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Abstract — Titania nanotube is gaining tremendous interest for its unique features including high
surface area, ion-exchange ability, photocatalytic potential and prominent electrical properties. Many
attempts were made to manipulate the unique properties of titania nanotubes for supercapacitor
application. In this review a comprehensive list of literatures on fabrication of titania nanotubes via
anodisation method in fluoride-based electrolytes and its application as supercapacitor are discussed.
This review shows that the nanotube morphology can be optimized by varying the anodisation
parameter such as electrolyte concentration, pH, voltage, and bath temperature. The review also
includes studies on the application of titania nanotubes as supercapacitor on improving the specific
capacitance value by doping with metal oxides and conducting polymers.
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Introduction

Enormous demands on clean energy and energy storage are the two great challenges of the twenty
first century. Considering the needs of a modern society, the discovery of new, low cost and
environmentally friendly energy conversion and storage system has become undoubtedly essential.
Supercapacitor is one of the extensively studied energy storage due to its numerous potential
applications in different fields. In comparison to batteries, supercapacitors possess higher power
density and longer life cycle However, supercapacitors have lower energy density which position
them in the centre between batteries and conventional capacitors as shown in Figure 1. The
performance of this device depends on the properties of the materials used. Recently, nanostructured
materials have attracted much attention from worldwide researchers due to their superior mechanical,
chemical, electrical and optical properties. Ever since the pioneer work on fabrication of carbon
nanotube by lijima (lijima, 1991), extensive research has continued to explore the nanostructure of
other transition metals and their properties. Nanostructured materials have been considered the best
potential electrode material for supercapacitors as they can improve ion absorption or faster surface
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redox reactions. Extensive research efforts have fostered the enhancement of electrochemically active
sites for charge transfer and controlled ionic and electronic transport at small diffusion length scales
which offers high surface area (Yu, Tetard, Zhai, & Thomas, 2015).
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Figure 1: Comparison of various electrochemical energy conversion systems

Supercapacitors are generally classified into two types based on their storage mechanisms which are
electrochemical double layer capacitor (EDLCs) and pseudocapacitors. EDLCs are based on charge
separation at the electrolyte-electrode interface, while pseudocapacitors chemically store their charge
via redox reaction at the vicinity of the surface electrode material. The crucial aspects in developing
high performance supercapacitors are the surface area, electronic, the ionic conductivity and
mechanical and chemical stability of the materials. The surface area of the materials plays a huge role
on determining the capacitance since the charge is stored on the surface of the electrode materials. An
electrode with higher surface area leads to an improved specific capacitance as it promotes more
surface area for the reaction to take place. Nanostructuring of the electrode materials is a feasible
method to considerably improve the specific capacitance. As specific capacitance and rate capability
are dependent on both electronic and ionic conductivity of the electrode materials, the use of high
electronic and ionic conductivity material will help to maintain the rectangular shape of cyclic
voltammetry (CV) curve and symmetricity of galvanostatic charge-discharge curve that leads to high
capacitance. The high electronic and ionic conductivity of the materials also reduce the loss of
specific capacitance as the scan rate or current density increases. The cycle stability of the materials
has proven that the material is good enough to withstand a long cycle without affecting its capacitive
performance. Generally, the cycle stability is influenced by the mechanical and chemical stability of
the electrode materials during the cycling process. Phase change, dissolution and side reaction of the
active materials are major reasons for causing cycle instability and sensible electrode surface
protection may boost the cycle stability. Therefore, the study of new electrode materials designed with
nanostructured properties offers promising results to fulfil high performance supercapacitors.
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Transition metals have garnered great attention as a potential material for supercapacitor applications
as its highly conductive materials can provide multiple oxidation states which lead to high capacitance.
Among all transition metal oxide, titanium dioxide (TiO,) or titania is the most studied material, with
more than 40,000 publications in different fields in the past 10 years. Titania is known as a highly
functional compound with interesting chemical and physical properties. The synthesis of titania
nanotubes (TNTSs) has fascinated great interest for electrochemical supercapacitor application due to
the high surface area and unique electron pathways. Various methods have been used in synthesizing
TNTs, but the electrochemical anodisation of titanium foil has been extensively studied as it offers
very convenient ways to achieve highly ordered and suitably back-connected nanotube layers on the
substrate. In this review, the synthesising of TNT and its application as supercapacitors are discussed.

Electrochemical supercapacitor mechanisms

In general, electrochemical supercapacitors (ES) charge storage mechanisms are based on two types
of capacitive behaviour which are Electric Double Layer Capacitors (EDLC) and pseudocapacitors,
depending on the nature of the electrode material.

Electric double layer capacitor

Electric double layer capacitors (EDLCs) which are also known as non-faradic electrical charge
storage involve electrostatic charge energy storage by the separation of charge in a Helmholtz double
layer at the interface between the conductive electrode and an electrolyte. There is no charge transfer
across the electrode/electrolytes interface and no ion exchange occurs between the electrode and the
electrolytes; hence, EDLCs can operate with stable charge-discharge performance, usually for as
many as 10°. In this way, the energy is stored at the double layer interface.

Carbon materials are commonly exhibiting EDLCs. Different forms of carbon material such as
activated carbon (Chang et al., 2012; Gamby, Taberna, Simon, Fauvarque, & Chesneau, 2001; Ruiz,
Santamaria, Granda, & Blanco, 2009; Xu, Hou, Cao, Wu, & Yang, 2012), graphene (Bai, Rakhi, Chen,
& Alshareef, 2013; Ramadoss & Kim, 2013), carbon nanotubes (Kiamahalleh, Zein, Najafpour, Sata,
& Buniran, 2012) and carbon aerogels (Miller, Dunn, Tran, & Pekala, 1997) have been excessively
studied as electrodes for supercapacitors due to their unique properties of high surface area, light
weight, excellent electrical conductivity, compatibility with other materials, and controllable pore size
distribution.
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Figure 2: Schematic of charge storage via (a) EDLC and (b) pseudocapacitance (Jeffrey W. Long,
2011)

Pseudocapacitors

In contrast, pseudocapacitors or faradic electrical charge storage associated with electron transfer
which involve the transfer of charge across the double layer, are achieved by surface redox reaction
on the material electrode. Materials undergoing such redox reactions are mainly metal
oxides/nitrates/sulphides and conducting polymers (Conway, 1999). Since the reaction of
pseudocapacitors occurred on the surface and in the bulk near the surface of the electrode,
pseudocapacitors possess higher energy density than EDLCs. As reported by Conway et al. (1999),
the specific capacitance of a pseudocapacitorelectrode can be 10-100 times higher than EDLC
electrode, but it is generally limited to the cycling stability due to changes in the chemical
composition. Furthermore, pseudocapacitor electrode also suffers from lower power density_compared
to EDLC electrode because of the faradic process which is normally much slower than non-faradic
process (Chuang, Huang, Teng, & Ting, 2010). RuO, is a promising material that exhibits
pseudocapacitance due to its excellent electrictronic behaviour. Its pseudocapacitive behaviour is
generally ascribed to a series of fast and reversible electron-transfer reaction that is coupled with
adsorption of photon at or near the electrode surface (Figure 2) (P. Yang & Mai, 2014). However, the
rarity and high cost of RuO, have led to its limitation in commercialization as a supercapacitor.
Therefore, studies on other metal oxides and nitrides such as CozO,4 (Jang, Yu, Park, Kim, & Ahn,
2015; Kandalkar, Lee, Chae, & Kim, 2011), NiO (Inamdar et al., 2011; Liu, Chang, Sun, & Gao, 2013;
Z. Yang et al., 2014), MnO, (Ataherian, Lee, & Wu, 2010; K.-T. Lee & Wu, 2008; Wei, Cui, Chen, &
Ivey, 2011) or their composites, or other combination of alternative metal oxides with different types
of carbons (Chang et al., 2012; Chee, Lim, & Huang, 2015; Ng, Lim, Lim, Chee, & Huang, 2015) and
conducting polymers (Mi, Zhang, Yang, Ye, & Luo, 2008; Mi, Zhang, Ye, & Yang, 2008), have been
explored to develop more practical pseudocapacitive materials.
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Synthesis of titania nanotubes

The morphology of titania nanotubes (TNTSs) has attracted worldwide researchers to study this
material in both scientific and technological aspects. Nanotubes may provide a basis for many
applications (such as photocatalyst, solar cell, batteries and supercapacitor) due to their unique
combination of geometry and chemical/physical functionality. Compared to random TiO,
nanoparticles, the open mesoporous structure can offer a high surface area to volume ratio (Cochran,
Shyue, & Padture, 2007; J. Lee & Jho, 2011). The first study on synthesizing TNTs was by Hover
(1996) who used an electrochemical deposition method into an ordered alumina template. Later the
evolution of other techniques (Figure 3) such as sol-gel technique (Kasuga, Hiramatsu, Hoson, Sekino,
& Niihara, 1999), hydrothermal method (Kasuga et al., 1999; Nian & Teng, 2006; Tsai, Nian, & Teng,
2006; Zhang et al., 2003), atomic layer deposition (ALD) (Knez, Nielsch, & Niinistd, 2007; Leskela
& Ritala, 2003; Shin, Jeong, Lee, Sung, & Kim, 2004) and anodisation method (Zulkarnain Endut,
Mohd Hamdi, & Wan Jeffrey Basirun, 2013; J. M. Macak et al., 2007; Maryam Salari, Aboutalebi,
Konstantinov, & Liu, 2011) were introduced.

Sol-gel method, 1998 Atornic layer depostion (ALD), 2000

Hydrothermal method, 1999 Anodisation method, 2001
Figure 3: The fabrication method for TNTs

Over the past decades, TNTs have been extensively studied for many applications such as in solar
cell, batteries and photocatalyst owing to their unique properties discussed earlier. As the
development of synthesizing TNTs progresses, the application of electrochemical anodisation and
hydrothermal treatment have been the most favourable as they give the post promising nanotube
structure. However, each synthesising method has its own unique advantages and functional features.
Titania dioxide is often synthesised by sol-gel or precipitation method in solutions and then the
templates are removed. Therefore, the size and morphologies of the obtained materials can be easily
controlled by the size of the template used (Marichy, Bechelany, & Pinna, 2012). The sol-gel method
is an acid-catalysed hydrolysis reaction of titanium alkoxide precursor followed by a condensation
reaction. The gel-type polymeric Ti-O-Ti chain will be formed, which will then be hydrolysed and
thus resulting in the titania to precipitate. Then, the titania sol is sucked into the pores of the templates
before a heat treatment is applied. The alumina template containing titania will then be selectively
dissolved to obtain the prepared titania.

The hydrothermal method which is known as a well-established method in fabricating titania
nanotubes was first reported by Kasuga et al. (Kasuga et al., 1999). In this method, bulk TiO, powder
was treated with alkaline solution in a Teflon-lined autoclave at 100-150° C for several hours,
followed by an acid treatment in HCI (Du, Chen, Che, Yuan, & Peng, 2001; Kasuga, Hiramatsu,
Hoson, Sekino, & Niihara, 1998; Kasuga et al., 1999). The formation of the tube geometry was based
on the exfoliation of TiO, crystal planes in the alkali environment and stabilization as Ti-O-Na* (Roy,

111



PJSRR (2016) 2(1): 107-128
elSSN: 2462-2028 © Universiti Putra Malaysia Press

2011). The nanolayer sheets were then rolled into the tubes during the cooling process or in the HCI
treatment. Some argument exists in the literature on several experimental factors that are crucial to
obtaining a tubular material. The amount of synthesised nanotubes and their geometrical distribution
are actually dependent on the specific reaction conditions (Du et al., 2001). The template technique
is also a popular method for fabricating nanotubular structure. Apart from TiO,, other transition
metals such as WOz, ZnO, ZrO;, V,0s, MnO and CuO are widely fabricated using this technique.
This technique produces single tubes or loose agglomerates of tubes that are dispersed in solution, and
a wide distribution of tube lengths is obtained. The tube is usually compacted into layers on an
electrode surface for its usage in electrical devices. However, this technique leads to the arbitrary
orientation of the nanotube on the electrode which unfortunately exceeded many advantages of the
nanotube structure.

An atomic layer deposition (ALD) is a thin film deposition technique which is based on a sequential
use of the gas phase in the chemical process. The ALD appears to be a promising method in
depositing target samples due to its simplicity, reproducibility and high conformity of the as-deposited
films. This method is basically based on the reaction between precursor materials which are separated
into successive surface relation. The reactant will be kept separated and will react with surface species
in a self-laminating process. Each surface reaction will be separated with a purge step to remove
unreacted precursor and by-products. The synthesis of TNTs by an ALD is done by altering the cycle
of exposure to a titania precursor (such as TiCL,4 or Ti(OiPR)) on the surface of temples (such as
porous alumina)—one layer after another and then followed by purging and hydrolysis (Roy, 2011).
This approach allows nanoturbular or rod structure to be vertically aligned to the substrate.

In contrast, the electrochemical anodisation is widely known for producing self-organized structures
with an array of oxide nanotubes aligned perpendicular to the substrate surface. The tubes are attached
to the metal surface and are electrically connected and need no additional treatment in electrode
preparation. This method is discussed in the next topic.

Electrochemical anodisation method

Anodisation is a facile, useful and low cost method to synthesize different self-organized porous
structures on different materials. When a metal sheet (M) is exposed to a sufficiently anodic voltage in
an electrochemical configuration with the presence of fluoride ions (Figure 4), an oxidation reaction
occurs as in Equation 1 (Roy, 2011) forming a compact oxide layer on the surface of the metal sheet.

M > M?" + ze™ 1

There are four different oxide morphologies as shown in Figure 5 (b) and they can be obtained by an
anodisation method.
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Figure 5: (a) Mechanisms of oxide formation on the metal sheet, (b) Metallic titanium morphologies
obtained by electrochemical anodisation-compact oxide film, disordered nanoporous layer, a self-
ordered nanoporous or self-ordered nanotubes layer, (c) Mechanism of nanotubes formation (Ghicov
& Schmuki, 2009).
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Formation of self-ordered TNTs by an anodisation method in chromic acid electrolytes containing
hydrofluoric acid was first reported by (Zwilling, Aucouturier, & Darque-Ceretti, 1999). This
pioneering work reported that the material formed was amorphous but might contain crystallites, due
to the current fluctuations. Furthermore, limited thickness of the tube layers formed in the sample was
ascribed to oxide growth/chemical-dissolution equilibrium (steady-state) (Beranek, Hildebrand, &
Schmuki, 2003). Grimes et al. further discussed the formation of anodized TNTs from titanium foil in
a fluoride-based solution (Gong et al., 2001). They reported that the tubes morphology obtained by
anodized titanium films were more complicated compared to anodized aluminium. In contrast with
that reported by Zwilling et al., well-aligned nanotube structures composed by titanium oxide were
found to grow from the discontinuous nanoporous titanium oxide film (Gong et al., 2001).
Improvements to the tube geometry were then established by Macak et al. (Albu et al., 2008; J. M
Macak, Gong, Hueppe, & Schmuki, 2007; J. M. Macak et al., 2007; Jan M. Macak, Tsuchiya, Taveira,
Aldabergerova, & Schmuki, 2005; Jan M Macak, Zlamal, Krysa, & Schmuki, 2007). They
demonstrated that pH played a crucial role in improving the tube thickness. Macak et al. reported that
at natural pH much longer tube could be grown (Jan M. Macak, Tsuchiya, et al., 2005; Jan M Macak
et al., 2007). They also reported that smooth tubes without sidewall inhomogeneity (ripples) could be
grown with higher aspect ratios and showed highly improved ordering in non-aqueous electrolytes.

Figure 6: TNTs obtained in fluoride containing (a) aqueous and (b) organic electrolytes (Regonini,
Bowen, Jaroenworaluck, & Stevens, 2013)

Extensive research on organic electrolytes such as ethylene glycol demonstrates that almost ideal
hexagonally arranged tubes can grow to a thickness of several hundreds of micrometres (Albu et al.,
2008). Figure 6 shows the morphologies of TNTs prepared in fluoride containing aqueous and organic
electrolytes. A closed scalloped bottom, an open tube (mouth) and the presence of ripples at the side
walls of the tubes displayed by TNTs were prepared in aqueous electrolyte. In comparison, TNTs
prepared in organic electrolytes showed smooth and partially rippled tube walls, depending on the
water content. Lim et al. (2012) studied the effect of water content in organic electrolytes on the TNT
morphology. The study reported that TNTs synthesized without the addition of water had a circular
shape and they became disordered with irregular shapes upon the addition of water to 50 vol%. The
surface morphology of the TNTs became rougher, less dense and less well-packed with increasing
water content as displayed in Figure 7 (Ying-Chin Lim, Zulkarnain, Mohd Zobir, & Tan, 2012). This
study established that water content also plays a role in forming the tubes in organic based electrolyte.
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Figure 7: Top view FESEM image of TNTSs synthesized in (a) <1 vol%, (b) 5 vol%, (c) 25 vol%, (d)
50 vol%, (e) 75 vol% and 100 vol% H,O (Ying-Chin Lim et al., 2012)

Mechanisms of titania nanotubes formation

In the initial phase of the anodisation process, the titanium surface is electrochemically oxidized to
form a compact oxide layer on the titanium surface as displayed in Equation 2-4. These reactions are
known as a field-assisted oxidation process, since the applied potential controls the ion migration
within the metal/metal oxide interface.

Ti - Ti*t + 4e™ 2
Ti** + OH™ - Ti(0OH), 3(a)
Ti*t + 20%" - Tio, 3(b)
Ti(OH), - TiO, + 2H,0 4

Simultaneously, hydrogen evolution will take place at cathode (Equation 5)
4H* + 4e > 2H, 5

The presence of fluoride ions in the electrolytes will form fluoride water soluble [TiF¢]* species. The
fluoride ions that are present in the electrolytes can react with Ti** (Equation 6) or can chemically
attack the formed TiO, (Equation 7).

Ti*t + 6F - [TiFg)?~ 6
TiO, + 6F~ + 4H' - [TiF¢]?>~ + 2H,0 7

These fluoride ions will lead the pitting of the oxide layers, which will provide locations for the field-
assisted chemical dissolution of TiO, (Equation 7). As the pits are chemically dissolved further into
the oxide layer, the nanotubes will form. The pits function as routes for the electric current, for the
development of nanotubes, therefore, the high dissolution rate forms inside the tubes from the pits.
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Factors affecting the growth of titania nanotubes The desired nanotube morphology can be formed by
controlling the experimental condition of the anodisation process. The pH of electrolytes, fluoride
concentration in the electrolyte, aging of the electrolytes, temperature, duration and voltage of the
anodisation process are identified as the primary control of the nanotube length and diameter.

The ability of the electrolytes to dissolve the foaming oxides is affected by the pH of electrolytes.
Sreekantan et al. (2009) reported that the nanotube lengths from ~0.7 to 2.5 um could be formed by
adjusting the pH of electrolytes. Figure 8 displays the top view and cross-section of TNTs prepared in
different pHs of electrolytes (from pH 3 to pH 7). Results showed that pH 3 gave highly defined
tubes with longest tube length (700 nm) compared to pH 5 and pH 7 which gave slightly rough and
less-dense nanotubes with shorter tube length (600 nm and 500 nm respectively). They concluded that
the thickness of the tubes was strongly affected by the pH of the electrolytes which ultimately controls
the rate of the TNT formation. The rate formation of TNTs at pH 3 reported more or less 23 nm min™;
15 nm min™ and 8 nm min™ for pH 5 and pH 7 respectively which supported the conclusion. The
reduced rate of tube formations due to increased pH of electrolytes were probably associated with the
decreased chemical dissolubility of the electrolyte as explained in Equation 7. The presence of
fluoride ions also played a critical factor in governing the formation of TNTs where fluoride ions act
as a pore initiating agent. The effect of fluoride ion concentration demonstrated by Lim et. al. (2011)
showed that the fluoride ion concentration had to be kept low to minimize dissolution (Ying-Chin
Lim, Zulkarnain, Mohd Zobir, & Tan, 2011). However, it also had to be at sufficient concentration to
ensure the TNT growth. They reported that increasing fluoride ions from 0.07 M to 0.20 M led to
good coverage, uniformed and well aligned TNTSs. In contrast, 0.25 M forming completely loose
structures with thorny-like structure observed. In terms of tube length, increasing fluoride ions from
0.07 M to 0.10 M gave 397 nm and 541 nm respectively. Further increase of the ion concentration led
to shorter tube length which ascribed to faster chemical dissolution of oxide by a higher amount of
fluoride ions (Ying-Chin Limetal., 2011).

images show the length of nanotubes) (Sreekantan et al., 2009).

For organic electrolytes, the aging time of the electrolytes is another factor that should be taken into
account in synthesizing well defined TNTs. The aging of the electrolytes involved in the reusing of
the electrolytes reportedly enhanced the electrical conductivity (K. Lee, Lee, J., Kim, H.,Lee, Y., Kim,
D., Schmuki, P., Tak, Y., 2009). These were due to the increase of the [TiFg]* content in the
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electrolyte, and a higher water content which eventually reached saturation due to moisture adsorption
(Regonini et al., 2013). Moreover, a higher electrical conductivity also enhances the growth rate of
the TNTSs, as it will facilitate the passage of current required to form the oxide.

The synthesis of TNTs are majorly performed by potentiostatic conditions, whereas a constant
potential was applied and current generated by anodisation was monitored. The applied potential that
usually used ranges from 5 to 30 V in aqueous electrolytes while 10 to 60 V in organic electrolytes
(Roy, 2011). The applied potential determines the electric field strength across the oxide, thus
affecting the migration of ions and the tube diameter. Other factors that contributed to the tube
diameter is the temperature of the electrolytes. Regonini et al. (2012) reported that the temperature of
the electrolytes affected the dissociation rate of the TNTs. Larger tube diameters formed at higher
anodising temperatures were reported by Wang et al. (2009) to have caused a high viscosity of the
electrolyte solution at a low temperature and this reduced the ion migration and dissolution of TiO,
and Ti by fluoride ions. Figure 9 shows the study of anodisation potential and temperature by Sulka et
al. (2013) which suggested that with increasing electrolyte temperature at different applied potentials,
the rate of oxide growth increased and the TNT layer became thicker (Sulka, Kapusta-Kotodzie;j,
Brzézka, & Jaskuta, 2013). As shown in Figure 9, the tube thickness increases when the temperature
increases for both applied potentials. It can be attributed to the effect of decreasing electrolyte
viscosity on the rate of tube growth applied for organic electrolytes. However, the tube diameter is not
strongly affected by the temperature of the electrolytes but exponentially decreases with increasing
applied potential (Figure 9).

Studies on an optimal anodisation time are required to extend the maximum length of TNTSs.
Anodisation in aqueous electrolytes was reported as aggressive since it allowed the tubes to grow
longer by a few mm (Jan M. Macak, Sirotna, & Schmuki, 2005; Jan M Macak et al., 2007; Tsuchiya
et al., 2005). Such thickness can be reached within minutes from the onset of the anodisation process;
however, the anodisation time should be prolonged from 30 minutes to 2 hours to allow the structure
to rearrange itself thus increase the degree of self-order. An opposite condition has been applied to
organic electrolytes, as the reaction that takes place is much slower and the dissolution process is not
as significant as in agueous. However by using organic electrolytes, it is common to observe a porous
layer on the top of the tubes, which is a remnant of the initial barrier layer formed during the early
stage of anodisation process (Mor, Varghese, Paulose, Shankar, & Grimes, 2006). The nanotubes
grow underneath the porous layer and it is assumed that there are preferential paths for the organic
electrolytes which leads to inhomogeneous over-dissolution for the entire tube structure (Regonini et
al., 2012).
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Figure 9: FESEM image of top view and cross-sectional view of TNTs prepared at 40 V (A, B and C)
and 60 V (D, E and F) and at the temperature of 10 °C (A and D), 20 °C (B and E) and 30°C (C and F)
(Sulka et al., 2013)

Modification of titania nanotubes

Despite its excellent morphological structure and surface area, the synthesised TNTs have very low
specific capacitance. It has been widely reported that the specific capacitance of TNTs (less than 1 mF
cm™) only resembles conventional electric double-layer capacitor (Maryam Salari, Konstantinov, &
Liu, 2011). This is attributed to low conductivity of TNTs (Wu et al., 2014). Therefore, modification
of the TNT surface by electrochemical and thermal approaches by adding active materials such as
metal oxides, nitride, sulphides or conducting polymers have been attempted to improve the
conductivity and capacitance.

Electrochemical/thermal approach

The modification of TNTs by an electrochemical approach is widely used as it is simple, facile and
cost effective compared to other methods. The pioneering work on modification using an
electrochemical approach was done by Macak et al. (2007). Their study reported on a reductive
doping process to form higher conductivity layer at the bottom of the TNT layers and this was done at
an ambient temperature and required simple preparation steps. In the doping process, the Ti** was
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reduced to Ti** which acted as a donor centre and formed a highly conducting barrier layer. They
claimed that only 1% of the Ti* in the TNT layers could be reduced to Ti** and the effect of the
reductive doping process could be seen by colour changes of the films from light grey to black.
Further study by Zhou et al. (2013) where a facile cathodic reduction process was carried out to
introduce oxygen vacancies into the TNTs (Zhou & Zhang, 2013). Apart from oxygen vacancies, a
hydroxyl group was also formed on the surface of the TNTs, leading to the improvement in the
electrochemical performance of the modified electrode. They reported that the specific capacitance of
the modified TNTs increased by 13 times larger than unmodified counterparts. Wu et al. (2014)
developed an electrochemical doping method to enhance the capacitive performance of their TNT
electrode. Their so-called electrochemical hydrogenation doping adopted the same approach as the
studies by Macak et al. (2007) and Zhou and Zhang (2013) reported that the oxygen vacancy e was
introduced to the TNTs by the reduction of Ti** and the interstitial of the hydrogen ions. Wu et al.
(2014) also reported that the modified TNTs showed slight increase in the tube diameter; however, it
did not significantly change the tube morphology which proved that modification by the
electrochemical approach did not damage the tube structure. The evolution on the TNT colour was
also reported as the colour of the TNT electrode changed from white (TNTSs) to dark grey (modified
TNTSs) as shown in Figure 10. The capacitive performance of the modified TNT electrode showed an
excellent result as it gave specific capacitance of 20.08 mF cm™ and 9.07 mF cm™ at 4.00 mA cm™
and 0.05 mA cm?in 2 M LiSO,. Wu et al. (2014) also reported on a self-assembled supercapacitor
device based on modified TNT electrodes which gave specific capacitance of 5.42 mF cm™ and with a
power density of 27.66 mW cm™ at the current density of 0.05 mA cm™. This self-assembled device
displayed outstanding capacitive rate capability with 60% specific capacitance retained when current
density increased from 0.05 to 4.00 mA cm™.
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Figure 10: FESEM image for (a) top view of TNTSs, (b) Cross-sectional of TNTs and (c) cross-
sectional of modified TNTs. The insert shows (a) the length, (b) the colour of TNT powder and (c) the
colour of modified TNT powder (Wu et al., 2014).

Other than electrochemical method, thermal approach has also been studied as a method to modify the
TNTs in order to enhance the electrochemical behaviour. This method introduces different heat-
treatments in the synthesizing step of TNTs. Salari et al. (2011) reported that upon the reduction of
Ti*" to Ti**, and with oxygen depletion of the structure, the anatase to rutile transformation was
promoted, hence enhancing the electrochemical behaviour of the electrode (Maryam Salari,
Konstantinov, et al., 2011). The oxygen vacancies created inside the TNT structure enhance the
capacitance of the TNT electrode due to the increase in the TNT conductivity (Maryam Salari,
Konstantinov, et al., 2011). However, Salari et al. (2012) reported that the enhancement in specific
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capacitance through the thermal approach could be attributed to the partially reduced valence state
created at the surface of the TNTSs, and the presence of other defects during the thermal treatment (M.
Salari et al., 2012). The cyclic voltammetry profile for modified TNTs (IV) in Figure 11 (b) displayed
almost rectangular-shaped curve with a large integrated area compared to unmodified TNTs (I). The
specific capacitance of modified TNTs was reported to be 911 uF cm™ while that of the unmodified
TNTs was 30 pF cm™ at the scan rate 1 mV s™ in 1 M KCI. There was an almost linear relationship
observed between voltage and charging-discharging time at high current density as shown in Figure
11 (c), which was expected from a non-faradic electron double-layer capacitor. However, a slightly
non-linear curve was observed at high current density, indicating the reaction in the charging process.
Salari et al. (2012) reported that this might be due to the introduction of oxygen vacancies during the
thermal treatment. The modified TNT electrode also displayed an excellent cycle stability as it still
possessed fairly stable capacitance with 98% capacitive retention even after 500 cycle (Figure 11 (d)).
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Figure 11: (a) XRD patterns of unmodified TNTs and modified TNTs (b) Cyclic voltammogram of all
samples in 1 M KCI (c) Galvanostatic charge-discharge plots of modified TNTSs at different current

densities and (d) Cycle stability profile of modified TNTs (M. Salari et al., 2012).

Metal and conducting polymers doping approach

Generally, transition metal oxides such as RuO, Coz04, NiO and MnO, have received immense
attention for application as an electrode for supercapacitors. The presence of multiple valence states in
the transition metals can lead to efficiency redox reaction with the electrolytes, hence increasing the
capacitive behaviour of the electrode. Due to these properties, metal oxides are preferable to be

120



PJSRR (2016) 2(1): 107-128
elSSN: 2462-2028 © Universiti Putra Malaysia Press

deposited into the TNTs in order to enhance their electrochemical properties ether by covering the
tubes or by coating throughout the tubes wall as shown in Figure 12.
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Figure 12: Decorating approach on the modification of TNTs

Researchers have immersed deeply on modifying TNTs with depositing metal oxides into them in
order to enhance the capacitive behaviour of the TNT electrode as supercapacitors. Xie and Fu (2010)
reported on depositing RuO, by an electroreduction and electrooxidation process which enhanced the
specific capacitance of the electrodes to 241 F g and 640 F g™ for RuO,/TiO, and RuO,/TiO,/Ti
respectively. The specific energy obtained was 48.2 and 128.0 Wh Kg™ and the specific power was
0.8 and 2.4 kWh kg™ respectively (Xie & Fu, 2010). NiO-TiO, nanotube electrode was reported by
Kim et al. (2010) when Ni-Ti alloy foils were used in the anodisation process. This approach gave
specific capacitance of 40 to 100 F g™ for the optimum NiO-TiO, nanotube morphology while
specific capacitance of 120 to 300 F g obtained with a Ni-Ti ratio of 1:2 (Kim, Zhu, Yan, Perkins, &
Frank, 2010). Xie et al. (2009) extensively studied the deposition of NiO into TNTs. Different
approaches were studied by Xie et al. (2009) such as electrochemical, hydrothermal and multi-cycle
electrodeposition-oxidation methods. All approaches gave different morphologies of deposited NiO
into the TNTs as shown in Figure 13. The specific capacitance obtained were 42.3 and 72.7 mF cm™
at current density of 0.5 mA cm™? in 1.0 M NaOH for NiO-TNTs via one-cycle and multi-cycle
electrodeposition-oxidation synthesis respectively (Xie, Huang, Zhou, Liu, & Huang, 2009).
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Figure 13: FESEM images of top view and cross-sections of (a, a’) deposited of NiO into TNTs via
one-cycle, (b, b”) multi-cycle electrodeposition-oxidation synthesis, (c, ¢’) hydrothermal synthesis and
(d, &) electrochemical synthesis (Xie et al., 2009; Xie, Zhou, Huang, Huang, & Lu, 2008).

eSO

Lu et al. (2012) developed an electrochemical deposition of MnO, into TNTs that displayed excellent
specific capacitance as high as 912 F g™ at a scan rate of 10 mV s™. Furthermore, it also showed good
rate capability with capacitance retention of 69.9 % when the scan rate increased from 10 to 100 mV
s* (Lu et al., 2012). Further exploration on depositing MnO, into TNTs was done by Gao et al. (2015)
when they studied MnO,-TiO,/C nanocomposite. The coaxial of TNTs with carbon was done by a
hydrothermal method then followed by electrodeposition of MnO,. The introduction of a carbon
material into the TNTs was expected to enhance the capacitive behaviour of the TNTSs as it performed
in combination of EDLS and pseudocapacitors. The MnO, TiO,/C electrode showed a specific
capacitance of 580 F g'at a current density of 2.6 A g* in 1.0 M H,SO, with an excellent rate
capability and a capacitance retention of 60 % (Gao et al., 2015).

Among the advanced materials, conducting polymers such as polyaniline, polythiophene and
polypyrol present fascinating properties of electrode materials for electrochemical capacitors.
Excellent properties such as fast doping-dedoping during charge-discharge, easy chemical-
electrochemical synthesis and low cost compared to other metal oxide conducting polymers became
favourable to be doped into TNTSs. The infiltrate conducting polymers also can act as an active site for
the faradic reaction to store higher amount of electrical charge in an aqueous electrolyte. Mujawar et
al. (2011) reported on the electropolymerization of polyaniline into TNT electrodes that exhibited a
specific capacitance 740 F g at a current density of 3 A g™ . Xie and Du (2012) came out with the
idea of polypyrrole-TNT hybrid by an electrochemical synthesis route. This hybrid electrode
displayed a high specific capacitance of 179 F g based on a mass of polypyrrole at a current density
of 1.85 mF cm™. It also showed excellent cycle stability as it could retain a specific capacitance of 85 %
of the initial capacitance after 200 cycles (Xie & Du, 2012). A further study by Xie et al. (2012)
developed the polypyrrole/titania/polyaniline coaxial nanotube hybrid by a stepwise electrodeposition
process. This hybrid electrode exhibited excellent capacitive performance as the specific capacitance
reported was 497 F g at a current density of 0.5 A g in 1 M H,SO,. The cycle stability of this hybrid
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electrode also showed a great performance as it possessed 72.3 % capacitive retention after 500 cycles
at a high current density of 2.0 A g™.

Application of titania nanotube as a supercapacitor

TNTs are widely used in many applications such as solar cells, photocatalysts, electrochromic devices
and also supercapacitors. Nowadays, supercapacitors have attracted great attention for the
investigation of energy storage and conversion systems. The properties of TNTs which are known to
be chemically stable, large surface area and the interconnectivity of the active material will enhance
the capacitance performance.to be charged and discharged continuously without degrading, thus gave
huge advantage to supercapacitors over batteries. Extensive studies have been done on the application
of TNTs as a potential electrode material for supercapacitors (Zulkarnain Endut et al., 2013; Z. Endut,
M. Hamdi, & W. J. Basirun, 2013; Hui et al., 2013; Maryam Salari, Aboutalebi, Chidembo,
Konstantinov, & Liu, 2014; Maryam Salari, Aboutalebi, et al., 2011; Wu et al., 2014). In terms of
charging mechanisms, it has been mostly suggested that TNTs contribute very low non-faradic
capacitance (Conway & Pell, 2003). In general, titania capacitors would resemble conventional
electric double-layer capacitors, which act as non-faradic mechanisms with a very low specific
capacitance of 10-40 pF cm™ in the charge-discharge process (M. Salari et al., 2012). However, the
high surface area that is possessed by TNTs may lead to a higher specific capacitance of the sample.
The anodisation of the titanium foil has been extensively studied as it offers favourable ways to
achieve highly ordered and suitably back-connected TNTs on substrate which can be used directly as
a binder-free supercapacitor electrode. The good capacitive performance of TNTs has been reported
by Salari et al. (2011) at a specific capacitance of 538 to 911 uF cm™ at the scan rate decrease from
100 mV s* to 1 mV s in 1 M KOH. In comparison to titania powder, the specific capacitance
obtained is much lower than TNTs which is 33 to 181 pF cm™ at the same scan rate (Maryam Salari,
Aboutalebi, et al., 2011). Meanwhile, Endut et al. (2013) have studied the effect of calcination
condition on capacitive performance of the TNT electrode as supercapacitors. They concluded that a
longer calcination time gave a higher specific capacitance whereby at 5-hour calcination, TNTs
possessed specific capacitance of 52 uF cm™ while at 1-hour calcination time, TNTs possessed a
specific capacitance of 16 uF cm™ at the scan rate of 5 mV s (Endut et al., 2013). Endut et al. (2013)
also reported on the effect of an anodisation parameter on the capacitive performance of a TNT
electrode. In this study they used Box-Behnken design to investigate the best parameter that gave a
higher specific capacitance. The study concluded that the anodisation of Ti foil for 97.78 min using a
voltage of 39.11 V and 0.42 wt% of NH,F concentration gave the highest specific capacitance of
145.6 pF cm?(Zulkarnain Endut et al., 2013). Even though many studies have been done on tailoring
the surface morphologies and geometrical of the TNTs (Zulkarnain Endut et al., 2013; Raj, Sundheep,
& Prasanth, 2015; Xiao et al., 2008), the capacitive performance of the TNTs is still low compared to
other transition metal-based supercapacitors. Therefore, many studies on the modification of TNTs
were carried out as discussed in the previous sub-section. The modification of TNTs by
electrochemical, thermal and metal/non-metal doping indeed have enhanced the capacitive
performance of the TNTSs as an electrode for the supercapacitor application.
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Conclusion

Undeniable demands by modern society, the discovery of new, low cost and environmentally friendly
energy conversion and storage system have become undoubtedly essential. This has led to the
development of an electrochemical supercapacitor that possesses high power density and longer life
cycle. In this context, nanostructured materials have been considered the best potential electrode
material for supercapacitors as they improve ion adsorption or faster surface redox reactions. The
extensive research on the anodisation method in synthesizing TNTs has shown steady improvements
of its morphological control. Since the first anodised TNT study, many other studies were carried out
in controlling the nanotube length, but the studies also showed that systematically controlling the
nanotube diameter and wall thickness to the narrow dimensions could enhance the capacitive
behaviour of the electrode. In spite of many studies done in investigating the chemical structure and
formation of TNTs, there is still an ambiguous space to explore and explain. Furthermore, the
modifications of TNTs by an electrochemical, thermal approach and doping with metal oxides or
conducting polymers have been widely investigated to improve the performance of the TNTs as
supercapacitors. In fact, the versatility and feasibility of the TNTs as a supercapacitor application has
been demonstrated and the results are yet to be confirmed.

Acknowledgements
We would like to thank the Ministry of Higher Education of Malaysia (KPT) for the financial support
and the MyBrain15 scholarship awarded to N. A. Samsudin.

References

Albu, S. P., Ghicov, A., Aldabergenova, S., Drechsel, P., LeClere, D., Thompson, G. E., . . . Schmuki,
P. (2008). Formation of Double-Walled TiO2 Nanotubes and Robust Anatase Membranes.
Advanced Materials, 20(21), 4135-4139. doi: 10.1002/adma.200801189

Ataherian, F., Lee, K.-T., & Wu, N.-L. (2010). Long-term electrochemical behaviors of manganese
oxide aqueous electrochemical capacitor under reducing potentials. Electrochimica Acta,
55(25), 7429-7435. doi: http://dx.doi.org/10.1016/j.electacta.2010.01.102

Bai, Y., Rakhi, R. B., Chen, W., & Alshareef, H. N. (2013). Effect of pH-induced chemical
modification of hydrothermally reduced graphene oxide on supercapacitor performance.
Journal of Power Sources, 233, 313-3109. doi:
http://dx.doi.org/10.1016/j.jpowsour.2013.01.122

Beranek, R., Hildebrand, H., & Schmuki, P. (2003). Self-Organized Porous Titanium Oxide Prepared
in H2SO4/ HF Electrolytes. Electrochemical and Solid-State Letters, 6(3), B12-B14. doi:
10.1149/1.1545192

Chang, S.-K., Zainal, Z., Tan, K.-B., Yusof, N. A., Yusoff, W. M. D. W., & Prabaharan, S. R. S.
(2012). Nickel—cobalt oxide/activated carbon composite electrodes for electrochemical
capacitors. Current Applied Physics, 12(6), 1421-1428. doi:
http://dx.doi.org/10.1016/j.cap.2012.03.028

Chee, W. K., Lim, H. N., & Huang, N. M. (2015). Electrochemical properties of free-standing
polypyrrole/graphene oxide/zinc oxide flexible supercapacitor. International Journal of
Energy Research, 39(1), 111-119. doi: 10.1002/er.3225

Chuang, C.-M., Huang, C.-W., Teng, H., & Ting, J.-M. (2010). Effects of Carbon Nanotube Grafting
on the Performance of Electric Double Layer Capacitors. Energy & Fuels, 24(12), 6476-6482.
doi: 10.1021/ef101208x

Cochran, R. E., Shyue, J.-J., & Padture, N. P. (2007). Template-based, near-ambient synthesis of
crystalline metal-oxide nanotubes, nanowires and coaxial nanotubes. Acta Materialia, 55(9),
3007-3014. doi: http://dx.doi.org/10.1016/j.actamat.2007.01.005

124


http://dx.doi.org/10.1016/j.electacta.2010.01.102
http://dx.doi.org/10.1016/j.jpowsour.2013.01.122
http://dx.doi.org/10.1016/j.cap.2012.03.028
http://dx.doi.org/10.1016/j.actamat.2007.01.005

PJSRR (2016) 2(1): 107-128
elSSN: 2462-2028 © Universiti Putra Malaysia Press

Conway, B. E. (1999). Electrochemical Supercapacitors: Scintific Fundamentals and Technological
Applications. Kluwer Academic/Plenum Publisher, New York.

Conway, B. E., & Pell, W. G. (2003). Double-layer and pseudocapacitance types of electrochemical
capacitors and their applications to the development of hybrid devices. Journal of Solid State
Electrochemistry, 7(9), 637-644. doi: 10.1007/s10008-003-0395-7

Du, G. H.,, Chen, Q., Che, R. C,, Yuan, Z. Y., & Peng, L.-M. (2001). Preparation and structure
analysis of titanium oxide nanotubes. Applied Physics Letters, 79(22), 3702-3704. doi:
doi:http://dx.doi.org/10.1063/1.1423403

Endut, Z., Hamdi, M., & Basirun, W. J. (2013). Optimization and functionalization of anodized titania
nanotubes for redox supercapacitor. Thin Solid Films, 549(0), 306-312. doi:
http://dx.doi.org/10.1016/j.tsf.2013.06.023

Endut, Z., Hamdi, M., & Basirun, W. J. (2013). Supercapacitance of bamboo-type anodic titania
nanotube arrays. Surface and Coatings Technology, 215(0), 75-78. doi:
http://dx.doi.org/10.1016/j.surfcoat.2012.07.098

Gamby, J., Taberna, P. L., Simon, P., Fauvarque, J. F., & Chesneau, M. (2001). Studies and
characterization of various activated carbons used for carbon/carbon supercapacitors. J.
Power Sources, 101, 109-116.

Gao, B., Li, X., Ma, Y., Cao, Y., Hu, Z, Zhang, X., . . . Chu, P. K. (2015). MnO2-TiO2/C
nanocomposite arrays for high-performance supercapacitor electrodes. Thin Solid Films, 584,
61-65. doi: http://dx.doi.org/10.1016/j.tsf.2014.09.071

Ghicov, A., & Schmuki, P. (2009). Self-ordering electrochemistry: a review on growth and
functionality of TiO2nanotubes and other self-aligned MOX structures. Chemical
Communications(20), 2791-2808. doi: 10.1039/B822726H

Gong, D., Grimes, C. A., Varghese, O. K., Hu, W, Singh, R. S., Chen, Z., & Dickey, E. C. (2001).
Titanium oxide nanotube arrays prepared by anodic oxidation. Journal of Materials Research,
16(12), 3331-3334. doi: doi:10.1557/JMR.2001.0457

Hui, W., Chen, X., Jing, X., Linfeng, L., Zhiyong, F., Xiaoyuan, C., . . . Dongdong, L. (2013).
Enhanced supercapacitance in anodic TiO 2 nanotube films by hydrogen plasma treatment.
Nanotechnology, 24(45), 455401.

lijima, S. (1991). Helical microtubules of graphitic carbon. Nature, 354(6348), 56-58.

Inamdar, A. ., Kim, Y., Pawar, S. M., Kim, J. H., Im, H., & Kim, H. (2011). Chemically grown,
porous, nickel oxide thin-film for electrochemical supercapacitors. Journal of Power Sources,
196(4), 2393-2397. doi: http://dx.doi.org/10.1016/j.jpowsour.2010.09.052

Jang, K., Yu, S., Park, S.-H., Kim, H.-S., & Ahn, H. (2015). Intense pulsed light-assisted facile and
agile fabrication of cobalt oxide/nickel cobaltite nanoflakes on nickel-foam for high
performance supercapacitor applications. Journal of Alloys and Compounds, 618, 227-232.
doi: http://dx.doi.org/10.1016/j.jallcom.2014.08.166

Jeffrey W. Long, D. B., Thierry Brousse, Wataru Sugimoto, Megan B. Sassin and Olivier Crosnier
(2011). Asymmetric electrochemical capacitors—Stretching the limits of aqueous electrolytes.
MRS Bulletin, 36(07), 513-522. doi: 10.1557/mrs.2011.137

Kandalkar, S. G., Lee, H.-M., Chae, H., & Kim, C.-K. (2011). Structural, morphological, and
electrical characteristics of the electrodeposited cobalt oxide electrode for supercapacitor
applications. Materials Research Bulletin, 46(1), 48-51. doi:
http://dx.doi.org/10.1016/j.materresbull.2010.09.041

Kasuga, T., Hiramatsu, M., Hoson, A., Sekino, T., & Niihara, K. (1998). Formation of Titanium
Oxide Nanotube. Langmuir, 14(12), 3160-3163. doi: 10.1021/1a9713816

Kasuga, T., Hiramatsu, M., Hoson, A., Sekino, T., & Niihara, K. (1999). Titania Nanotubes Prepared
by Chemical Processing. Advanced Materials, 11(15), 1307-1311. doi: 10.1002/(SICI)1521-
4095(199910)11:15<1307::AID-ADMA1307>3.0.CO;2-H

Kiamahalleh, M. V., Zein, S. H. S., Najafpour, G., Sata, S. A., & Buniran, S. (2012). Multiwalled
Carbon Nanotubes Based Nanocomposites For Supercapacitors: A Review Of Electrode
Materials. Nano, 07(02), 1230002. doi: 10.1142/S1793292012300022

Kim, J.-H., Zhu, K., Yan, Y., Perkins, C. L, & Frank, A. J. (2010). Microstructure and
Pseudocapacitive Properties of Electrodes Constructed of Oriented NiO-TiO2 Nanotube
Arrays. Nano Letters, 10(10), 4099-4104. doi: 10.1021/n1102203s

125


http://dx.doi.org/10.1063/1.1423403
http://dx.doi.org/10.1016/j.tsf.2013.06.023
http://dx.doi.org/10.1016/j.surfcoat.2012.07.098
http://dx.doi.org/10.1016/j.tsf.2014.09.071
http://dx.doi.org/10.1016/j.jpowsour.2010.09.052
http://dx.doi.org/10.1016/j.jallcom.2014.08.166
http://dx.doi.org/10.1016/j.materresbull.2010.09.041

PJSRR (2016) 2(1): 107-128
elSSN: 2462-2028 © Universiti Putra Malaysia Press

Knez, M., Nielsch, K., & Niinistd, L. (2007). Synthesis and Surface Engineering of Complex
Nanostructures by Atomic Layer Deposition. Advanced Materials, 19(21), 3425-3438. doi:
10.1002/adma.200700079

Lee, J.,, & Jho, J. Y. (2011). Fabrication of highly ordered and vertically oriented TiO2 nanotube
arrays for ordered heterojunction polymer/inorganic hybrid solar cell. Solar Energy Materials
and Solar Cells, 95(11), 3152-3156. doi: http://dx.doi.org/10.1016/j.solmat.2011.06.046

Lee, K.-T., & Wu, N.-L. (2008). Manganese oxide electrochemical capacitor with potassium
poly(acrylate) hydrogel electrolyte. Journal of Power Sources, 179(1), 430-434. doi:
http://dx.doi.org/10.1016/j.jpowsour.2007.12.057

Lee, K., Lee, J.,, Kim, H.,Lee, Y., Kim, D., Schmuki, P., Tak, Y. (2009). Effect of Electrolyte
Conductivity on the Formation of a Nanotubular TiO, Photoanode for a Dye-Sensitized Solar
Cell. Journal of Korean Physical Society, 54, 1027-1031.

Leskela, M., & Ritala, M. (2003). Atomic layer deposition chemistry: recent developments and future
challenges. Angew Chem Int Ed Engl, 42(45), 5548-5554. doi: 10.1002/anie.200301652

Lim, Y.-C., Zulkarnain, Z., Mohd Zobir, H., & Tan, W.-T. (2011). Fabrication of Highly Ordered TiO
Nanotubes from Fluoride Containing Aqueous Electrolyte by Anodic Oxidation and Their
Photoelectrochemical Response. Journal of Nanoscience and Nanotechnology, 11, 1-10.

Lim, Y.-C., Zulkarnain, Z., Mohd Zobir, H., & Tan, W.-T. (2012). Effect of Water Content on
Structural and Photoelectrochemical Properties of Titania Nanotube Synthesized in Fluoride
Ethylene Glycol Electrolyte. Advance Materials Research, 501, 204-208.

Liu, M., Chang, J., Sun, J., & Gao, L. (2013). Synthesis of porous NiO using NaBH4 dissolved in
ethylene glycol as precipitant for high-performance supercapacitor. Electrochimica Acta, 107,
9-15. doi: http://dx.doi.org/10.1016/j.electacta.2013.05.122

Lu, X., Wang, G., Zhai, T., Yu, M., Gan, J., Tong, Y., & Li, Y. (2012). Hydrogenated TiO2 Nanotube
Arrays for Supercapacitors. Nano Letters, 12(3), 1690-1696. doi: 10.1021/nl1300173j

Macak, J. M., Gong, B. G., Hueppe, M., & Schmuki, P. (2007). Filling of TiO2 Nanotubes by Self-
Doping and Electrodeposition. Advanced Materials, 19(19), 3027-3031. doi:
10.1002/adma.200602549

Macak, J. M., Sirotna, K., & Schmuki, P. (2005). Self-organized porous titanium oxide prepared in
Na2SO4/NaF  electrolytes.  Electrochimica  Acta,  50(18), 3679-3684.  doi:
http://dx.doi.org/10.1016/j.electacta.2005.01.014

Macak, J. M., Tsuchiya, H., Ghicov, A., Yasuda, K., Hahn, R., Bauer, S., & Schmuki, P. (2007). TiO2
nanotubes: Self-organized electrochemical formation, properties and applications. Current
Opinion in  Solid State and Materials Science, 11(1-2), 3-18. doi:
http://dx.doi.org/10.1016/j.cossms.2007.08.004

Macak, J. M., Tsuchiya, H., Taveira, L., Aldabergerova, S., & Schmuki, P. (2005). Smooth Anodic
TiO2 Nanotubes. Angewandte Chemie International Edition, 44(45), 7463-7465. doi:
10.1002/anie.200502781

Macak, J. M., Zlamal, M., Krysa, J., & Schmuki, P. (2007). Self-Organized TiO2 Nanotube Layers as
Highly Efficient Photocatalysts. Small, 3(2), 300-304. doi: 10.1002/smll.200600426

Marichy, C., Bechelany, M., & Pinna, N. (2012). Atomic Layer Deposition of Nanostructured
Materials for Energy and Environmental Applications. Advanced Materials, 24(8), 1017-1032.
doi: 10.1002/adma.201104129

Mi, H., Zhang, X., Yang, S., Ye, X., & Luo, J. (2008). Polyaniline nanofibers as the electrode material
for supercapacitors. Materials Chemistry and Physics, 112(1), 127-131. doi:
http://dx.doi.org/10.1016/j.matchemphys.2008.05.022

Mi, H., Zhang, X., Ye, X., & Yang, S. (2008). Preparation and enhanced capacitance of core—shell
polypyrrole/polyaniline composite electrode for supercapacitors. Journal of Power Sources,
176(1), 403-409. doi: http://dx.doi.org/10.1016/j.jpowsour.2007.10.070

Miller, J. M., Dunn, B., Tran, T. D., & Pekala, R. W. (1997). Deposition of ruthenium nanoparticles
on carbon aerogels for high energy density supercapacitor electrodes. J. Electrochem. Soc.,
144, 1.309-L311.

Mor, G. K., Varghese, O. K., Paulose, M., Shankar, K., & Grimes, C. A. (2006). A review on highly
ordered, vertically oriented TiO2 nanotube arrays: Fabrication, material properties, and solar

126


http://dx.doi.org/10.1016/j.solmat.2011.06.046
http://dx.doi.org/10.1016/j.jpowsour.2007.12.057
http://dx.doi.org/10.1016/j.electacta.2013.05.122
http://dx.doi.org/10.1016/j.electacta.2005.01.014
http://dx.doi.org/10.1016/j.cossms.2007.08.004
http://dx.doi.org/10.1016/j.matchemphys.2008.05.022
http://dx.doi.org/10.1016/j.jpowsour.2007.10.070

PJSRR (2016) 2(1): 107-128
elSSN: 2462-2028 © Universiti Putra Malaysia Press

energy applications. Solar Energy Materials and Solar Cells, 90(14), 2011-2075. doi:
http://dx.doi.org/10.1016/j.so0lmat.2006.04.007

Ng, C. H., Lim, H. N., Lim, Y. S., Chee, W. K., & Huang, N. M. (2015). Fabrication of flexible
polypyrrole/graphene oxide/manganese oxide supercapacitor. International Journal of Energy
Research, 39(3), 344-355. doi: 10.1002/er.3247

Nian, J.-N., & Teng, H. (2006). Hydrothermal Synthesis of Single-Crystalline Anatase TiO2
Nanorods with Nanotubes as the Precursor. The Journal of Physical Chemistry B, 110(9),
4193-4198. doi: 10.1021/jp0567321

Raj, C. C., Sundheep, R., & Prasanth, R. (2015). Enhancement of electrochemical capacitance by
tailoring the geometry of TiO2 nanotube electrodes. Electrochimica Acta, 176, 1214-1220.
doi: http://dx.doi.org/10.1016/j.electacta.2015.07.052

Ramadoss, A., & Kim, S. J. (2013). Improved activity of a graphene—TiO2 hybrid electrode in an
electrochemical supercapacitor. Carbon, 63(0), 434-445. doi:
http://dx.doi.org/10.1016/j.carbon.2013.07.006

Regonini, D., Bowen, C. R., Jaroenworaluck, A., & Stevens, R. (2013). A review of growth
mechanism, structure and crystallinity of anodized TiO2 nanotubes. Materials Science and
Engineering: R: Reports, 74(12), 377-406. doi: http://dx.doi.org/10.1016/j.mser.2013.10.001

Regonini, D., Satka, A., Jaroenworaluck, A., Allsopp, D. W. E., Bowen, C. R., & Stevens, R. (2012).
Factors influencing surface morphology of anodized TiO2 nanotubes. Electrochimica Acta,
74, 244-253. doi: http://dx.doi.org/10.1016/j.electacta.2012.04.076

Roy, P., Berger, S. and Schmuki, P. . (2011). TiO2 Nanotubes: Synthesis and Applications. Angew.
Chem. Int. Ed., 50(13), 2904-2939.

Ruiz, V., Santamaria, R., Granda, M., & Blanco, C. (2009). Long-term cycling of carbon-based
supercapacitors in aqueous media. Electrochimica Acta, 54(19), 4481-4486. doi:
http://dx.doi.org/10.1016/j.electacta.2009.03.024

Salari, M., Aboutalebi, S. H., Chidembo, A. T., Konstantinov, K., & Liu, H. K. (2014). Surface
engineering of self-assembled TiO2 nanotube arrays: A practical route towards energy storage
applications.  Journal of Alloys and Compounds, 586(0), 197-201. doi:
http://dx.doi.org/10.1016/j.jallcom.2013.10.041

Salari, M., Aboutalebi, S. H., Chidembo, A. T., Nevirkovets, I. P., Konstantinov, K., & Liu, H. K.
(2012). Enhancement of the electrochemical capacitance of TiO2 nanotube arrays through
controlled phase transformation of anatase to rutile. Phys Chem Chem Phys, 14(14), 4770-
4779. doi: 10.1039/c2cp40410a

Salari, M., Aboutalebi, S. H., Konstantinov, K., & Liu, H. K. (2011). A highly ordered titania
nanotube array as a supercapacitor electrode. Physical Chemistry Chemical Physics, 13(11),
5038-5041. doi: 10.1039/COCP02054K

Salari, M., Konstantinov, K., & Liu, H. K. (2011). Enhancement of the capacitance in TiO2 nanotubes
through controlled introduction of oxygen vacancies. Journal of Materials Chemistry, 21(13),
5128-5133. doi: 10.1039/C0JM04085A

Shin, H., Jeong, D. K., Lee, J., Sung, M. M., & Kim, J. (2004). Formation of TiO2 and ZrO2
Nanotubes Using Atomic Layer Deposition with Ultraprecise Control of the Wall Thickness.
Advanced Materials, 16(14), 1197-1200. doi: 10.1002/adma.200306296

Sreekantan, S., Lockman, Z., Hazan, R., Tasbihi, M., Tong, L. K., & Mohamed, A. R. (2009).
Influence of electrolyte pH on TiO2 nanotube formation by Ti anodization. Journal of Alloys
and Compounds, 485(1-2), 478-483. doi: http://dx.doi.org/10.1016/j.jallcom.2009.05.152

Sulka, G. D., Kapusta-Kotodziej, J., Brzdzka, A., & Jaskuta, M. (2013). Anodic growth of TiO2
nanopore arrays at various temperatures. Electrochimica Acta, 104, 526-535. doi:
http://dx.doi.org/10.1016/j.electacta.2012.12.121

Tsai, C.-C., Nian, J.-N., & Teng, H. (2006). Mesoporous nanotube aggregates obtained from
hydrothermally treating TiO2 with NaOH. Applied Surface Science, 253(4), 1898-1902. doi:
http://dx.doi.org/10.1016/j.apsusc.2006.03.035

Tsuchiya, H., Macak, J. M., Taveira, L., Balaur, E., Ghicov, A., Sirotna, K., & Schmuki, P. (2005).
Self-organized TiO2 nanotubes prepared in ammonium fluoride containing acetic acid
electrolytes. Electrochemistry Communications, 7(6), 576-580. doi:
http://dx.doi.org/10.1016/j.elecom.2005.04.008

127


http://dx.doi.org/10.1016/j.solmat.2006.04.007
http://dx.doi.org/10.1016/j.electacta.2015.07.052
http://dx.doi.org/10.1016/j.carbon.2013.07.006
http://dx.doi.org/10.1016/j.mser.2013.10.001
http://dx.doi.org/10.1016/j.electacta.2012.04.076
http://dx.doi.org/10.1016/j.electacta.2009.03.024
http://dx.doi.org/10.1016/j.jallcom.2013.10.041
http://dx.doi.org/10.1016/j.jallcom.2009.05.152
http://dx.doi.org/10.1016/j.electacta.2012.12.121
http://dx.doi.org/10.1016/j.apsusc.2006.03.035
http://dx.doi.org/10.1016/j.elecom.2005.04.008

PJSRR (2016) 2(1): 107-128
elSSN: 2462-2028 © Universiti Putra Malaysia Press

Wei, W., Cui, X., Chen, W., & Ivey, D. G. (2011). Manganese oxide-based materials as
electrochemical supercapacitor electrodes. Chemical Society Reviews, 40(3), 1697-1721. doi:
10.1039/C0CS00127A

Wu, H., Li, D., Zhu, X., Yang, C., Liu, D., Chen, X., . . . Lu, L. (2014). High-performance and
renewable supercapacitors based on TiO2 nanotube array electrodes treated by an
electrochemical doping approach. Electrochimica Acta, 116(0), 129-136. doi:
http://dx.doi.org/10.1016/j.electacta.2013.10.092

Xiao, P., Liu, D., Garcia, B. B., Sepehri, S., Zhang, Y., & Cao, G. (2008). Electrochemical and
photoelectrical properties of titania nanotube arrays annealed in different gases. Sensors and
Actuators B: Chemical, 134(2), 367-372. doi: http://dx.doi.org/10.1016/j.snb.2008.05.005

Xie, Y., & Du, H. (2012). Electrochemical capacitance performance of polypyrrole-titania nanotube
hybrid. Journal of Solid State Electrochemistry, 16(8), 2683-2689. doi: 10.1007/s10008-012-
1696-5

Xie, Y., & Fu, D. (2010). Supercapacitance of ruthenium oxide deposited on titania and titanium
substrates. Materials Chemistry and Physics, 122(1), 23-29. doi:
http://dx.doi.org/10.1016/j.matchemphys.2010.03.011

Xie, Y., Huang, C., Zhou, L., Liu, Y., & Huang, H. (2009). Supercapacitor application of nickel
oxide—titania nanocomposites. Composites Science and Technology, 69(13), 2108-2114. doi:
http://dx.doi.org/10.1016/j.compscitech.2009.01.018

Xie, Y., Zhou, L., Huang, C., Huang, H., & Lu, J. (2008). Fabrication of nickel oxide-embedded
titania nanotube array for redox capacitance application. Electrochimica Acta, 53(10), 3643-
3649. doi: http://dx.doi.org/10.1016/j.electacta.2007.12.037

Xu, B., Hou, S., Cao, G., Wu, F., & Yang, Y. (2012). Sustainable nitrogen-doped porous carbon with

high surface areas prepared from gelatin for supercapacitors. Journal of Materials Chemistry,
22(36), 19088-19093. doi: 10.1039/C2IJM32759G

Yang, P., & Mai, W. (2014). Flexible solid-state electrochemical supercapacitors. Nano Energy, 8,
274-290. doi: http://dx.doi.org/10.1016/j.nanoen.2014.05.022

Yang, Z., Xu, F., Zhang, W., Mei, Z., Pei, B., & Zhu, X. (2014). Controllable preparation of
multishelled NiO hollow nanospheres via layer-by-layer self-assembly for supercapacitor
application. Journal of Power Sources, 246, 24-31. doi:
http://dx.doi.org/10.1016/j.jpowsour.2013.07.057

Yu, Z., Tetard, L., Zhai, L., & Thomas, J. (2015). Supercapacitor electrode materials: nanostructures
from 0 to 3 dimensions. Energy & Environmental Science, 8(3), 702-730. doi:
10.1039/C4EE03229B

Zhang, S., Peng, L. M., Chen, Q., Du, G. H., Dawson, G., & Zhou, W. Z. (2003). Formation
Mechanism of H2Ti307 Nanotubes. Physical Review Letters, 91(25), 256103.

Zhou, H., & Zhang, Y. (2013, 2013/05/25). Enhance the capacitance of TiO2 nanotube arrays by a

facile cathodic reduction process. Paper presented at the International Photonics and
Optoelectronics Meetings (POEM), Wuhan.

Zwilling, V., Aucouturier, M., & Darque-Ceretti, E. (1999). Anodic oxidation of titanium and TA6V
alloy in chromic media. An electrochemical approach. Electrochimica Acta, 45(6), 921-929.
doi: http://dx.doi.org/10.1016/S0013-4686(99)00283-2

128


http://dx.doi.org/10.1016/j.electacta.2013.10.092
http://dx.doi.org/10.1016/j.snb.2008.05.005
http://dx.doi.org/10.1016/j.matchemphys.2010.03.011
http://dx.doi.org/10.1016/j.compscitech.2009.01.018
http://dx.doi.org/10.1016/j.electacta.2007.12.037
http://dx.doi.org/10.1016/j.nanoen.2014.05.022
http://dx.doi.org/10.1016/j.jpowsour.2013.07.057
http://dx.doi.org/10.1016/S0013-4686(99)00283-2

