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Abstract: Nanotubes of the transition metal oxide, TiO,, prepared by electrochemical anodization
have been investigated and utilized in many fields because of their specific physical and chemical
properties. However, the usage of bare anodic TiO; nanotubes in (photo)electrochemical reactions is
limited by their higher charge transfer resistance and higher bandgaps than those of semiconductor or
metal catalysts. In this review, we describe several techniques for doping TiO, nanotubes with suitable
catalysts or active materials to overcome the insulating properties of TiO, and enhance its charge
transfer reaction, and we suggest anodization parameters for the formation of TiO, nanotubes. We
then focus on the (photo)electrochemistry and photocatalysis-related applications of catalyst-doped
anodic TiO; nanotubes grown on Ti foil, including water electrolysis, photocatalysis, and solar cells.
We also discuss key examples of the effects of doping and the resulting improvements in the efficiency
of doped TiO, electrodes for the desired (photo)electrochemical reactions.
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1. Introduction

Anodization is a facile process that allows the physical and chemical properties of an entire metal
surface to be modified at a very low cost, and it has long been recognized as a well-established industrial
surface treatment technique [1,2]. In particular, the discovery of self-ordering phenomena in anodic
aluminum oxide produced using two-step anodization [3-6] led to great advances in nanoscience
applications based on highly ordered nanoporous Al;O3 membranes and triggered the search for new
alternative anodic materials with intrinsic semiconductive properties induced by external electrical or
photo stimuli [7].

One such material is anodic titanium oxide. Its morphology, and thus its chemical and physical
properties, can be easily tuned by electrochemical anodization [8-11]. Unlike anodic aluminum oxide
(>7.5 eV), anodic titanium oxide has a moderate bandgap (~3.1 eV), can form unique morphologies
such as nanotubular, microconical, fishbone-like structures, and can be directly grown on a Ti
substrate [9-14]. TiO; itself possesses photocatalytic properties and inherent resistance to corrosion
under harsh environmental conditions [8,15,16].

Since the formed oxide adheres to and remains in stable contact with the mother metal material
without any binder, high-surface-area anodic titanium oxide has been considered for use as an electrode
for (photo)electrochemical reactions in strong acidic or basic conditions [17,18]. In general, electrodes
should require a low overpotential for initiating the targeted reaction in order to increase current
efficiency. However, oxide-based electrodes containing anodic titanium oxide are disadvantageous
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in this regard, as their charge transfer resistance is higher than that of metal-based electrodes [19].
Thus, modification of the electrode material with catalysts has been used to enhance charge-transfer
at the interface between the electrode and the electrolyte and to lower the overall overpotential of
electrodes that are affordable to use in highly corrosive environments or environments requiring
long-term stability. For example, electrodes that can effectively split water into hydrogen and oxygen
by electrolysis have attracted attention for use in hydrogen generation, a key issue in sustainable
energy generation and storage systems [20]. Due to the higher overpotential and sluggishness of the
oxygen eVolution reaction (OER) in acidic media than that of the hydrogen eVolution reaction (HER),
the OER is the rate-limiting step for the development of high-efficiency water electrolyzers [20-22].
Usually, noble metals are utilized as active catalysts, with Pt being commonly used for the cathode
and Ir, Ru, or both being used for the anode. The HER in alkaline media is a more interesting reaction,
as non-noble catalysts such as Co, Ni, and Fe work nearly as well as Ir or Ru catalysts [23]. In
addition, high-surface-area TiO, nanotubes containing trace amounts of Ru or Ir catalysts have also
been demonstrated to be applicable as OER electrodes in alkaline media [24].

In photo-electrochemistry or photo-catalysis-related applications, the bandgap and band positions
are very important, as they determine the energy (or Hy) conversion efficiency from solar energy [15,25].
Because the inherent bandgap of TiO, falls in the UV region, TiO, nanotubes must be doped with
foreign elements (N, S, P, Ru, Ta, Nb, WO3, M0O;3, etc) to improve their photocatalytic properties.
However, due to the high-aspect-ratio of nanotubes grown on a Ti substrate, uniform and homogenous
doping (or decoration) of foreign elements in (or on) the entire surface of the nanotubes is very difficult
to achieve.

Very recently, several technical advances for the doping of active materials into high-aspect-ratio
TiO, nanotubes without causing structural damage have been reported by several groups [26-32]. For
example, Ti alloys containing active catalysts were anodized under suitable anodization conditions
to produce nanotubular anodic TiO; containing foreign catalysts [30]. The simplest method involves
doping with N or C by annealing TiO, under a N- or C-providing environment [26-29]. In addition,
anodization can be carried out in a F~-based electrolyte containing a negatively charged precursor
(for example, RuO*~, which is dissociated from KRuO,) that can be incorporated into the anodic
oxide during the anodization, the growth of anodic TiO, nanotubes occurs and doping with the
foreign catalyst occur simultaneously (so-called single-step anodization for doping). Alternatively,
immediately after the fabrication of nanotubes, the F~-containing electrolyte, which is essential for
the formation of nanotubes, can be replaced with an electrolyte containing the negatively charged
precursors. Subsequently, a potential higher than that used for anodization is applied to the nanotubes
in the precursor solution to dope the negatively charged ions into the oxide (potential shock for
doping) [31-33].

Although each method has its advantages, both give rise to some issues during the doping process.
Specifically, in single-step anodization, some precursors are self-reduced in the electrolyte by F~ ions.
For example, when single-step anodization is carried out using MnO, ~ in an F~-based electrolyte™, the
Mn is deposited on the counter electrode in metallic form rather than being doped into TiO; as MnO,4~
due to the facile reduction of MnO,~ to Mn2* [34]. In the potential shock method, the barrier oxide on
the bottom of nanotubes grows significantly thicker with increasing potential shock voltage, blocking
current flow. Although higher potentials produce higher doping concentrations in the nanotubes, very
high potential shock voltages cannot be used due to the barrier layer growth. Therefore, optimization
of the potential shock voltage always involves a trade-off between achieving a high degree of doping
and reducing the growth of the barrier oxide. Additionally, although electrolytes with high precursor
concentrations result in higher doping concentrations in TiO,, in some cases the target potential
cannot be maintained due to the limiting current-compliance of the power supply [34]. Thus, low
potential shock voltages and low concentrations of doping precursors are preferred in the potential
shock method, meaning that relatively low doping concentrations are achieved. In general, C1™-based
ions destroy or break down nanotubular structures during simultaneous single-step anodization or
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potential shock doping. However, some novel metal precursors inherently produce Cl~; for example,
H,PtClg, is dissociated to 2H* + PtCly2~, which generates Cl~ ions. In such cases, underpotential shock,
in which the potential shock voltage is lower than that used for anodization, has been successfully
demonstrated as an alternative doping method. In that case, the Pt ions penetrate only the middle
of the oxide layer where the low potential shock voltage has an influence, rather than reaching the
interface of the barrier oxide and the Ti metal [33].

The anodization of alloys is another method to produce doped TiO, nanotubes; however, the
alloying process is very elaborate compared to the fabrication of Ti metal alone. Due to limit of
availability of Ti-based alloys and their cost, a great deal of work to develop easily reproducible metal
alloys at low cost is still required [30]. Additionally, the inevitable thermal growth of additional oxides
and crystal phase changes as a function of the temperature during the annealing process should be
considered [35].

Recently, a number of review or prospective articles related to anodic TiO; and its applications
have been published. For example, Lee et al. comprehensively reviewed one-dimensional titanium
oxides grown by anodization [8]. More specifically, several groups have published reviews of
photo-catalysis or electro-catalysis applications based on anodic TiO, [36—40]. Additionally, bio-related
applications of anodic TiO, materials have also been reviewed recently [41,42].

In this review, we focus on the use of TiO; nanotubes as (photo)electrochemical binder-free
electrodes in applications that require low overpotential or narrow bandgaps to achieve the
desired reactions. Various doping processes to adjust the overpotential and bandgap are
comprehensively reviewed.

2. Formation Mechanisms of TiO, Nanotubes

2.1. Reaction Mechanism

The formation of TiO, nanotubes is governed by two competitive reactions: (1) oxide formation
at the oxide/metal interface by oxygen anions (O, and OH™), and (2) the dissolution reaction caused
by the F~ in the electrolyte (Figure 1) [2,8,10,11,16,36].

In oxide formation, O~ and OH™ anions eVolve on the electrolyte/oxide interface via the
electrolysis of water. These anions diffuse through the oxide layer to come into contact with the metal
interface. Simultaneously, Ti*" moves through the oxide layer in the opposite direction, and reacts
directly with oxygen anions. eVentually, TiO, is generated as shown in the equation below [8,11,16,43].

Ti + 2H,O — TiO, + 4H +4e ™, 1)

In short, the oxide formation rate is governed by the diffusion and reaction rates of the oxygen
anions in the oxide layer. The newly formed oxide pushes up the existing oxide and gradually grows
toward the metal substrate. This phenomenon is known as “plastic flow” [11].
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Figure 1. Schematic of the reaction mechanism of TiO, anodization. (a) O?>~ and Ti** are transported
through the oxide layers due to the electric field. (b) In presence of fluoride ions, [TiF¢]>~ and an
F~-rich layer are generated. The initial formation of a tubular structure is shown in (c), and in (d) and
(e) the F~-rich layer is finally dissolved by the water in the electrolyte. Reproduced with permission
from ref [11]. Friedrich-Alexander-Universitdt Erlangen-Niirnberg (2013).

Meanwhile, in the dissolution reaction, F~ ions react with TiO, directly at the electrolyte/oxide
interface to produce [TiF¢]?~, which is easily dissolved into the electrolyte due to its high solubility
in water. As the F~ ions travel roughly twice as fast as the oxygen ions, they can contact and react
directly with Ti** at the oxide/metal interface. The relevant reaction equations are follows [8,11,16]:

TiO, + 4H" + 6F~ — [TiF¢]*>~ + HyO, )

Ti** + 6F~ — [TiFe]*>~, (3)

Due to the role of F~, the honeycomb-like porous structure transforms into an array of tubes with
an F~-rich layer between the TiO, layer and the Ti metal. As a result, a hemispherical oxide/metal
interfacial structure is formed. The overall growth rate and the length of the nanotubes are determined
by the difference between the oxide formation and dissolution reaction rates.

The current-time (I-t) behavior measured during the potentiostatic preparation of TiO, nanotubes
reflects this overall mechanism (Figure 2). In the initial stage, the current decreases rapidly due to the
increasing resistance of the rapidly growing oxide layer (I). In the second step (II), the current increases
slightly due to the formation of nano-sized pits, which are formed due to attack by the F~ ions. The
local electric fields are strengthened in these pits, thus attracting more anions to participate in the
oxide formation and dissolution reactions. As a tubular structure begins to form beneath the pits, the
current decreases again (III). When the oxide formation and dissolution reactions reach equilibrium, the
current converges (IV). The current-time transient itself cannot confirm the formation of nano-tubular
structures, since non-nanotube-forming processes based on the barrier oxide formation, oxide pitting,
and the stable growth mechanism show similar current patterns [11].
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Figure 2. A representative current-time curve for the formation of tubular structures. (I) The current
decreases drastically due to the growth of the barrier oxide during initial stage of anodization. Next, (II)
nano-pits or cracks caused by F~ ions cause an increase in the current due to the concentrated electric
fields on these pits. Once the tubular structure has formed and is growing eVenly, the current declines
and converges at a stable value due to the increased diffusion length of the ions involved in the reaction.
Reproduced with permission from ref [11]. Friedrich-Alexander-Universitat Erlangen-Niirnberg (2013).

2.2. Reaction Parameters

TiO, nanotubes can be obtained in electrolytes containing halides (ClO4~, Br—, Cl17, F7),
regardless of the electrolyte solvent. The use of F~ salts is favorable to prepare uniformly oriented
TiO; nanotube arrays [31,44,45]. When Cl~ or Br~ are added to the electrolyte, non-uniform
bundle-like nanotubular structures are easily generated; this is known as rapid breakdown anodization
(RBA) [30,44-46]. Generally, 0.05-2% F~ ion is considered to be appropriate for the formation of
TiO, nanotubes [11,31]. After selecting the F~ concentration, the environment of the electrolyte is
determined depending on the type of solvent. HF is a typical F~ source that is widely utilized in
aqueous conditions. Additionally, it is recommended to adjusting the pH of electrolyte to neutrality;
sulfuric acid, phosphoric acid, and acetic acid are typical acids used for this purpose, and NaOH
or KOH are generally used as bases. Shifting the pH of the solution into the weakly acidic range
results in longer nanotubes [47-49]. Feasible anodization voltages range from 5 to 30 V in aqueous
conditions [11].

Ethylene glycol and glycerol are the most commonly used organic solvents for TiO, nanotube
growth. The use of ethylene glycol is favored due to the low glycerol solubility of F~ containing salts
such as NH4F, which are widely used as the F~ source [50,51]. When these solvents are used, the
electrolyte is normally weakly basic, demonstrating that basic conditions can also be used to prepare
TiO, nanotubes. However, water is an essential component for the generation of TiO;. For this reason,
1-10% of water is usually added directly to the organic electrolyte [8,11,16,31,43]. TiO, nanotubes
can be prepared over a very wide range of applied voltages in ethylene glycol; they are easily and
uniformly grown via potentiostatic methods without any additional control technique in the range
25-100 V [31,52]. The recently reported ramping method is a powerful solution to avoid the breakdown
of the oxide and to form nanotubes eVenly at voltages above 100 V under organic conditions [52,53].

The pore size of the TiO, nanotubes is governed by intensity of the applied voltage.
Normally, pores with sizes of 10-100 nm can be produced using the typical voltage ranges given
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above [11,44,54,55]. For instance, a pore size of around 100 nm is easily obtained at 20 V. Similarly, the
size of the pores produced in ethylene glycol solution is proportional to the applied voltage, but a
voltage of 40-45 V corresponds to a pore size of 100 nm [31,56,57].

Moreover, it has been reported that the pore size can be expanded to 600 nm or more using the
ramping technique, similarly to in the anodization of aluminum [52,53].

If the oxide formation rate is faster than the oxide dissolution rate, the length of the TiO, nanotubes
will increase as a function of anodization time. When the rates of these two competitive reactions are in a
steady-state equilibrium, the growth of nanotubes is halted, and they maintain their length. In general,
TiO, nanotubes prepared in an organic electrolyte are much longer than those prepared in aqueous
solution. The longest reported nanotubes produced under aqueous conditions were of 7.3 um in length,
but 1-3 um nanotubes are achieved in most cases [11,31,49,58,59]. In contrast, nanotubes tens or hundreds
of um in length can be grown in ethylene glycol, allowing researchers to adjust the length of the nanotubes
from a few hundreds of nanometers to micrometers by controlling the anodization time [8,31,56,57].
However, longer anodization time causes the formation of nanograsses, which are produced by nanotubes
splitting in the direction of the applied electric field of the F~ ions. Since the nanograss blocks the
movement of ions into the pores, several methods for its removal have been developed [13,59].

3. Doping of TiO, Nanotubes

As mentioned earlier, TiO, nanotubes provide an enormous electrochemical reaction surface area
due to their high aspect-ratio. For example, TiO; nanotubes with a pore diameter of 100 nm and the
aspect-ratio of 10 provide a surface area that is 120 times higher (0.785 cm? — 94.2 cm?) than that of a
flat TiO, surface [31]. Nonetheless, suitable catalysts or active materials must be used to overcome the
insulating properties of TiO,. In this section, we discuss methods of doping TiO, nanotubes.

3.1. Electrochemical Doping Methods

3.1.1. Single-Step Anodization

Single-step anodization is a doping method based on the principle of plastic flow. The salt of
an anion complex containing the target metal oxide is selected as the precursor. This salt is added
directly to the conventional electrolyte to prepare the nanotubes. As shown in Figure 3a, nanotubes
will not be produced if the electrolyte is not suitable for the typical anodic conditions used to produce
nanotubular structures [17,24,31,47]. In addition, an electrolyte is difficult to be used if the precursor is
vulnerable to F~ ion [34].

The doping mechanism is almost the same as the anodization mechanism. The precursor anion
participates in the two main reaction processes of oxide formation and dissolution. If the target
dopant is Ru or Ir oxide, which are widely used for water oxidation catalysts, the catalyst doped
into the nanotubes can be partially dissolved via the oxygen eVolution reaction during prolonged
anodization [17,24,31]. As a result, the doping concentration of the catalyst at the growth site will be
much higher than that of the sidewalls of the nanotubes (Figure 3b).

Yoo et al. successfully doped RuO; into TiO, nanotubes via single-step anodization in an
ethylene-glycol-based electrolyte containing 0.25% NH4F and 5% water. RuO;-doped TiO, nanotubes
with a doping concentration of 0.12 at.% were produced in the same anodizing electrolyte with
the addition of 0.02 M KRuOy4. The RuO;-doped TiO, nanotubes prepared at 40 V for 22 h were
approximately 30% longer than conventional nanotubes prepared without KRuOy [17]. The doping
concentration increased to 1.21 at.% when an aqueous medium was used due to the effect of water.
During the synthesis of the nanotubes, the precursor KRuOy is dissociated into K* and RuO,~, the
latter of which takes part in the following relevant reactions:

Ti + RuO4~ — TiOy; + RuO, + €7, (4)

Ti +1/2RuQ4~ + H,O — TiO, + 1/2RuO, + 2H* +5/2e7, (5)
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Figure 3. (a) A schematic of the conventional anodization procedure and doping methods. Note that
potential shock is a sequential two-step anodic process. (b) Left: The doping of the catalysts follows
“plastic flow.” The doped catalysts are able to partially dissolve at long doping times, as the high anodic
potential induces the oxygen eVolution reaction. Right: The morphologies of the doped TiO, nanotubes
depends on the doping method. Reproduced with permission from ref [31]. Inha University (2018).

As shown in Equations (4) and (5), both RuO; and TiO; are formed from RuO,~ simultaneously.
As a result, the wall thickness of the nanotubes increased, as shown in Figure 4. The wall thickness of
the nanotubes increases from 5.73 nm to 13.96 nm in the presence of the catalyst precursor of KRuOy.
The thickness can be further increased (13.96 nm — 25.74 nm) when electrolyte contains small amount
of water, which can be explained by simultaneous formation of TiO, and RuO, in Equations (4) and (5).
The rutile RuO, phase determined by SAED analysis provides a clear eVidence for doping (Figure 4d).

Furthermore, simultaneous co-doping of TiO, nanotubes with IrO, and RuO, can be achieved by
single-step anodization using the electrolyte 1 M H3PO4 + 1 M NaOH + 0.3-0.7 vol.% HF containing
KRuOj4 and IrOx nanoparticles, which are prepared as an intermediate species for IrO, doping. Since
chloride ions, which damage the NTs, are typically involved in Ir precursors, IrOx nanoparticles are
used to generate IrO4~ in the electrolyte along with the RuO4~ for RuO, doping [24].

Ir,O3 + 3H,O — 2Ir(OH)3, 6)

Ir(OH); — IrO3 + 3H" + 3e™, (7)

IrO3 + H,O — IrO4~ +2H' + e, (8)

Ti+ [rO;~ — TiOy + IrO; + e, ©)
Ti+1/2IrO4~ — TiOp + 1/2IrO5 + 2H' +5/2e7, (10)

Therefore, the overall morphology of co-doped TiO; is similar to that of TiO, nanotubes singly
doped with RuO,. Under the optimized conditions, the doping concentration of IrO, in the TiO,
layer of binary-catalyst-doped TiO; is usually about half that of RuO,, exhibiting polycrystalline
after annealing.
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Tin oxide is also frequently used as a dopant to control the bandgap and overpotential of TiO;.
Unlike the doping precursors discussed above, tin oxide, which can be easily obtained from Nay;SnOs3,
is used at basic pH; basic conditions are not typically used for the anodization of Ti in aqueous
conditions. Ma et al. reported that an ethylene glycol-based electrolyte containing both Na,SnO3 and
Na;MoO, 4H,0 led to the formation of TiO, nanotubes containing both 0.28% MoOj3 (Mo®*) and 0.51
at.% SnO, (Sn**) [60].

(b) 0.02M KRuO,

0.02M KRuO,
+5wt.% DI

(101) A
(101) "
(200) )
(200) (6
T aos)
©204)
fon)

201/nm

Figure 4. (a) TiO; nanotubes grown conventionally in ethylene glycol. (b) The thickness of the TiO,
nanotubes is almost doubled by adding RuO;~ (as KRuO;,) to the electrolyte during single-step
anodization. (c) The thickness of the TiO, nanotubes doped with RuO; is further increased by the
addition of water to the RuO, precursor-containing electrolyte. (d) After doping via single-step
anodization, a RuO, rutile phase is clearly observed in the TiO, anatase phase. Reproduced with
permission from ref [17]. WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim (2015).

Very recently, we reported that WO; can also be doped onto TiO, nanotubes using a
phosphoric-acid-based aqueous electrolyte containing Na,WOy. The doping concentration increased
linearly with the concentration of the precursor. The WO3-doped TiO, nanotubes showed 17% higher
electrochromic performance than bare TiO, nanotubes at the optimum doping concentration of 0.21
at.% [47].

3.1.2. Anodic Potential Shock

The anodic potential shock method was first reported by Jo et al. in 2009 [61]. Originally, it was
designed for the preparation of through-hole type TiO, membranes. The same group later adopted
this method to introduce dopants in/on anodic structures through modification of the anodization
parameters [32,62,63]. This method is regarded as a two-step anodization, with each step being
performed in a different electrolyte. In the first step, the formation of nanotubes takes place. In
the second step, an extremely high anodic voltage is applied to the prepared nanotubes for a very
short period (Figure 1a); the doping precursor is only present in the electrolyte used during the
second step. The precursors used are almost the same as those in the single-step anodization, but
the oxide formation and doping reactions are independent. Therefore, the oxide formation follows
the anodization mechanism exactly (see Figure 1b), and the doping results from high-field migration
under a sudden high potential.

We showed that RuO; could be doped into TiO, barrier structure via the potential shock method
using KRuOy as the precursor [63]. The average doping concentration of Ru in TiO; at a shock voltage of
140 V was over 4 at.%. The two-step anodic doping method resulted in a much higher Ru concentration
at the base of the nanotubes than in the walls, similarly to in single-step anodization [31,32]. However,
additional barrier oxide was formed at the bottom of the tubes due to the absence of F~ ions in the
doping electrolyte; its thickness was a function of the applied potential shock voltage (see Figure 5).
Using a similar method, Seong et al. succeeded in producing TiO, nanotubes with 0.7 at.% MnO,
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from the precursor KMnQjy in ethylene glycol media; the nanotubes showed enhanced water oxidation
performance under alkaline conditions [34].

Figure 5. Cross-sectional scanning electron microscopy (SEM) images of RuO,-doped TiO, nanotubes
prepared by the potential shock method. At the bottom of the tubes, additional barrier oxide was
formed; the thickness of the barrier oxide depended on the applied shock voltage.

For Pt doping, Cl™-based complexes such as H,PtClg are typically available as reaction-grade
chemicals. Kim et al. prepared TiO, nanotubes doped with 3 ppm of PtO for application in the
hydrogen eVolution reaction. In this case, a shock voltage below 20 V was utilized because higher
voltages (over 20 V) caused the collapse of the tubular arrays via attack by the C1™ ions. Since the
applied potential shock voltage was far lower than the anodization voltage, this method is referred to
as the underpotential shock method [33].

It is possible to use the potential shock method with any metal oxide catalyst, as long as the
precursor is sufficiently soluble in a suitable solvent. However, the entrances to the pores must
remain clear to allow the precursors easy access to the deep sites of the nanotubes. For this reason,
TiO; nanotubes prepared in aqueous solution are much preferred. However, the possibility of using
potential shock under other conditions has been suggested, as techniques to remove the nanograss
that gradually develops during anodization have been reported [64—66].

3.2. Doping via Thermal Treatment

Anodically formed TiO, nanotube layers are normally amorphous [67,68]; however, when
anodization is carried under specific conditions at higher voltages, nanocrystallites are present [35,67,69].
However, for use in many applications, the amorphous tubes must be crystallized by thermal treatment.
In general, amorphous nanotubes can be converted to the anatase or rutile phases by thermal treatment at
300-500 °C or 550 °C, respectively. The bandgap energy of a crystallized TiO, nanotube is 3.2 eV after
conversion to anatase, and 3.0 eV after conversion to rutile [68]. For certain applications, such as solar
cells and photocatalysis, the bandgap energy of these structures is too wide. To enhance their efficiency in
such applications, the bandgap energy must be tuned. The most well-known approach for adjusting the
bandgap is to dope metal or non-metal impurities into the TiO, nanotubes.

Asabhi et al. reported that nitrogen-doping of TiO; enhanced its visible photoresponse. Their report
demonstrated that the doped nitrogen, which substituted for the oxygen of TiO;, narrowed the bandgap
energy by introducing N2p states just above the valence band of TiO, [15]. The classic approach to
oxygen-substitution-doping of TiO, nanotubes involves ion implantation [26,27,70-72]. This method
is most effective at introducing nitrogen into the TiO, lattice at low-to-medium doping levels (about
108 ions/cm?) [26,27]. However, this method has several shortcomings: the ion penetration depth
is limited to a few micrometers, a relatively high acceleration energy of several MeV is required,
and the distribution of the dopant in the TiO, structure is often inhomogeneous. Moreover, after
implantation, amorphization of the TiO; nanotubes occurs, making a reannealing process to reestablish
the crystalline structure necessary. A simpler approach for doping nitrogen into TiO, is thermal
treatment in NHj [70]. Such thermal treatments are generally performed in a NH3/Ar atmosphere at
relatively high temperatures (above 500 °C) [29].
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Based on the peak position of nitrogen observed from sputtering TiO, under nitrogen atmosphere
and titanium nitride [29], successful nitrogen doping should result in a nitrogen (N1s) peak located
at ~396 eV in XPS analysis [28,29,72]. However, in some reports, this nitrogen peak was observed
at ~400 eV or above 400 eV [73-75]. These higher peak values correspond to surface adsorption
or sensitization of nitrogen on the TiO, surface as N-C compounds or molecular Ny [76]. Several
research groups have claimed to have successfully doped nitrogen into TiO, via solution-based doping.
Other reports eVen claim that the nitrogen doping concentration in TiO; is increased by prolonged
anodization. However, these results require further confirmation, as they resulted in N peaks located
at ~400 eV [73-76]. Moreover, most of these reports did not show suitable eVidence of bandgap
engineering via visible photocurrent spectra or visible photocatalytic activity.

Carbon has also been suggested as a dopant to form states near the valence band by the
substitution of oxygen [25,77,78]. Furthermore, carbon doping can also be achieved by the thermal
treatment of TiO, in a carbonaceous environment or ashing organic compounds, such as CO or
acetylene [79-81]. The thermal doping of carbon should be carefully defined to differentiate it from
graphitization or the formation of oxy-carbides of the TiO, nanotubes [82,83]. The thermal treatment
of TiO; nanotubes in an acetylene environmental can also convert them to TiOxCy materials with
semimetallic conductivity comparable to that of graphite [83]. Solution-based carbon doping is also
frequently attempted. However, these results cannot consider carbon residue from decomposition of
the organic electrolyte. The organic solvent in the anodization electrolyte can be decomposed by the
applied high potential and remain inside the nanotube wall [67,84].

3.3. Alloy-Based Anodization

The simplest and most straightforward doping approach is the anodization of alloys that
contain the dopant material. Using this method, nitrogen-doped TiO, nanotubes can be obtained
by the anodization of TiN substrates [85,86], which can be prepared by arc-melting Ti and TiN
powders. A similar approach involves anodizing Ti-transition metal alloys to produce metal- or
metal-oxide-doped TiO, nanotubes [87-89]. Density functional theory (DFT) calculations have shown
that various transition metals are effective dopants for Ti substitution in TiO, structures to form
intermediate states in the bandgap [90]. The substitution of Ti by such dopants leads to a red-shift in
the optical properties of the nanotubes [91-94], enhancing its electrical conductivity [95-98]. Metal
oxides can also substitute Ti, as in the example of W doping. When tungsten is doped at Ti sites,
it forms WOj3 in the TiO, lattice. Each W®" associates with an extra oxygen instead of Ti*". The
WO;3-doped TiO; has a narrower bandgap as a result of its lower conduction band [99].

When preparing metal- or metal-oxide-doped TiO, nanotubes by the anodization of a Ti alloy, the
dopant materials must not interfere with the anodic reaction. That is, in order to successfully prepare
porous or tubular structures, only a very small amount of the dopant materials should be present in
the Ti alloy, and the dopant materials should have chemical properties similar to those of Ti. If the
chemical properties of the dopant are too different from those of Ti, or if too much dopant is present in
the Ti alloy, the resulting nanotube structures may be irregular, or in the worst case, only a compact
oxide will be formed (Figure 6).

In many cases, interesting morphology such as two-scaled nanotube structures (two length scales
or two distinct tube diameters) are formed during the anodization of certain alloys [100-104]. Such
morphologies may be caused by the different oxidation or dissolution kinetics of Ti and the dopant
metals, but the phenomena are still not completely understood [105-107]. The metal composition of
the anodic oxide formed from a Ti alloy depends on the metal ratio in the alloy substrate [108]. In some
cases, small amounts of mixed oxides may be present in the anodic oxide structures. So far, complete
mixed oxide conversion has only been reported for TiZr alloys [109].

Earlier studies of doped TiO, nanotubes prepared by the anodization of alloys focused on
enhancing ion insertion to improve their electrochromic properties [87-89,110,111]. In particular, WO3,
MOj3, and Nb,Os-doped TiO; nanotubes formed by the anodization of Ti-W, Ti-Mo, and Ti-Nb alloys
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showed significantly improved electrochromic efficiency and ion (particularly, H*) insertion properties
when eVen a small amount of dopant (0.2 at.% of WO3) was present [87,88,110-113]. Moreover,
TiO,-Nb,O5 mixed-oxide nanotubes showed high ion intercalation stability and electrochromic
activity. These results were due to the widening of the TiO; lattice by Nb ions, which was observed
using high-resolution transmission electron microscopy (HRTEM) analysis and predicted by DFT
calculations [88]. The lattice-widened TiO, nanotubes allow lager guest ions such as Li* and Na* to
intercalate into the lattice, as well as making the H* intercalation process faster [88].

Figure 6. Representative cross-sectional SEM images of (a,b) regular and (c—f) irregular nanotubes
formed by the anodization of Ti alloys. The nanotubes were formed by the anodization of Ti alloys
containing (a,b) 0.02 at.%, (c,d) 0.05 at.%, and (e,f) 0.2 at.% of Ru. Reproduced with permission from
reference [114]. WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim (2012).

Obviously, the anodic oxidation of Ti alloys in F~-containing electrolytes allows a wide range of
dopants to be effectively doped into TiO, nanotubes. Moreover, the doped TiO, nanotubes formed from
Ti alloys provide virtually unlimited potential to enhance the chemical and physical properties of the
TiO; nanotubes. Specific examples of such enhancements will be discussed in the applications section.

4. Applications

4.1. Electrochemical Water Electrolysis

The electrochemical oxygen eVolution reaction (OER) is a four-electron transfer reaction consisting
of four single electron transfer reactions. Therefore, the use of catalysts is essential to reduce the
overpotential, which is driven by the multiple electron transfer steps [115-117]. Increasing the amount
of oxygen eVolution at a given overpotential is becoming an important research topic [115,118]. A high
reaction surface area is an important factor in producing a large amount of oxygen gas. Moreover, a
durable support material is required, because the electrode is continuously exposed to corrosive oxygen
radicals [119,120]. Thus, TiO, nanotubes, which have inherent anti-corrosive properties, are expected to be
a good electrode material for this application. Decorating or doping catalysts onto/into high-aspect-ratio
TiO; nanotubes is difficult, as the mouths of nanotubes can become blocked by precipitated catalyst
if improper methods are employed. However, the problem of pore loss can be effectively solved by
preparing the catalyst-assisted TiO, via the doping methods described in the previous sections.
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TiO; nanotubes that are singly doped with RuO, via single-step anodization exhibit overpotentials
in the range of 770-1000 mV [17,31,32,121]. The ideal Tafel plot slopes for the first, second, and third
electron transfer steps in the OER mechanism have been reported to be 120, 40, and 30 mV/dec,
meaning that the slope of Tafel should be lower than these values to achieve an excellent electron
transfer rate. The Tafel slopes of nanotubes produced by single-step anodization are in the range of
37-46 mV/dec, indicating that the rate-determining step (RDS) for the OER in the nanotubes is located
near the second electron transfer step. Nanotubes doped with RuO, using the potential shock method
exhibit a lower overpotential (650 mV) than those produced via single-step anodization. However, the
RDS when using these nanotubes for the OER has been reported to be the second electron transfer
step, as they have a Tafel slope of 46 mV /dec [31,122-124].

The slow electron transfer of electrodes produced via the potential shock method can be explained
in terms of morphological changes; the increased thickness of the barrier oxide at the bottom of the
tubes increases the electron transfer resistance [31,54]. However, despite the thick barrier oxide, the
overpotential of nanotubes prepared by the potential shock is lower than that of those prepared
by single-step anodization. This is due to the surface chemical composition of the catalysts. Ru-O
bonding, which effectively diminishes the overpotential, is dominant on the surface of the potential
shock nanotubes [125-127]. On the other hand, Ru-OH, which increases the overpotential, is dominant
on the surface of the single-step anodization nanotubes [31,121].

A complex variety of factors determine the current density in the OER. Increased surface area
and an increased doping concentration of Ru in TiO; lead to higher current density, whereas increased
barrier layer thickness reduces the current density (Figure 7). Overall, based on empirical experimental
data from RuO;-doped TiO, nanotubes, we found that the OER current is determined by three major
factors according to the following relationship:

S x C%,

S e(_”) Bl5

(11)
i = end current density of LSV for OER

1 = overpotential (0.1 M KOH vs. RHE)

Cry, = average concentration of Ru determined by TEM EDS

S = calculated reaction surface area of electrode

B = average thickness of barrier oxide
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Figure 7. Linear relationship of the alkaline OER current density with the overpotential and
the morphological parameters of doping concentration, surface area, and nanotube thickness for
RuO,-doped TiO, nanotubes. D, @), and ) correspond to RuO, doping via single-step anodization
in organic solvent, single-step anodization in aqueous conditions, and potential shock in aqueous
conditions. Reproduced with permission from reference [31]. Inha University (2018).
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TiO; nanotubes doped with MnO; via potential shock have been used as an improved non-noble
metal catalyst in alkaline OER electrodes [34]. Pt, specifically PtO, which is doped into TiOp
nanotubes by underpotential shock, provides enhanced performance in both the OER and HER
(hydrogen eVolution reaction) [33]. RuO; and IrO, co-doping of TiO, nanotubes shows a synergetic
effect in reducing overpotential. Such co-doped nanotubes exhibited an overpotential of 590 mV with
the third electron transfer step [128]. This electrode eVolved twice the amount of oxygen gas compared
to a powder-type electrode material with identical components (Figure 8) [24,128,129].
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Figure 8. Morphological characterization data of IrO,-RuO,-doped TiO, nanotubes and the
corresponding OER performance results. The elements (a) Ru (red spot) and Ir (green spot) are eVenly
distributed throughout the TiO,. (b) The nanotubes are polycrystalline, with the rutile phase of
RuO; and IrO, well-dispersed in TiO; anatase phase. (c) LSV graphs showing overpotentials and gas
chromatography mass spectroscopy (GC-MS) results measured for different nanotube materials in
identical alkaline OER tests. Reproduced with permission from reference [31]. Inha University (2018).

4.2. Photoanodes

4.2.1. Photocatalysis and Photoelectrochemical Water Splitting

Since the first report of photocatalytic water splitting on TiO, by Fujishima and Honda in
1972 [130], TiO, has been considered to be one of the best materials for photocatalysts. It has excellent
photooxidative activity for the degradation of organic pollutants, toxins, and bacteria [130-136]. Two
main reactions occur simultaneously in a photocatalytic system: photooxidation from holes on the
surface of the valence band edge and photoreduction from the electrons on the surface of conduction
bad edge.

Enormous efforts have been dedicated to the study of the physical, chemical, and material
properties of TiO, photocatalysts in order to enhance their activity. Recently, several investigations
reported that anodic TiO; nanotube layers are more promising than nanoparticle layers for improving
photocatalytic efficiency due to their well-defined geometry [67,79,137-146] and the ability to easily
incorporate catalysts and dopants [141,147-151].

Among the various metal- and metal-oxide-doped TiO, nanotubes, WO3-doped TiO, nanotubes
most effectively increase photocatalytic activity [141]. In contrast to Al-doped nanotubes (one of the
most efficient additives for inducing carrier recombination [89,141]), mixed-oxide TiO, nanotubes
doped with both WO3; and MoO3 show strongly enhanced photocatalytic activity compared with
non-doped tubes. The highly beneficial effect of W and Mo cannot be explained by better charge
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transport in the tubes but is instead ascribed to modification of the band or surface state distribution
of the doped nanotubes [89,112,141].

Photoelectrochemical water splitting is another promising application for anodic TiO, nanotubes.
Like photocatalysis, the photoelectrochemical water splitting reaction is based on the light-induced
electron-hole pair creation [140]. H,O can be oxidized by the hole generated on the TiO, surface, and
hydrogen eVolution occurs at the counter electrode (such as Pt) by attracting an electron from the
TiO, conduction band. In this context, the electronic properties of TiO, are very important, because
they determine how efficiently electrons can be transferred along the one-directional path. Hence, a
wide range of investigations into the electrical and optical properties of TiO, nanotubes have been
performed, as described above.

For photoelectrochemical water splitting, very low amounts of metal or metal oxide dopants
such as RuO; [149], Nb [148,150], and Ta [151] are used. In RuO,-doped TiO, nanotubes, the RuO,
is believed to accelerate the O, eVolution reaction by catalytic activity [152-154]. On the other hand,
TiO, nanotubes doped with small amounts of transition metal (such as Nb or Ta) show enhanced the
electrical conductivity due to their narrower bandgaps, meaning that the electrons can travel efficiently
through the TiO, layers to the back contact. The long electron lifetime significantly increases the water
splitting efficiency [148,151].

4.2.2. Solar Cells

Another highly promising application of TiO, nanotubes is energy conversion devices such
as dye-sensitized solar cells (DSSCs). In 1991, Gritzel and O’Regan reported the most significant
achievement in this field, the first report of fully fabricated solar cell devices (DSSCs) [155]. The solar
cells consisted of a nanocrystalline mesoporous TiO, thin-film electrode, a Ru—bipyridyl complex, and
an iodine redox electrolyte, and showed a conversion efficiency of 11% [156,157].

As illustrated in Figure 9, electrons are excited from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) of the sensitized dye on the TiO, surface.
The excited electrons are injected into the conduction band of the metal oxide on a femto- to picosecond
timescale, and the oxidized dye molecules are reduced by the electrolyte redox reaction within
nanoseconds. However, the electron transport rate in TiO, and the diffusion rate of the electrolyte are
quite slow (micro- to milliseconds) (Figure 9a). For this reason, the overall cell efficiency is determined
by the electron transport rate and electrolyte diffusion rate [158]. The electron transport rate and
electrolyte diffusion rate compete with the recombination rate of the electrons. Generally, the electron
transport rate in TiO, nanoparticles is considered to be relatively slow due to surface states, defects,
and grain boundaries, which act as electron trapping sites and recombination sites [159-163].

In order to overcome the drawbacks of TiO, nanoparticles, one-dimensional TiO, nanostructures
such as nanorods, nanowires, and nanotubes have been considered for use as photoanodes for DSSCs.
Among these nanostructures, anodically formed TiO, nanotubes have been considered to be one
of the most promising approaches to achieve vertically oriented nanostructures that lead to fast
electron pathways [164-167]. However, the overall conversion efficiency of solar cells based on TiO,
nanotubes is far lower than that of those based on classical nanoparticles. Anodic TiO, nanotube
structures still have considerable room for improvement. Several approaches to enhance the overall
conversion efficiency of DSSCs by modifying the nanotube structures have been considered. For
example, the charge collection efficiency of nanotubes can be improved by electronic, surface, or
geometric modification, which directly affects the amount of dye absorption. In addition, front-side
illuminated cell construction obviously enhances light harvesting.
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Figure 9. Schematic diagram of a dye-sensitized solar cell (DSSC): (a) Principle of a dye-sensitized solar
cell and the time scales of various processes; (b) a full cell constructed with anodic TiO, nanotubes.
Reproduced with permission from reference [8]. American Chemical Society (2014).

Metal (such as Nb, Ta or Ru) doping enhances the electrical conductivity of TiO, nanotubes for
use in DSSCs [114,168,169]. Doped TiO, nanotubes have a slower recombination rate than bare TiO,
nanotubes, improving the electron lifetime [114,168,169]. This beneficial effect has been demonstrated
using intensity modulated photovoltage spectroscopy (IMVS), photocurrent spectroscopy (IMPS)
measurements, and classical electrochemical impedance spectroscopy [114,168,169] (Figure 10). As
a result, the overall conversion efficiency of doped TiO, nanotubes can be increased by 15-35%
compared to non-doped TiO, nanotubes [114,168,169]. Interestingly, these positive effects vanish in
nanostructures with high concentrations of the metal dopants.
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Figure 10. (a) Recombination time () and (b) electron transfer () constants calculated from IMVS and
IMPS measurements for pure TiO, and 0.1 Nb-TiO, nanotube-layer-based DSSCs. (c) Electrochemical
impedance measurements of TiO, and Ru-doped TiO; nanotubes in 0.1 M Na,;SO4. Reproduced with
permission from ref [168]. Royal Society of Chemistry (2010) and reference [114]. WILEY-VCH Verlag
GmbH and Co. KGaA, Weinheim (2012).

5. Summary

This paper reviewed the growth of catalyst-doped anodic TiO, nanotubes and their applications
as binder-free electrodes for highly desirable (photo)electrochemical reactions that require a low
overvoltage or bandgap. A broad overview of techniques for doping the target materials into anodic
TiO, nanotubes is given.

Concerning the growth of anodic TiO, nanotubes, we addressed the mechanisms of the reactions
that occur during the anodization process and the reaction parameters that influence the structural
morphologies of the tubes. The formation of anodic TiO, nanotubes is guided by oxide formation and
dissolution at the interface between the oxide and metal substrate based on a “plastic flow model”.
In general, electrolytes containing halide ions are suitable for the preparation of TiO, nanotubes; in
particular, electrolytes containing 0.02-2% F~ ions are widely used with a constant voltage of 5-30 V
in aqueous conditions or 25-100 V in organic conditions.
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Several techniques for doping foreign elements into high-aspect-ratio TiO, nanotubes to improve
their catalytic properties have also been reviewed in detail. In single-step anodization, a salt of the
anion complex containing the target metal oxide is used as the doping precursor, and is added directly
to the electrolyte used for the formation of TiO, nanotubes under conventional voltage conditions. As
the negatively charged precursor is incorporated into the anodic oxide during anodization, the growth
of TiO, nanotubes and doping with the target element occur simultaneously. In the anodic potential
shock method, the formation of the TiO, nanotubes and doping with the target element are performed
independently in different electrolytes. After the TiO, nanotubes are fabricated, the electrolyte is
replaced with an electrolyte containing the anion complex precursor and a potential higher than that
of first anodization potential is applied for a short time, which leads to the doping of the negatively
charged materials into the anodic oxide.

In addition to electrochemical doping methods, simple and straightforward doping approaches,
such as the thermal annealing of TiO, nanotubes under a suitable environment or the anodization of
an alloy containing the dopant materials can be employed.

Catalyst-doped anodic TiO, nanotubes lead to low overpotentials, which are favorable for
initiating reactions. For this reason, they are considered to be promising electrodes for electrochemical
applications. The overpotential for electrochemical water electrolysis can be reduced to 650 mV via
doping of TiO, nanotubes. Due to the morphological changes and surface composition of the catalyst
on the electrode surface, it is difficult to further reduce the overvoltage for OER.

In addition, metal or metal oxide (Nb, Ta, Ru, WO3 or MoOj3)-doped TiO; nanotubes show
superior photocatalytic and photoelectrochemical water splitting performance compared to non-doped
TiO, nanotubes due to bandgap engineering and their surface state distribution. Nb, Ta, or Ru-doped
TiO, nanotubes show higher overall conversion efficiency in DSSCs as a result of their slower
recombination rate and enhanced electron lifetime.
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