-1 188 at 10 mVs™' — - 94% after 8000  [109]
Ti;C,T, cycles
CL-TiN 1 M Na,SO,/ 0.0, 0.6 23.35 - - 36.7% after [125]
CMC gel 20.000 cycles

N-TiO,/NG 1 M Na,SO, -02,+0.8 205.1 - - 78.8% after 5000 [142]
cycles

rGO/TiO, 1 M H,SO, 0.0,0.8 524.02 58.6 50.07 83.4% after 1000 [145]
cycles

Ag/TiO,-NT Different Ag -0.2,06 86.9 mFg~! 150.4 pWe ™! 82.8 yWhg™! - [152]

ions

V,04/TiO, 2 M HCI -0.2,08 587 399 Wke™! 100.8 92% after 5000  [155]
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Fig.9 Synthesis procedure of a N-TiO,/NG [142], b TiO,/graphene hydrogels [143], ¢ TiO,/carbon nanofiber [144], d rGO/TiO, [145], and e
rGO/thorn-like TiO, [146]. Reprinted with permission from Refs. [142-146]. Copyright: Elsevier (Refs. [142-146])
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of 0-0.8 V at various scan rates from 5 to 100 mVs~!. As
it is evident from Fig. 10e, the area defined by the CV
curve demonstrates an almost rectangular-box shape and it
increases with increasing scan rate, indicating that the rGO/
thorn-like TiO, electrode has low contact resistance and
high quality capacitance behavior. The specific capacitance
value of rGO/thorn-like TiO, electrode is computed to be
C,=178 Fg'at1 Ag™".

The GCD measurements of N-TiO,/NG nanocomposite
were performed at a constant current density of 0.1, 0.5, 1,
and 2 Ag™'. The GCD curves of N-TiO,/NG nanocomposite
are given in Fig. 11a. It can be clearly seen from Fig. 11a
that the longer discharging time of N-TiO,/NG has higher
capacitance than that of TiO,/rGO nanocomposite. The elec-
trical conductivity of graphene enhances due to the respon-
sibility of the pyrrolic nitrogen and pyridinic nitrogen for
nitrogen doping process. Figure 11b shows the GCD curves
of TiO,/graphene hydrogels electrode. As it is seen in the
figure, the discharge plots of TiO,/graphene hydrogels elec-
trode have nearly symmetric behavior for the current density
range of 0.2-8 Ag~!. Therefore, the highest specific capaci-
tance was obtained as Cy,=372.3 Fg~! at a current density
of 0.2 Ag™!. This indicates that the capacitive reversibility
of the TiO,/graphene hydrogels electrode is high. The charge
and discharge curves of TiO,/carbon nanofiber electrode
are presented in Fig. 11c. The GCD curves of TiO,/carbon
nanofiber electrode are shown symmetrically and are similar
to the isosceles triangle as seen from Fig. 11c. This refers
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to highly efficient and reversible progress of charge and dis-
charge. The specific capacitance of TiO,/carbon nanofiber
was calculated to be C,=280.3 Fg'at 1 Ag™'. The galva-
nostatic charge/discharge curve of rGO/TiO, at a constant
current density of 2 mA in a two-electrode configuration is
presented in the literature [116]. The specific capacitances
of rGO/TiO, electrode were computed as Cy,=24.84 Fg .
Figure 11d shows the GCD curves of 1GO/thorn-like TiO,
electrodes. The specific capacitance of rGO/thorn-like TiO,
nanocomposite electrode was calculated as Cy, =178 Fg!
at 1 Ag~! from the slope of the GCD graph.

The Nyquist plots of N-TiO,/NG are given in Fig. 12a.
The Nyquist plots of N-TiO,/NG show that the specific
capacitance does not drop much even at higher current den-
sity, indicating that the electroactive materials have a good
rate capacity. Figure 12b demonstrates the Nyquist plots of
TiO,/graphene hydrogels supercapacitor (SC). As given in
the insert of Fig. 12b, the straight line associated with TiO,/
graphene hydrogels electrode is closer to the imaginary
impedance axis in addition to a small semicircular curve.
This verifies the superior ion diffusion efficiency of the
device. The Nyquist plots corresponding to the EIS of TiO,/
carbon nanofiber are shown in Fig. 12¢c. The series resist-
ance (R,) for TiO,/carbon nanofiber cathode and anode is
calculated as 1.13 and 1.10 Q, respectively. The EIS results
of TiO,/carbon nanofiber cathode and anode indicated good
stability and reversibility of this symmetric two-electrode
supercapacitor. Figure 12d presents the Nyquist plots of
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rGO/TiO, electrode using a sinusoidal signal at 0 V in a
frequency range from 10 mHz to 100 kHz with 10 mV
amplitude. Relating to rGO, impedance spectra involve a
semicircle part, representing to the carrier transport process
and a linear part, representing to the diffusion process. The
diameter of the semicircle curve presents the charge trans-
fer resistance (R, at the electrode surface. The Nyquist
plots of rGO/TiO, electrode indicate to low R and good
conductivity.

Metal/TiO,-based supercapacitor
Synthesis of metal/TiO,

Metal or metal oxide-based electrode materials have multiple
active sites used in supercapacitors [150]. Igbal et al. [151]
have synthesized strontium oxide (SrO) from sonochemical
method by calcination. The synthetic procedure of silver/
titanium dioxide (Ag/TiO,) nanotubes [152], manganese
(IV) oxide/titanium dioxide (MnO,/TiO,) nanotube arrays
[153], a-molybdenum oxide nanoplate/titanium dioxide
(2-M0oOj5 nanoplate/TiO,) [154] and vanadium pentaoxide/

titanium dioxide (V,05/TiO,) nano-arrays [155] is presented
in Fig. 13.

Capacitance results of metal/TiO,

The CV measurements of Ag/TiO, nanotube electrode
were carried out at different scan rates in the voltage range
from — 0.2 to+0.6 V. The CV plots of Ag/TiO, nanotubes
are illustrated in Fig. 14a. As seen from this figure, the
increasing in scan rate has not changed the shape of the
basic CV curve. The Ag/TiO, nanotubes electrode still
keeps a good rectangular box shape with a larger integral
area at a high scan rate of 100 mVs~!. The large specific
capacitance value after modified ion implantation dem-
onstrates an improvement in the electrochemical perfor-
mance. The CV plots of MnO,/TiO, nanotube arrays are
presented in Fig. 14b for various scan rates with a three-
electrode system in 0.5 M Na,SO, electrolyte. The CV
areal capacitance of MnO,/TiO, nanotube was obtained
as Cy,=346.5 mFcm™ at 5 mVs™'. The electrochemi-
cal measurements were performed with a three-electrode
system in 1 M Na,SO, electrolyte to figure out the elec-
trochemical performance of the a-MoOj; nanoplate/TiO,
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Reprinted with permission from Refs. [142—-145]. Copyright: Elsevier (Refs. [142-145])

electrode. The effect of different scan rates on the elec-
trochemical behavior of a-MoO; nanoplate/TiO, elec-
trode is presented in Fig. 14c. All CV plots are close to
an ideal rectangular box-shape with no evidence of redox
peaks. In other words, the device shows a typical char-
acter of double-layer capacitance behaviour. Moreover,
the CV plots did not dramatically change when the scan
rate increased to 0.2 Vs~!. The CV measurements of
3D-TiO,/1D-TiO, nanotube electrode material were stud-
ied by a conventional three-electrode system with 1 M
potassium hydroxide (KOH) and recorded at different scan
rates (5-50 mVs~!). The cyclic voltammetry (CV) curves
of V,0,/TiO, nano-arrays electrode measured at differ-
ent scan rates from 5 to 100 mVs~! are given in Fig. 14d.
The areas of CV curves expand accordingly while their
shapes stay well with the increasing of the scan rate. This
result indicates an ideal capacitive behavior of V,05/TiO,
nano-arrays electrode with ion diffusion and fast charge
rate as seen from Fig. 14d. The quasi-rectangular shape
of the CVs was obtained, indicating an ideal supercapaci-
tive material with good interfacial kinetic and high-rate
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performance. The highest specific capacitance value was
calculated as Cy, =587 Fg~! at current density of 0.5 Ag™".

The galvanostatic charge/discharge (GCD) curves of Ag/
TiO, nanotubes electrode are given in Fig. 15a. The charge
and discharge curves may indicate that Ag/TiO, nanotubes
electrode exhibits a good symmetry and linear properties
under different current densities as it is seen in Fig. 15a.
That means that the Ag/TiO, nanotube electrode has a high
coulombic efficiency. Futhermore, the Ag/TiO, nanotube
electrode has a high specific capacitance as Cy,=9324.6
mFem™ (86.9 mFg~! or 1.2 mFem™) at the current den-
sity of 0.05 mAcm™2. The GCD measurements of MnO,/
TiO, nanotube arrays electrode were carried out at differ-
ent current densities of 0.1, 0.5, 1.0, 2.0, 3.0, 4.0 and 10.0
mAcm 2. The charge and discharge curves of MnO,/TiO,
nanotube arrays electrode are shown in Fig. 15b. As it is
evident in this figure, with the increasing current density, all
the GCD curves have a level. The potential of the charging
level increases while the potential of the discharging level
decreases due to the level potential of the pseudocapacitive
material caused by the creation or annihilation of electrons.
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Moreover, the areal capacitance values of MnO,/TiO, nano-
tube arrays electrode were calculated as C,;=436.2, 370.3,
281.7, 151.4, 84.3, 47.5, and 32.7 mFcm™ -2 for the current
densities of 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, and 10.0 mAcm™2,
respectively. Figure 15¢ demonstrates the GCD curves of
a-MoO; nanoplate/TiO, electrode with the current densi-
ties between 0.4 and 1 mAcm™>. The inner active sites or
the pores of the a-MoQO; nanoplate/TiO, electrode are fully
accessible and propagated by cations at low current den-
sities. Hence, the highest areal capacitance was found as
Cp=42.89 mFem™! at a current density of 0.6 mAcm™

Figure 15d shows the GCD curve of symmetrical cell with
a V,04/TiO, nano-arrays electrode. The highest specific
capacitance of V,0s/TiO, nano-arrays electrode is found as
C,p, =287 Fg~! at the current densities of 0.5 Ag™'.

eaction lasted for
—_—
4hat180°C

VNBs/TNFs

The Nyquist plots corresponding to the EIS of Ag/TiO,
nanotubes electrode in 0.5 M Na,SO, solution are shown in
Fig. 16a. In this figure, the diameter of semicircle is small
at its high-frequency zone and straight line is close to 90° at
its low-frequency area. These results indicate that the inter-
nal resistance of Ag/TiO, nanotubes electrode is very small
and the electrode has a very good capacitance performance,
respectively. Moreover, the charge transfer resistance value
of Ag/TiO, nanotubes electrode was computed as R, =74.79
Qcm?. Figure 16b demonstrates the Nyquist plots of MnO,/
TiO, nanotube arrays electrode. The electrochemical imped-
ance spectroscopy of MnO,/TiO, nanotube arrays points
out that the reaction of electrode mainly involves the charge
transfer process and ion diffusion. According to the Nyquist
curve of MnO,/TiO, nanotube arrays given in Fig. 16b, the

gslppl @ Springer



48

Iranian Polymer Journal (2022) 31:31-57

100 mV
— 80mV — 20mV
50mV —10mV
02 00 0.2 0.4 0.6
Potential (V)

&E\ 81(c)

3 %

£ N

=

@ 01

c ol

S 4] 10 mV/s

el w20 mV/s
O -61 —50 mV/s
= J =100 mV/s

38 —150 mV/s
-101 ——200 mV/s

1.0-09 -0.8-0.7 -0.6 -0.5-0.4 -0.3 -0.2-0.1 0.0
Potential (V)

Fig. 14 CV graphs of a Ag/TiO, nanotubes [152], b MnO,/TiO,
nanotube arrays [153], ¢ a-MoO; nanoplate/TiO, [154], and d V,0Os/
TiO, nano-arrays [155]. Reprinted with permission from Refs. [152—

MnO,/TiO, nanotube arrays electrode has the charge transfer
resistance of R,,=73.8 Qcm?. The electrochemical imped-
ance spectroscopy of a-MoQOj; nanoplate/TiO, electrode is
presented in Fig. 16¢c. The semicircular curves which are
seen in the Nyquist plots of electrodes indicate that the
electrodes have a poor charge transfer performance because
of the interlayer transfer resistance between the electrode
and electrolyte systems. However, there is no such semi-
circular curve for the ®-MoO; nanoplate/TiO, electrode as
given in Fig. 16c. This result indicates to a good charge
transport capability and better capacitance performance of
the a-MoOj; nanoplate/TiO, electrode. Figure 16d presents
the Nyquist plots of V,05/TiO, nano-arrays electrode. The
charge transfer resistance (R,,) of V,05/TiO, nano-arrays
electrode was calculated from the diameter of semicircle
curve as 2.6 Q. The small charge transfer resistance and the
ion transportation/diffusion resistance of V,0s/TiO, nano-
arrays electrode demonstrate that TiO, can increase the
active surface and supply fast channels for insertion of ions
in and out of the electrode material. Nickel/metal-organic
framework (Ni/MOF)-derived mesoporous carbon was
synthesized by carbonization and acid treatment [156]. The
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tubular Co;0, showed good electrochemical performance
in 3 M KOH solution (P=5500 Wkg~! and E>22 Whkg™!)
[157]. Cobalt molybdate (CoMo0Q,) electrode shows a spe-
cific capacitance of Cy,=294 Fg~! by CV method with
E=17.3 Whkg~! and P=7227.5 Wkg~! [158].

Conducting polymer/TiO,-based supercapacitor
Synthesis of conducting polymer/TiO, nanocomposite

Synthesis procedure of PANI/TiO, nanocomposite [159] is
given in Fig. 17. Chemical polymerization was performed
by ammonium persulfate as an initiator.

Different types of conducting polymers have been used
as surface modifiers [160]. These conducting polymers
are polyaniline (PANI) [161-163], polypyrrole (PPy)
[164, 165], polythiophene (PTh) [166], poly(3,4-ethylen-
edioxythiophene) (PEDOT) [167, 168], etc. In literature,
PANI-TiO,—-GO composites have been presented by Phan
et al. [169]. In this work, the chemical method was per-
formed in a paste form on titanium substrate. A TiO,-coated
multiwalled carbon nanotubes (MWCNT)/graphene/PANI
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Fig. 15 Galvanostatic charge/discharge (GCD) graphs of a Ag/TiO,
nanotubes [152], b MnO,/TiO, nanotube arrays [153], ¢ a-MoO;
nanoplate/TiO, [154], and d V,05/TiO, nano-arrays [155]. Reprinted

nanocomposite was studied for supercapacitor applica-
tions [170]. The specific capacitance value of TiO,-coated
MWCNT in a weight ratio of (9:1) was obtained as
C,,=666.3 Fg™" at2mVs~".

Capacitance results of conducting polymer/TiO,
nanocomposite

The CV measurements of PANI/TiO, nanocomposite elec-
trode were carried out in 1 M H,SO, solution at different
scan rates. Figure 18a presents the CV curves of PANI/TiO,
nanocomposite electrode. During the redox process, the
charges in the electrolyte inside the electrode are depleted
or saturated due to the slow charge transfer process at high
scan rate. This usually results in increased ionic resistivity,
which leads to a drop in the capacitance of the electrode.
The galvanostatic charge—discharge curves of PANI and
PANI/TiO, nanocomposite electrode are shown in Fig. 18b
inset 1 and Fig. 18b inset 2, respectively. The GCD meas-
urements of PANI/TiO, nanocomposite were performed
in the potential range of — 0.2 to+0.8 V versus saturated
calomel electrode (SCE) with a constant current density of
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with permission from Refs. [152-155]. Copyright: Wiley (Ref.
[152]), Copyright: Elsevier (Ref. [153]), Copyright: Springer (Ref.
[154]), Copyright: Royal Society of Chemistry (Ref. [155])

0.5 mAcm~2. As seen from Fig. 18b, the GCD curves of
electrodes are not ideal straight lines indicating the faradaic
reaction process. Moreover, there is an initial potential drop
due to internal resistance, which comes from the resistance
of both the electrode and the electrolyte. In addition, the
highest specific capacitance was calculated as Cy, =783 F g
at 5 mVs™! for PANI/TiO, nanocomposite.

The Nyquist plots of PANI (Fig. 18c inset 1) and PANI/
TiO, (Fig. 18c inset 2) nanocomposite electrode in 1 M
H,SO, electrolyte are shown in Fig. 18c. The Nyquist plot of
PANI/TiO, nanocomposite electrode is a semicircle at high
frequencies and it is a line at low frequencies as observed
in Fig. 18c. The semicircle corresponds to resistance due to
charge transfer between geometric interfaces and geometric
capacitance. The line observed at low frequencies is due to
the charge transfer impedance resulting from the inhomo-
geneous concentration of the charged types in the material.
Moreover, the electrochemical charge transfer resistance
value of PANI/TiO, nanocomposite was calculated as 20
Q. As aresult, the electrochemical impedance spectroscopy
analysis of PANI/TiO, nanocomposite demonstrated that
this electrode is suitable to use at low frequency region. In
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literature, TiO,/PANI hybrid composites have been synthe-
sized with different methods [171]. Furthermore, many con-
ducting polymers/TiO, composites are presented in literature
[172,173]

Reduced graphene oxide (rGO) and its composites have
mostly been used as an electrode material for supercapaci-
tors due to their good electrical conductivity, high surface
area, low cost, and high yield [174]. In literature, the given
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capacitance values for graphene—titanium dioxide/polythio-
phene (G-TiO,/PTh), graphene-titanium dioxide (G-TiO,)
and graphene (G) are 162.5, 62.3, and 47.1 Fg™!, respec-
tively [175]. Li et al. synthesized alkoxy-functionalized
polythiophene (PM4EOT) and TiO, nanocomposites by a
facile in situ oxidative polymerization of thiophene mono-
mer [176]. The specific capacitance of PM4EOT/TiO, nano-
composite (1:1) was given as C, =111 Fg~! at a current
density of 0.5 Ag™'.

Future perspectives of scientific trends and challenges

Cheaper and easily prepared and long cyclic life materi-
als can be chosen in future energy storage devices. TiO, is
one of the most important redox active materials used for
these systems. It can be mostly used in solar photovoltaics
[177], photo-electrochemical cells [178, 179], supercapaci-
tors [180] and batteries [181]. Among the different types of
energy storage systems, supercapacitors are of great interest
due to their high specific capacitance, superior power den-
sity, eco-friendless, reversible character, and self-durability
[182]. Supercapacitor cell performance can be evaluated by
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many criteria, such as selection of electrolyte type, elec-
trode type, separator type, chosen potential window, and
used method and so on [140].

Conclusion

This paper has reviewed the research progress in the tita-
nium-based materials for supercapacitor electrodes. Many
techniques, such as synthesis procedure, CV, GCD, EIS,
and equivalent circuit models were presented to explain
in more detail as TiO,-based materials in supercapacitor
applications. The type of TiO,-based nanocomposite which
has higher specific capacitance and electrochemical perfor-
mances (energy and power density or stability). Moreover,
the factor which affects this nanocomposite material? This
review article answers these important questions on the basis
of TiO,-based nanocomposites for supercapacitors. The fol-
lowing factors affect significantly on the supercapacitors,
such as highly conductive materials, porous materials, and
good diffusion pathways.

Titanium nitride (TiN) materials have higher electrical
conductivity (4000-55,500 Scm™') as electrode materials
for pseudocapacitors. Therefore, the PPy/TiN nanocom-
posite has the highest specific capacitance as Cy,=1265
Fg~!in the GCD method (0.6 Ag™") in 1 M H,SO, solu-
tion. TiO,-based materials have a positive effect and
a synergy to increase electrochemical performance of
supercapacitors. In addition, higher conductivite materi-
als, such as TiN type materials and conducting polymers
(m-conjugation process) supply higher electrochemical
performance of supercapacitors. Since they can provide
a variety of oxidation states for effiecient redox charge
carriers.
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