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Abstract: Electromagnetic light from the Sun is the largest source, and the cleanest energy available to
us; extensive efforts have been dedicated to developing science and engineering solutions in order to
avoid the use of fossil fuels. Solar energy transforms photons into electricity via the photovoltaic effect,
generating about 20 GW of energy in the USA in 2020, sufficient to power about 17 million households.
However, sunlight is erratic, and technologies to store electric energy storage are unwieldy and
relatively expensive. A better solution to store energy and to deliver this energy on demand is storage
in chemical bonds: synthesizing fuels such as H2, methane, ethanol, and other chemical species. In
this review paper we focus on titania (TiO2) nanotubes grown through electrochemical anodization
and various modifications made to them to enhance conversion efficiency; these semiconductors will
be used to implement the synthesis of H2 through water splitting. This document reviews selected
research efforts on TiO2 that are ongoing in our group in the context of the current efforts worldwide.
In addition, this manuscript is enriched by discussing the latest novelties in this field.
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1. Introduction
1.1. Water Splitting for Energy Conversion and Storage

Since the industrial revolution, fossil fuels have been used indiscriminately in order to
convert the chemical energy contained in these fuels to heat and electricity, thus dominating
the global energy landscape despite the increasing concerns about the rapid depletion
and the effect of the carbon dioxide emissions on the Earth’s climate [1]. In this context,
the Intergovernmental Panel on Climate Change (IPCC, 10-2018) report recommends an
average temperature increase within 1.5◦ over several years to avoid worse consequences.
The same report states that the peak of carbon generation must start to decrease within
2020–2030 [2].

Starting with the 1970s, renewable energy, such as wind, solar, and biomass, have
attracted increased attention, resulting in the deployment of various methods, many of
those ideally being carbon neutral, meaning that no CO2 should be added to the atmo-
sphere [2]. Unfortunately, still in 2016, 80% of the energy generated derived from fossil
fuels [3], limiting the extent of achievable decarbonization. The energy mix used in the US
in 2019 is shown in Figure 1, showing only 11% renewable energy. However, the amount
of renewable energy being generated continues to increase, mainly in the forms of wind
power, solar power, and biofuels.

Limitations in energy storage technology and the extent of integration with the power
grid system, however, hinders the optimal implementation of these intermittent energy
sources [4]. An appealing approach to ensure a continuous, robust energy supply is the
conversion of surplus electrical energy to chemical bonds (hydrogen gas, gaseous methane,
liquid ethanol) via electrochemical or photo-electrochemical conversion by renewable elec-
tricity or direct sunlight [5–7], of which water splitting is the simplest example. Due to the
relatively high gravimetric energy density and low greenhouse gas footprint of molecular
hydrogen, this process is the simplest, but its storage entail several difficulties [8,9]. In this
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scenario, much of research interests focus on the well-known water splitting reaction. This
reaction can be described as two half-cell reactions:

The oxygen evolution reaction OER:

2H2O −→ 4H+ + 4e + O2 E◦ = 1.23 V vs. NHE (1)

As well as the hydrogen evolution reaction:

HER, 2H+ + 2e −→ H2 E◦ = 0.00 V vs. NHE (2)

Overall:

2H2O −→ 2H2 + O2 E◦cell = −1.23 V; ∆G = 475 kJ/mol (3)

either of which needs an appropriate catalyst to decrease the large overpotential bar-
rier, thus accelerating the electrochemical kinetics. It is noted that the HER, the reaction
that synthesizes the fuel, is relatively easy to implement, while the catalysis of OER is
more complex and kinetically more difficult, as it requires a four proton-coupled electron
transfer (PCET) process and oxygen–oxygen bond formation, which is necessary for the
reaction [10].Conventional electrochemical cells for water splitting usually exploit electro-
catalysts (IrO2, RuO2, Ni oxides, etc.) to minimize the overpotential and the Tafel slope
in order to optimize energy conversion efficiency [11]. However, the onset potential at
an electrocatalyst is always higher with respect to the theoretical redox potential of water
oxidation (1.23V vs. RHE) due to the thermodynamic energy barriers of this electrochem-
ical reaction. Photoelectrochemical (PEC) cells, on the other hand, use both electrical
energy and solar energy and are able to generate larger driving forces and therefore high
photovoltage, significantly reducing the onset potential of water oxidation, even below the
limit of electrochemical cells, and thus lower the electrical energy required to overcome the
energy barrier for oxygen evolution [12].

Coatings 2021, 11, x FOR PEER REVIEW 2 of 24 
 

 

 
Figure 1. Energy consumption by energy source in 2019 reported by the U.S. Energy Information 
Administration (EIA). 

Limitations in energy storage technology and the extent of integration with the 
power grid system, however, hinders the optimal implementation of these intermittent 
energy sources [4]. An appealing approach to ensure a continuous, robust energy supply 
is the conversion of surplus electrical energy to chemical bonds (hydrogen gas, gaseous 
methane, liquid ethanol) via electrochemical or photo-electrochemical conversion by re-
newable electricity or direct sunlight [5–7], of which water splitting is the simplest exam-
ple. Due to the relatively high gravimetric energy density and low greenhouse gas foot-
print of molecular hydrogen, this process is the simplest, but its storage entail several dif-
ficulties [8,9]. In this scenario, much of research interests focus on the well-known water 
splitting reaction. This reaction can be described as two half-cell reactions: 

The oxygen evolution reaction OER: 

2H2O→4H+ + 4e + O2   E° = 1.23 V vs. NHE (1)

As well as the hydrogen evolution reaction: 

HER, 2H+ + 2e → H2   E° = 0.00 V vs. NHE (2) 

Overall: 

2H2O → 2H2 + O2   E°cell = −1.23 V; ΔG = 475 kJ/mol (3)

either of which needs an appropriate catalyst to decrease the large overpotential barrier, 
thus accelerating the electrochemical kinetics. It is noted that the HER, the reaction that 
synthesizes the fuel, is relatively easy to implement, while the catalysis of OER is more 
complex and kinetically more difficult, as it requires a four proton-coupled electron trans-
fer (PCET) process and oxygen–oxygen bond formation, which is necessary for the reac-
tion [10].Conventional electrochemical cells for water splitting usually exploit electrocat-
alysts (IrO2, RuO2, Ni oxides, etc.) to minimize the overpotential and the Tafel slope in 
order to optimize energy conversion efficiency [11]. However, the onset potential at an 
electrocatalyst is always higher with respect to the theoretical redox potential of water 
oxidation (1.23V vs. RHE) due to the thermodynamic energy barriers of this electrochem-
ical reaction. Photoelectrochemical (PEC) cells, on the other hand, use both electrical en-
ergy and solar energy and are able to generate larger driving forces and therefore high 
photovoltage, significantly reducing the onset potential of water oxidation, even below 

Figure 1. Energy consumption by energy source in 2019 reported by the U.S. Energy Information
Administration (EIA).

The photovoltage at semiconductor junctions is generated by the mismatch of the
Fermi level between either a p–n junction (of the order of 0.6 V in Si) or a Schottky junction,
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where an interface metal/semiconductor generates the bending that is necessary to separate
the electron–hole pair (Figure 2).
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1.2. Photoelectrochemical Cells

It has been long demonstrated by several research groups that PEC water splitting
is among the most promising approaches to generate hydrogen directly from solar ir-
radiation [12–14]. The photoelectrochemical reaction typically involves several steps:
(i) the photon impact at the semiconductor material; (ii) the separation of photo-generated
electron/hole pairs in the semiconductor; (iii) the transfer of the charge carriers either to
the liquid/solid interface or to the external circuit; and (iv) the water splitting reaction
by the charge carriers reaching the interface. This process is governed by the band edge
positions of the semiconductor and the redox potential of the solution species. For an
n-type semiconductor, the valence band edge must be below the OER potential, while
a p-type semiconductor should have a conduction band above the HER potential. An
electric field is present at the solid/liquid interface at equilibrium, and a depletion region
is formed as shown in Figure 3. The holes (and/or electrons) drift to the interface and inject
the protons to conduct OER (or HER). The complementary charge type of the separated
carriers may spontaneously transfer to the other electrode to complete the overall reaction.
The implementation of PEC cells for water splitting was first conducted by Fujishima and
Honda in 1972 using TiO2 as a photoanode and platinum as a cathode [15]. TiO2 based
materials then became one of the most extensively studied candidates for high efficiency
PEC cells.
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1.3. Semiconductors for Water Splitting

Currently, a wide range of semiconductors are being synthesized and studied in order
to improve their performance, while in parallel, novel architectures are being developed
and implemented. The benchmark in terms of performance is the photocurrent generated
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by the device; this should be above 10 mA/cm2 in order to be interesting in the context
of an industrial application. However, another important characteristic is the stability of
the device during a long period of time and continuing operation. In this context, the
semiconductors can be classified as (i) single crystal vs. nanostructured and (ii) narrow
band gap vs. wide band gap. Single crystals (Si, GaAs, GaP) feature a high diffusion length
and high mobility, while nanostructured materials exploit the small distance necessary
to achieve a highly efficient rate of charge transfer (e−/h+). Regarding the band gap (Eg)
width, a large Eg absorbs a narrower fraction of the sun spectrum, resulting in lower
absorption, while a small Eg absorbs a larger fraction of the spectrum. In addition, a larger
band gap tends to avoid photocorrosion, while a narrow band gap is more susceptible to
photocorrosion. The ideal condition for semiconductor stability can be summarized by
saying that the Ec and Ev bracket are the E(H/H2) and the E(O2/H2O). Any defect will
result in photocorrosion. The stability of semiconductors vs. the redox potential of water
splitting is shown in Figure 4.
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Other important characteristics for the operation of TiO2 nanotubes are related to
charge carrier transport and the rate of recombination. The time constant in TiO2 is strongly
dependent on light intensity, and the correlation between transport and recombination is
described by Figure 5, showing a fast formation of the exciton (a bound state electron hole
attracted by electrostatic forces) and significantly slower transport, resulting in sluggish
reactions, especially in relation to the four-hole oxidation (H2O/O2) necessary to generate
H2. Calculated water oxidation potential and reduction potential vs. the conduction and
valence band edge positions at pH = 0 is shown in Figure 6.
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1.4. TiO2 as Photoanodes

Upon the first reported of photoelectrochemical water splitting at the TiO2 surface,
TiO2 materials have been heralded as a prototypical semiconductor, which was much
investigated as a potential photoanode in past decades [15]. TiO2 is a n-type semiconductor
due to its spontaneous reduction in air, forming a Ti3+ and an oxygen vacancy. According
to the wide band gap (3.0 eV in rutile, 3.2 eV in anatase form), TiO2 mainly operates
as a UV-light absorber, generating electron-hole pairs under irradiation and driving the
available photogenerated holes to the solid/liquid interface to conduct the water oxidation
process. TiO2 has long been a research focus thanks to its high resistance to photocorrosion
in strong alkaline solutions, relatively low cost as an earth-abundant metal oxide, and its
lack of toxicity. TiO2 is well known to have at least three distinct crystal phases: anatase
(tetragonal), rutile (tetragonal), and brookite (orthorhombic). The conventional unit cells
for anatase, rutile, and brookite TiO2 are shown in Figure 7. It has been discussed that
the first two phases, especially the anatase phase, display photocatalytic activity towards
water oxidation [17–20]. The main drawback of TiO2 is the relatively wide band gap of
3.0 eV (rutile) or 3.2 eV (anatase), limiting the light absorption to only the UV region of
the solar spectrum; thus, only 3–5% of the available photons can be captured, leading to
a maximum conversion efficiency of 1.7% [21]. The short minority charge carrier mean
free path (of the order of 10 nm) caused by defects such as trap states [22] and sluggish
water oxidation kinetics at the electrode/electrolyte interface significantly reduce the
amount of photogenerated holes that can reach the surface of TiO2 to conduct the water
oxidation process. Furthermore, the charge transfer in the bulk material facilitates the
recombination and leads to the photogenerated electron/hole pairs having a short lifespan.
Based on these limitations, many efforts have been devoted to overcoming the known
restrictions, including (i) designing nanostructures to increase the charge transfer and
decrease the bulk recombination; (ii) extrinsic metal/anion doping or inducing formation
of oxygen vacancies/Ti3+ to modify the band structure and improve the optical absorption;
and (iii) surface modification to reduce the interfacial recombination and improve water
oxidation kinetics.
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2. Anodic TiO2 Nanotube Arrays (NTs)

Synthesis of 1-D TiO2 nanotubular structures through the electrochemical anodization
of metal/alloy planar titanium foil or sputtered substrates has been considered to be one
of the most cost-effective and versatile approaches to generate TiO2 nanostructures, as it
can be precisely customized in terms of the morphology, the diameter of the pore sizes,
and the length of the NTs by simply tailoring the anodization parameters [13]. Initially,
anodization of Titanium foil in common acidic electrolytes usually only generated dense
TiO2 layers at the surface and could not form a porous structure. By tuning the physical
conditions and the electrolyte chemistry, however, an appropriate balance between the Ti
dissolution condition (Ti to Ti4+ or [TiF6]2−) and oxide layer growth is required in order to
finally obtain a tubular morphology [23,24].

The growth process of TiO2 NTs entails the following steps: (i) the initial compact layer
of TiO2 is formed on Ti foil under a high applied potential; (ii) the as-formed oxide layer is
attacked by the F− ions. TiF6

2− ions are generated and then diffused into the electrolyte;
meanwhile, oxidation further propagates into the substrate; (iii) a relatively disorganized
porous layer is formed with the shadow gaps filled in; (iv) with the increasing of the
anodization time, the interior of the layer is dissolved and separated tubes are formed; and
(v) the length of the tubes will increase according to the reaction time until the nanotube
structure collapses due to the thinning of the tube mouth. Aqueous electrolytes containing
HF are able to generate TiO2 NTs with relatively irregular shapes and a maximum thickness
of 500 nm, while a KF based solution can extend the length of the NTs to ~2.5 µm. The
formation of TiO2 NTs in organic solutions such as ethyl glycol or glycerol with a low
water content has now been demonstrated to be an effective approach to generate strongly
ordered TiO2 nanotube arrays with a thickness that is up to several hundreds of microns
due to the reduced etching rate. The TiO2 NTs grown via anodization are typically non-
crystalline and thus require annealing to form crystalline phases such as anatase or rutile,
to increase the mechanical stability. An annealing temperature of 350–400 ◦C in air has been
found to be optimal to fabricate anatase TiO2 in terms of charge transfer. In addition to the
improved 1D charge transport properties, spontaneous n-type doping, and a large surface
area geometry compared to planar TiO2, the NTs structure also benefits from allowing a
short distance between the sites of water oxidation and the solution species, such that all
the photogenerated charge carriers are within a diffusion length of ~100 nm [25]. However,
TiO2 NTs still suffer from the abovementioned limitations as a TiO2-based material.

2.1. Defects in TiO2 and TiO2-x Sub-Stoichiometries

The Ti 3d and O 2p states are the relevant energy levels that form the band edges of
the conduction band and the valence band respectively, and they define the bandgap for
TiO2 materials [26]. Electronic and optical properties of TiO2 strongly depend on the bulk
or surface defects, and particularly on the formation, presence, and concentration of bulk
or surface Ti3+ states and oxygen vacancies (Vo) [27]. The large bandgap of TiO2-based
materials could be narrowed by introducing intrinsic defects such as oxygen vacancies
and Ti3+. Such defects are usually present in small fractions in NT structures due to a
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slightly Ti-rich stoichiometry caused by the anodization condition, while a relatively large
amount of these defects can be generated via proper chemical/electrochemical reduction
methods [28,29]. The unsaturated surface species such as Ti3+, Ti2+, or even Ti+ can be
generated under high-vacuum, unreactive gases (Ar or N2) or a reduction of the gas
annealing condition (H2 or NH3), where TiO2 tends to split off of O2 or H2O to from the
product and form bridge oxygen and reduced Ti states [26]. During relatively long-term
annealing, the surface reduced Ti species can also deeply diffuse into the bulk TiO2. Similar
results can be obtained by noble gas ion sputtering (Ar), ion-implantation (N or H), or
plasma treatment.

Various defect states are generated in the bandgap by Ti3+ coupled with Vo, usually
0.5–0.7 eV below the conduction band, which generates isolated electronic states in the
TiO2 bandgap and minimizes recombination. Increased defects are typically followed by a
color change from white/grey to dark blue or even black as a result of the extension of solar
absorption [30]. For comparison, doping is also capable of increasing photon absorption by
creating electronic states that are close to the conduction band with transition metal cations
or to the valence band with major group anions. However, these extrinsic dopants may
behave as charge carrier recombination centers by lowering the PEC performance or as
charge transfer mediators by enhancing photoactivity depending on the dopant density,
energy level, d-band configuration, and uniformity [31,32].

Annealing TiO2 in a high vacuum or reduction atmosphere leads to a deviation from
the 1:2 stoichiometry, forming oxygen-deficient TiO2−x. Oxygen vacancies in TiO2−x can be
accommodated as point defects with an x value up to 10−3 to 10−4, while beyond this point,
the existing crystal structure is no longer stable, and the off-stoichiometry is stabilized by
phase transformation to Magneli phases (TinO2n−1, n = 3 to 10), which exhibit a gradually
lowering bandgap and increasing metallic property. In particular, Ti4O7 has been reported
to exhibit a much lower bandgap of 0.6 eV at room temperature compared to anatase
TiO2 (3.2 eV), possibly broadening the absorption of TiO2 from a wavelength of 387 nm
to the far infrared region. Ti2O3 and Ti3O5 exhibit semi-metal behavior with a relatively
high conductivity of ~0.1 Ω cm. Several efforts related to the bandgap and the oxygen
composition of TiO2 sub-stoichiometries, including Magneli phases, are summarized in
Figure 8, as reported by Nowotny et al. [33]. The figure also implies a strong trend,
suggesting that an increased oxygen deficiency could effectively narrow the bandgap or
introduce mid-gap states. A narrowed bandgap close to metallic levels however results in
the incident radiation being difficult to separate from the electron/hole pairs, such as the
fact that it is possible to exhibit reduced photo-catalytic properties. The optimum amount
of oxygen deficiency and the best reduction level degree for photoelectrochemical water
oxidation using TiO2-x as the photoanode has yet to be optimized.
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2.2. Water Oxidation at the Interface

Besides the limited optical absorption, the PEC operation of the TiO2-based materials is
also hindered by the flow of holes into the electrolyte at the electrolyte/electrode interface
to induce water oxidation as well as the separation of the electron/hole pairs in bulk.
Because the photogenerated hole flux is usually larger than the rate at which they can be
injected into the solution species, holes often accumulate on the surface, and recombination
occurs. It is well known that water oxidation is a 4-electron transfer reaction and that
pristine TiO2 materials do have limited electrochemical catalytic activity, which results
in slow water oxidation kinetics and a limited hole-injection efficiency at low applied
potential. The issue can be addressed by modifying the TiO2 surface by adding more active
sites or by depositing nanoscale electrocatalysts. Therefore, a proper modification method
or catalyst is required to improve the water oxidation selectivity on the surface of TiO2
NTs. Meanwhile, to identify the conditions where the PEC performance of the TiO2 NTs is
limited by water oxidation, which also plays an important role in quantifying the effects of
the surface modification methods/catalysts.

2.3. Manipulating TiO2 Defects to Enhance Solar Conversion

In this section, we seek to provide and investigate a number of methods to modify
TiO2 materials with the aim (i) to increase the generation of point defects; (ii) to synthesize
TiO2-x sub-stoichiometries by a strong reduction; and (iii) to develop surface modification
methods to enhance light absorption, improve charge transfer property, and increase
interfacial water oxidation selectivity. Additionally, we seek to improve and augment
the existing modification approaches simultaneously. We assume that an optimal level
of point defects (dopants, O vacancies, Ti3+) may maximize the photoelectrochemical
performance either in the form of point defects in the anatase phase or as a crystalline
disorder in newly formed phases; the correct balance of photoelectrochemical properties
results in the synergic effect of increasing the light absorption, minimizing the surface
recombination, and improving the bulk conductivity. Various modification methods will
be applied to control the defect density, mainly through oxygen removal; the stable range
of anatase TiO2 with nanotubular morphology will be determined, and the subsequent
possible phase transformation will be investigated. The density/types of the created
defects will be evaluated and quantified using photoelectrochemical characterization
as an overall benchmark together with electrochemical impedance spectroscopy. Light
absorption properties of the modified TiO2 NTs will be determined by measuring the
incident photon-to-current conversion efficiency (IPCE) change with various wavelengths
of the incident light.

3. Nanotubes and Their Modification
3.1. Nanotubes Formation and Modification

TiO2 nanotube arrays were grown on a Ti foil using a double-anodization method in a
ethyl glycol electrolyte containing NH4F and water (<5%) with a fixed applied potential of
50 V [34]. The lengths of the nanotubes are controlled by the anodization time. For the nan-
otubes with a large-gap in between, diethyl glycol was used instead, and the anodization
time and water content was controlled in order to tailor the surface morphology [35]. The
as-anodized TiO2 were annealed in air at 350 ◦C to crystallize the anatase phase.

Laser modification was applied by irradiation from a KrF excimer laser (λ = 248 nm) on
NTs immersed in deionized (DI) water; the hydrogen reduction of TiO2 sub-stoichiometries
were conducted by annealing the NTs in a tube furnace under a mixed gas flow of hydrogen
and argon at temperatures ranging from 650 to 850 ◦C; electrochemical hydrogen doping
was conducted in sulfuric acid solution using chronoamperometry; Ar/NH3 modifica-
tion was applied at a relatively mild temperature of 450 ◦C in a sequential gas flow of
Ar-NH3-Ar.
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3.2. Characterization Methods

The crystal structure and phase amount of the TiO2-based materials was determined
using X-ray diffraction (XRD), and Rietveld refinement of the X-ray patterns was performed
to analyze the phases with low symmetry, such as Magneli phases. High-resolution
transmission electron microscopy (HR-TEM) and fast Fourier transform (FFT) were used
as a support to the XRD and the refinement results to identify the crystalline phases
and the changes caused by the modification methods. The surface morphology and
elemental composition were assessed using scanning electron microscopy (SEM) coupled
with energy dispersive X-ray spectroscopy (EDS). The oxidation state of the elements and
their composition on the surface were further characterized using X-ray photoelectron
spectroscopy (XPS) equipped with an argon ion sputtering gun. Electron paramagnetic
resonance (EPR) was applied to investigate the bulk Ti3+ species.

3.3. Evaluation for Water Oxidation Selectivity at Electrode/Electrolyte Interface

Recombination not only occurs in the bulk but also occurs on the electrode/electrolyte
interface of a PEC cell. By comparing the photoresponse in the electrolyte to that with
a hole scavenger solution, which has close to unit water oxidation selectivity, the water
oxidation selectivity at electrode/electrolyte interface can be evaluated, provided that the
charge separation efficiency in both cases is the same. The charge separation efficiency is
used to describe the ratio of holes reaching to the surface of the overall photogenerated
holes. The water oxidation selectivity, also known as hole injection efficiency, is to describe
the holes that are able participate in the surface reaction compared to the total number of
holes that can reach the surface. Sodium sulfite is mainly discussed as an example [36]. PEC
water splitting occurs in a potassium hydroxide solution or a phosphate buffer solution,
while the oxidation of SO3

2− drives the generation of a photoresponse in a hole scavenger
solution, instead [37,38].

3.4. Determining the Density of Defects and Flat-Band Potential on TiO2 NTs

For an n-type semiconductor, the Fermi level (EF) is often higher than the redox Fermi-
level of the electrolyte (EF (redox)) when it first comes into contact, such that the electrons
transfer from the semiconductor to the vacant states (Ox) of the solution occurs in order
to achieve equilibrium. As the semiconductor carrier density is lower than that of the
solution, the space charge region is balanced by the charge of the electrolyte. Varying the
voltage of the semiconductor by an externally applied potential will select the Fermi levels
of the semiconductor and the electrolyte such that the band bending can be tuned by the
applied potential. Under cathodic bias (the redox potential of the electrolyte is used as
the reference), the majority of charge carriers (electrons) will accumulate at the interface,
and the bands will bend upward, while at the anodic bias, the bands bend downward,
and the electrons will be away from the interface in the depletion region. In the flat band
potential (Vfb) condition, the band bending effect is neutralized by the applied potential.
The Mott–Schottky equation shown below can be used to determine the flat band potential
of the semiconductor as well as the donor density (ND) in the depletion region (when
EF > EF (redox)) [39].

1
C2 =

2
εε0eND

(E− EFB −
kBT

e
)

where C represents the semiconductor capacitance, ε is the relative permittivity (~100
for TiO2), ε0 is the dielectric constant, e is the electron charge, ND is the donor density,
E is the applied potential, EFB the flat band potential, kB is Boltzmann’s constant, and
T is the absolute temperature [40,41]. In particular, the donor density can be calculated
from the slope, and the flat band potential can be obtained at the intercept. To obtain the
capacitance, electrochemical impedance spectroscopy (EIS) is applied to determine the
frequency with the highest capacitance, corresponding to the largest imaginary component
in the impedance at this frequency [42]. This method will be conducted as a quantitative
analysis and support to the XPS, EDS, and EPR measurements.
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4. Some Examples of Rational TiO2 Modification
4.1. Intercalation, Sensitization and Catalysis

A simple method to enhance both the light absorption and the catalytic activity of
TiO2 is the intercalation of Li in TiO2 nanotubes via electrochemical biasing, inducing
the reduction of Ti4+ in TiO2 to Ti3+. The mechanism can be described by the following
reactions [22]:

H+ + Ti(IV)O2 + e− −→ H-Ti(III)O2 (4)

Li+ + Ti(IV)O2 + e− −→ Li-Ti(III)O2 (5)

TiO2 nanotubes sensitized by bacteriochlorophyll-c (BChlc) extracted from photo-
synthetic bacteria yields a significant conversion efficiency to H2, making a promising
candidate for a naturally derived sensitizer for TiO2. The photocurrent conversion effi-
ciency of 0.1% was observed at 600–800 nm, corresponding to the absorption peak in BChlc;
a photoanode efficiency of 0.23% was measured at around −0.1 VSCE [43].

Titania nanotubes have broad potential as a scaffold for nanoscale semiconductors.
The two candidate materials investigated in this experiment are Cu2O and α-Fe2O3. We
have used electrodeposition to fill in these narrow bandgap (∼2eV) materials with TiO2
and investigated their photoelectrochemical response. These composites convert solar light
in the visible range, resulting in integrated quantum efficiencies of up to 2%. The two
sensitizers behave quite differently due to a vast difference in the bond strength, leading to
a size difference [44].

While TiO2 nanotubes are a promising configuration for water dissociation, their
performance is constrained due to the limited absorption, charge recombination, and the
sluggish kinetics of the water splitting reaction. To maximize conversion efficiency, we
investigate the balance between the increased absorption in longer nanotubes and the cor-
responding recombination. We demonstrate that Li doping extends the optimum nanotube
length from 7 to 15 microns, yielding a photocurrent of 1.5 mA cm−2 under simulated sun-
light at 1.65 VRHE. Moreover, we determine the conditions where photocurrent conversion
is limited by the kinetics of the oxygen evolution reaction (OER). Under conditions where
water oxidation was a limiting factor, the addition of a CoOx OER catalyst provided up
to a two-fold improvement in the photocurrent under a small-applied bias of 0.4 VRHE.
The significant increase in performance with a catalyst led to the investigation of another
catalyst, either for OER and HER. For example, binary and ternary Ni-P-X (X = W, Mo)
exhibit high electrocatalytic activity toward HER, with some Ni-Mo-P alloys approaching
the performance of Pt foils. The activity of Ni-based alloys decreases with increasing P
content but increases with the increasing content of W or Mo. Vanadium and their oxides
have also shown high levels [45–48].

4.2. Laser Irradiation for Surface Modification

Extreme conditions are required to introduce surface defects on TiO2 materials, as
has been reported by many works. Molten Al can partially reduce the surface of TiO2,
and can meanwhile create a shell of TiO2−x, as reported by Yang et al. [49]. TiO2 prepared
for 5 days under a 300 ± 5 psig pure H2 atmosphere at 200 ◦C or 24–102 h under 10%
H2/90% Ar at 400–500 ◦C is required to generate yellow and black TiO2, as reported by
Leshuk et al. [50,51]. Black TiO2 is obtained by Lu et al. after 15 days of treatment [52].
Therefore, to create a surface disorder with simpler and more rapid methods is highly
desirable. In this work, treatment under KrF excimer laser (λ = 248 nm) irradiation is
conducted in DI water is discussed as an example. A modified surface on the surface of NT
arrays is introduced, while the remaining NT arrays remain in the nanotubular structure.

To investigate the laser energy fluence influence, the lengths of the tubes were kept
constant at 1 micron, and the pulses per area (PPA) were kept at 20 times. The photocurrent
density of pristine TiO2 and laser treated TiO2 is compared in Figure 9. The energy fluence
ranges from 0.15 to 0.4 J/cm2. A plateau between 0.6 and 1.2 VRHE is observed for all the
samples, which indicates an increasing photocurrent density with potential. A 1.5-fold
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improvement is obtained when the photocurrent density increases from 0.23 at an energy
fluence of 0 J/cm2 to 0.32 mA/cm2 at an energy fluence of 0.3 J/cm2. At higher irradiation
energy fluence (0.4 Jcm−2), the NTs show a comparable current density to the pristine NTs,
while the photoresponse decreases at an even higher energy fluence. The photocurrent
transients of the pristine NTs show a significant decay, which is caused by significant
recombination. For the laser modified NTs, the current transients at a similar potential
range show a less noticeable recombination feature, which implies that surface modification
introduced via laser allows the partial annihilation of trap states.
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The donor density obtained from the slope of the Mott–Schottky plots of the linear
region is 3.9 × 1019 cm−3 and 2.66 × 1020 cm−3 for the pristine and the laser modified
NTs, respectively. This suggests a close-to-one order of magnitude increase of shallow
carrier density, as shown in Figure 9. The density of trap states is obtained from the low
frequency capacitance at the maximum value at different applied biases [54,55]. Figure 9
indicates a 0.5 VSCE maximum value of capacitance, which reflects a trap state density
of 9.3 × 1016 cm−3. In contrast, the laser modified NTs do not show obvious maximum
values in capacitance in the same potential window of 0.4 to 0.8 V. This indicates that the
density of the trap states can be reduced by laser surface treatment, which is probably
caused by the trap state passivation effect induced by the generation of hydrogen caused
by water splitting under the laser irradiation, while the lattice disorder is created on the
surface of NTs simultaneously [56]. The optimum photocurrent density of 0.3 J/cm2 at a
pulse per area of 20 can be therefore linked to two different effects. First, the photocurrent
density is improved with the increasing energy fluence as the donor density in the modified
region is increased. Second, the higher energy fluence (>0.3 J/cm2) gradually increases
the thickening of the surface modified layer such that the total number of photoinduced
charge carriers is reduced.

At a fixed energy fluence of 0.3 J cm−2, the PPA was changed in order to understand the
influence of the PPA on the PEC performance. A PPA of 30 was determined to be optimum
on 1 micron nanotube arrays, as shown in Figure 10. This leads to a photocurrent density of
0.36 mA·cm−2, which is a 1.6-fold increase of pristine NTs. The photocurrent is improved
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due to the enhanced charge transport at a relatively low PPA (no more than 30), while
the increasing thickness of the laser modified disordered layer on the surface limits the
absorption of the incident light, and therefore, the total number of photogenerated charge
carriers is decreased. The influence of the length of nanotube arrays is further investigated.
The photocurrent density augments monotonously before the potential reaches 1.0 V, and
the photocurrent density of 4 µm and 11 µm nanotube arrays is higher until the potential
reaches 0.5–0.6 V. The photocurrent density decreased at higher potentials for the 4 µm
and 11 µm NTs. As the applied potential increases the charge transport driving force, the
recombination rate accelerates, leading to a decreased mean free path [57]. The overall
number of electrons at the back contact is lower with an increased NT length. As such, the
optimum laser treatment condition is determined as 30PPA, 0.3 J·cm−2 at 1 µm TiO2 NT.
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Water oxidation selectivity is considered to be another important factor that determines
the rate of water splitting caused by PEC. The water oxidation selectivity is evaluated by
measuring the photocurrent density in a phosphate buffer solution without or with sodium
sulfite, a hole scavenger species. The water oxidation kinetics is the rate limiting step for
all of the pristine and laser-modified NTs at relatively low potentials from 0.5 to 0.7 V. For
the laser modified NTs, the water oxidation selectivity is measured to be 78% compared to
65% for the TiO2 NTs without modification, which is shown in Figure 10.

In conclusion, laser modification on the surface is proven to be a simple and fast
treatment method to introduce crystal disorders on the surface of titania nanotube arrays,
and the optimum parameters for the energy fluence and PPA of laser and the length of
nanotubes are determined with a 1.6-fold improvement of the overall photocurrent density.
The improvement, however, is still limited, and therefore, it is essential to discuss other
modification methods to introduce defects that are not only limited to the surface.

4.3. Phase Transformation of TiO2 for PEC

Typically, thermal hydrogen treatment at ambient pressure is usually applied to fabri-
cate black titania. Hydrogen can create oxygen vacancies by partially or fully reducing Ti4+

to Ti3+, with physical or chemical property changes accordingly [58–60]. Wang et al. [59]
reported the synthesis of hydrogenated black TiO2 nanowires and NTs through annealing
at a high purity H2 atmosphere at 200 to 500 ◦C. Chen et al. [60] treated bamboo-type TiO2
in a H2 atmosphere at 400 ◦C for 1h and demonstrated enhanced PEC and supercapacitor
properties due to increased conductivity. Zhu et al. [61] reduced TiO2 NTs under a gas
mixture of H2 and argon at 400 to 550 ◦C, resulting in a reduced work function and higher
conductivity. Up until now, most studies based on the reduction of TiO2 NTs have been
restricted to relatively low annealing temperatures (<700 ◦C) in order to maintain the
nanotubular morphology. In the next discussion, we focus on relatively high temperatures
(above 700 ◦C) in the hydrogen atmosphere in order to understand the degradation be-
havior of the shape of the nanotube and the formation of a new porous structure. The
phase transformation and the relevance to photoelectrochemical performance will also be
discussed. A superabundant number of oxygen vacancies are generated, which is sufficient



Coatings 2021, 11, 931 13 of 23

to obtain Magneli phases, which have a lower band gap and an enhanced conduction. The
donor density at the electrode/electrolyte interface is evaluated using the Mott–Schottky
method, and the recombination at the interface is investigated by evaluating the hole
injection efficiency using the hole scavenger species as abovementioned.

The nanotube structure is maintained for the H-650 sample (650 ◦C annealed), and
particles are observed on the top of the nanotubes, as shown in Figure 11. The pore size of
the nanotubes starts to shrink after 700 ◦C annealing, which is further drastically decreased
with increasing temperature. At 750 ◦C, the tubulous structure degrades. At 800 ◦C, the
TiO2 totally loses the nanotube structure, while a morphology of nanowires mixed with
micro-sized particles forms instead. This is because of the complete degradation of the NTs
and the phase transformation at high temperatures. X-ray diffraction is conducted in order
to understand the phase transformation behavior. NTs without thermal hydrogen treatment
indicate anatase phase as a result of the 350 ◦C annealing in air, while the substrate showed
an hcp phase of α-Ti, as seen from Figure 11. The anatase phase peak intensity decreases
for H-750, while peaks from rutile TiO2 occur, as the rutile phase is thermodynamically
favored [62]. Formation of Ti2O3 can be determined from the peaks from the (012), (110),
and (113) facets. For H-800, a complete phase transfer is observed. Corundum Ti2O3 is
one of the main phases, and Magneli phase Ti4O7 also exist. The presence of TiO is also
determined by peaking occurring at ~44◦, which comes from the diffraction of the (2–31)
and (002) planes.
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Figure 11. (a) SEM images of Ti−O compounds reduced at various annealing temperatures. (b) X-ray
diffraction of pristine NTs and thermally reduced NTs. Reprinted from [63], Copyright (2019), with
permission from Elsevier.

The shrinking of the pores on the surface can be explained by the phase transformation,
where the various phases formed from the initial anatase are in fact likely nucleating both
at the tube mouth and at the interface between the Ti and the TiO2 nanotube [64]; to further
investigate the phase fraction, Rietveld refinement was applied. The phase fraction of the
TiO was determined to be 64.3 At%, while the value of Ti2O3 was 22.9%. The phase fraction
of Ti4O7 and TiO was determined as 11.2 At% and 1.64 At%. These results show that the
first three newly formed phases are dominant.

Photoresponse as a function of applied potential under chopped AM1.5G solar irradi-
ation for samples annealed at 650, 750 and 800 ◦C is shown in Figure 12. The photocurrent
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density first increases with potential before 1.0 V. The photocurrent density is increased
at 1.23 V for H-650 from 0.23 mAc006D2 for pristine NTs to 0.25 mAc006D2. For H-750,
the photocurrent at the same potential is improved to 0.35 mAc006D2. For H-800, the
photocurrent density is maximized with a value of 0.54 mAcm−2, which is 2.4-fold that
of pristine NTs. The photocurrent density for NTs is improved in a thermal treatment
temperature ranging from 650 to 800 ◦C, and the photoresponse decays at a temperature
higher than 800 ◦C. The oxygen loss is also associated with the hydrogen intercalation into
the TiO2 lattice, which is reported by Amano et al. [65]. This can contribute to p-type or
n-type conductivity. The atomic hydrogen intercalation in titania can adjust the hydrogen
energy level to around the titania conduction band minimum, which explains the improved
photocurrent density for hydrogen thermal annealed NTs. The photoconversion efficiency
vs. the applied bias is shown in Figure 12. A maximum energy conversion efficiency of
0.12% is shown for H-650, and the value of H-700 and H-750 increased to 0.13% and 0.19%
respectively. H-800 showed the highest energy conversion efficiency of 0.33% at 0.45 V. A
time of 0.5 h was determined to be optimum, as 2 h treatment showed same photocurrent.
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Figure 12. (a) Photocurrent density vs. applied potential for Ti−O compounds annealing at various
temperature. (b) Ratio of oxygen to titanium and the corresponding photocurrent. (c) Energy
conversion efficiency for thermally reduced NTs. Reprinted from [63], Copyright (2019), with
permission from Elsevier.

The Mott–Schottky method was applied to investigate the donor density for NTs
annealed at various temperatures. H-750 and H-800 indicated an increased doping level of
the 1 and 2 orders of magnitude respectively, as shown in Figure 13a,b. The high donor
density for H-800 is mainly because of the TiO, which is metallic. The IPCE, however,
is not significantly improved in the visible light region, which leads to a conclusion that
the improved charge transport and the accelerated surface kinetics are responsible for the
improved PEC performance.
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Copyright (2019), with permission from Elsevier.

The water oxidation selectivity for NTs with various annealing temperatures is shown
in Figure 13c. The increased selectivity is attributed to the increase of the lifespan of the
holes that are separated by the applied potential [66]. Saturation values can be reached
between 0.6 and 1.0 V for all other samples. This is probably because the rate determining
step at low bias is the interfacial recombination, while the hole injection at this potential
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range is limited by the low electric field. The selectivity of H-650 is close to that of the
pristine NTs. The water oxidation selectivity for H-700, H-750, and H-800 was determined
to be 85%, 87%, and 92% respectively, which implies that at high applied potential, the
interfacial recombination is no longer the rate limiting step. The saturated photocurrent
is related to the maximization of the space charge layer within the nanotubes or in the
filamentary morphology (for H-800) [67]. Another possibility is that saturation results from
the Fermi level pinning, when a high defect density is generated [68]. We therefore conclude
that for the hydrogen reduced NTs, the rate-determining process is not the recombination
at the interface at highly applied potential, and the Fermi level pinning effect or the space
charge layer limitation dominate the process instead.

4.4. Introduction of Ti3+ and Oxygen Vacancies in TiO2 NTs

One of the most promising methods to synthesize black TiO2 is nitrogen doping,
as per the report of Asahi et al. [30,69,70]. The localized oxygen vacancies are at 0.75 to
1.18 V below the conduction band minimum of TiO2, as experimentally determined by [71].
A vacancy band below the conduction band can be induced by a high concentration of
vacancies, which allows for improved catalytic properties and photoabsorption [65,72].
The intercalation of nitrogen into titania is accompanied by an increased amount of oxygen
vacancies, as the formation energy is lowered [73,74]. In this process, Ti3+ species are
generated as well, which increases to the difficulty of clarifying its major contribution
to the improved PEC performance. Several studies have stated that the catalytic activa-
tion for nitrogen doped TiO2 is only generated from oxygen vacancies and Ti3+ reduced
species and that nitrogen only make these defects stable [75–78]. However, other works
imply a synergistic effect of the oxygen vacancies, the Ti3+ and the nitrogen dopants, in
which the band gap is narrowed by a mixing of the O 2p states and the p states of the N
dopants [79,80]. Furthermore, under the typical conditions for N doping at 550–600 ◦C
under NH3, hydrogen can be formed from NH3, leading to an additional reduction of
titania and the introduction of another dopant [81].

We herein discuss a treatment method to synthesize N doped TiO2 under the sequen-
tial flow of Ar, NH3, and Ar at a relatively mild temperature of 450 ◦C. The introduction of
Ti3+ and oxygen vacancy pairs is demonstrated by XPS, EDS, and EPR. The morphology of
the NTs and the anatase crystal phase are maintained.

The surface composition and the oxidation states of the NTs are investigated by X-ray
photoemission spectroscopy. As shown in Figure 14, the binding energy of Ti 2p 3/2 and
Ti 2p 1/2 is shown at 458.9 eV and 464.6 eV, respectively. There is no obvious change in
the pristine and the ammonia treated NTs. Due to the oxidation of the Ti3+ species on
the surface, the peak corresponding to Ti3+ at a binding energy of 457 eV is absent [65].
Ti4+ is dominant for ammonia treated NTs and the pristine NTs. From Figure 14, the O 1s
spectrum shows a peak of 530.3 eV, indicating that the amount of surface absorbed oxygen
or hydroxides is small [82]. The absence of peaks located at 396 eV and 400 eV demonstrates
that the argon–ammonia treatment leads to none or limited nitrogen intercalation [30,83].
The thermal treatment at a relatively low temperature results in a limited absorption of
nitrogen, probably due to the desorption during the argon gas flow treatment during the
cooling down process. The absence of peaks from N 1s was previously reported for nitrogen
doped titania [84]. Due to the fact that the detecting limit for XPS is 0.1–1%, nitrogen
probably exists in a small amount [85]. EPR measurements are applied to investigate the
effect of the argon–ammonia treatment. The absence of a g-factor of 2.02 assigned to the
O2
− from the adsorbed O2 by surface the Ti3+ (Ti3+-O2) for both pristine and AN-TiO2

further verify the lack of Ti3+ surface species caused by oxidation [79,86]. For the pristine
TiO2, a weak peak at a g-factor of 1.996 indicates the presence of Ti3+ in the bulk material,
while for the AN-TiO2, a sharp peak with higher intensity is found at the same position,
suggesting a large amount of Ti3+ bulk species introduced by the Ar/NH3 treatment [87].
It should also be noted that the commonly observed EPR signal of g = 2.005–2.003 for the
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paramagnetic (Nb
•) bulk centers in nitrogen-doped TiO2 is also absent, which supports the

XPS observation that only trace amounts of N are present [88–90].
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from [90], Copyright (2019), with permission from Elsevier.

In Figure 14e, the photocurrent density of the ammonia treated NTs increases before
it reaches the maximum value of 0.93 mA·cm−2 at the potential of 1.23 VRHE, which
is a 4-fold improvement of that for pristine TiO2. Side reactions do not occur, as the
dark current remains as zero for the pristine NTs and the ammonia treated NTs. In the
IPCE measurement, the ammonia treated NTs showed an efficiency above 10% when the
wavelength of the incident light was less than 500 nm, while the pristine NTs did not show
any efficiency at wavelengths above 400 nm. This demonstrates a photoresponse in the
visible light region for the ammonia treated NTs. The color change of the sample from grey
to black also indicated an increase in the photoabsorption. The photoresponse increased
with the ammonia treated time at a potential higher than 1.0 V, which suggests enhanced
charge transport or/and photoabsorption. All of the ammonia treated titania showed
a photocurrent density larger than 1 mA·cm−2, which is comparable to the theoretical
value of 1.1 mA cm−2 for titania [91]. The potential at which the photocurrent density
reaches 1 mA·cm−2 is compared to that Figure 14f, which is decreasing with increased
treatment time. For the 4 h ammonia treated titania, this value is 1.18 V, which is less than
the theoretical oxidation potential of water in the dark.

The Mott–Schottky approaches were conducted to investigate the charge carrier den-
sity and the flat band potential for the NTs treated for 1 h, 2 h, and 4 h. The charge density
was 4.99 × 1020 cm−3, 7.04 × 1020 cm−3, 3.61 × 1021 cm−3 for 1 h, 2 h, and 4 h treated NTs,
respectively, as shown in Figure 15a, which shows 1–2 orders of magnitude increament
compared to the pristine NTs. Extending the treatment time makes it possible to increase
the number of charge carriers for the ammonia treated NTs, and this is corresponds to the
increased photoresponse. This confirms that the improved charge carrier density plays a
main role in the improvement of the photoresponse. The flat band potential for pristine
NTs is 0.456 VRHE, which is in agreement with previous reports [41,92]. The flat band
potential for ammonia treated NTs at 1 h, 2 h, and 4 h was 0.386 V, 0.371 V and 0.367 V
respectively, which implies that a reduced external bias is required to neutralize the band
bending effect. The energy difference between the redox potential of OH−/O2 and the
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Fermi level of titania was lowered by the ammonia treatement, as indicated by the results
shown in Figure 15b.
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The photoresponse at 1.23 V for the as prepared ammonia treated NTs and the same
sample placed in air for 1 week is shown from Figure 15c. The photocurrent density is
stable at the 600 s measurement in both measurements, indicating that ammonia treated
NTs are stable in air for one week. After exposure in air for 6 months, the photocurrent
density, however, decreases to half of the initial value, which is caused by the oxidation of
the layer up to 3 microns, as indicated by EDS measurements.

Compared to the laser surface modification, hydrogen thermal reduction, and electro-
chemical reduction methods, Ar/NH3 treatment on TiO2 exhibits an superior enhancement
of the TiO2 NTs with a photoreaction response increase of 4–5 fold compared to pristine
TiO2 NTs, which is due to a relatively optimized introduction of the oxygen vacancies/Ti3+.
To further improve the PEC performance of the modified TiO2 based materials, deposit-
ing electrocatalysts on the TiO2 surface is another possibility, while the influence and
effectiveness is yet to be investigated.

4.5. Deposition of Electrocatalysts on TiO2 NTs Surface

Electrodeposited Ni or Ni-Fe oxy-hydroxides are among the non-noble metal catalysts
with the highest turn-over in alkaline electrolytes. For instance, metallic Ni in alkaline
solutions spontaneously forms a variety of (double) hydroxides and oxy-hydroxides, which
show a wide range of electrocatalytic activity [93]. The catalytic performance in these mate-
rials seems, however, to mainly be related to Fe ions, sometimes inadvertently introduced
as impurities present as Fe3+ in Ni-Fe hydroxide at open circuit but oxidizing to Fe4+ at the
potential corresponding to oxygen evolution [94]. Studies on loading Ni-Fe (oxy) hydrox-
ides on anodic TiO2 nanotube arrays using electrodeposition methods are rarely reported
on, and the influence of the loaded catalysts on the photoanode performance is not fully
understood. In the last section of the proposed work, we aim to combine anodized TiO2
nanotubes and electrodeposited, highly efficient OER catalysts to investigate the effect of in-
terfaces and potential synergetic effects related to charge redistribution. We first conducted
the electrodeposition of Ni−Fe oxy-hydroxides on the surface of a Au/Si substrate to
determine intrinsic electrocatalytic behavior; successively, the same procedure was applied
on the anodic TiO2 NT systems with various morphologies, including regular self-ordered
TiO2 NTs (R-TiO2), large-gap TiO2 nanotube arrays with walls exposed (LG(L)TiO2), and
the short large-gap TiO2 individual nanotubes (LG(S)TiO2) shown in Figure 16a in order to
investigate the influence of the surface morphology or conditions of the electrodeposition.
Additionally, the electrochemical/photoelectrochemical performances were measured us-
ing the linear sweep voltammetry without/with light in an alkaline solution, trying to
evaluate the water oxidation kinetics of the Ni−Fe-oxy-hydroxides deposited TiO2 NTs
and their application as a photoanode candidate.
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Typically, regular self-ordered compact TiO2 NTs are anodized in ethyl glycol solution,
while nanotubes with large gaps in between can be prepared using an electrolyte with
lower polarity, such as diethyl glycol, which results in a lower density of the nucleation sites
caused by a weaker electric field strength [35]. By varying the water content, the etching
rate can be controlled, and nanotubes with different lengths can be obtained, as in the case
of regular TiO2 NTs. The three different TiO2 NTs systems with various morphologies were
successfully synthesized, as shown in Figure 16b.

In the following work, Ni−Fe-oxy-hydroxide was deposited on the surface of the
three TiO2 NTs systems, and the relevence of the electrochemical or photoelectrochemical
properties will be investigated. In particular, steady state I−V characteristics in the dark
will be measured, and Tafel slopes will be calculated to determine the water oxidation
kinetics on the loaded catalysts. XPS on the sample surface will be applied to identify
the composition and the oxidation states of the Ni−Fe oxy-hydroxides, and XRD will be
conducted to observe the possible crystal phases formed during the electrodeposition.

4.6. Black TiO2: Improved Performance

While various modifications have been implemented in order to increase the perfor-
mance and the generation of hydrogen, the efficiency of TiO2 can be further increased
by widening the optical absorption to include the visible spectrum. A drawback along
this path is that a strong material reduction and an increase in the concentration oxygen
vacancies. This can only be achieved through harsh processing; going through several
color changes, from grey and blue and down to black titania; and exhibiting a bandgap of
about 1.5 eV that absorbs the full visible sunlight spectrum, thus increasing absorption and
the photocatalytic activity. The first publication on black TiO2 was published by Chen [28],
who used Ti tetra-isopropoxide nanoparticles processed at 20 bar in pure H2gas. After
this process, the black TiO2 nanoparticles were illuminated under simulated solar light,
generating about 1 mmol H2 in 5 h. The state density exhibits a broadened band gap,
probably due to the disorder at the nanoscale. Black TiO2 in the form of nanotube arrays
were also synthesized by a similar method, resulting in a H2 production of the order of
6 mmol/h·cm2 [96]. In this paper, it is hypothesized that annealing under pressure forms a
stable, isolated Ti3+ defect within the anatase phase; unfortunately, in these works, only
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the generation of hydrogen has been reported, making it difficult to compare with the
photocurrent. In comparison, the photocurrent in ref [96] is about 4 mA/cm2 [96].

In the last few years, research efforts on photoelectrochemical conversion slowed
a bit, but they are still substantial. In the next section we discuss particularly creative
efforts. The first example was based on TiO2 and consisted of a series of semiconductor
sensitizers designed as the following ladder: TiO2/ CdS/CdS0.5Se0.5/CdSe. Due to the
accumulative potential generated in the ladder, the photoanode exhibited a photocurrent
of 14.78 mA/cm2 at −0.2 V vs. SCE [97].

Another interesting effort was the synthesis of a high-pressure of TiO2, i.e., the TiO2-II
(columbite) phase. This phase should show a lower band gap with respect to TiO2. In
addition, this phase should have a low bandgap and a more negative Fermi level. The
columbite phase is photoactive with a band gap between 2.4 and 3.1 eV and generates a
photocurrent generation under visible light up to ~5 mA/cm2 [98].

The device design in this work involved TiO2 as a support and as a configuration con-
sisting of Ag NPs surrounded by TiO2 material, facilitating charge transfer from the Ag to
the conduction band. This system enhances the synthesis of H2, resulting in a photocurrent
of the order 42 mA/cm2. This result is the consequence of an intense plasmonic absorption
generated by the Ag nanoparticles [99].

Graphitic g-C3N4 is known to exhibit a limited photoactivity, mostly limited by low
conductivity. However, the composite TiO2-g-C3N4 provides a higher performance than the
two materials. In particular, a 50:50 ratio generates a photocurrent up to about 1.8 mA/cm2.
The high response is attributed to a facilitate charge transfer [100].

The combination of materials in a photoelectrochemical device often results in a
synergy behavior. In this case, the TiO2/Bi2Se3 composite (large band gap/small band gap)
leads to a photocurrent that much higher than that of TiO2, resulting in a photocurrent
of 1.76 mA/cm2 and a solar to hydrogen of ~1%. The authors ascribe this enhancement
to improved transport from Bi2Se3 to the TiO2 electrode, resulting in a minimal charge
recombination [101].

A recent study [102] showed that it is possible to significantly increase the generation
of hydrogen at dual porosity three-dimensional TiO2 nanotubes arrays. Under solar irradi-
ation at a planar nanotube array, a production of 40 mmol·h−1·m−2 H2 is generated. After
decoration by ~4 nm Pd nanoparticles instead, a production of 40 mmol·h−1·m−2 H2 is gen-
erated at the nanotube array, and the hydrogen formation increases to 130 mmol·h−1·m−2.

5. Conclusions

Titanium dioxide is a fascinating and versatile material, but it is still not fully under-
stood because of the complex set of intrinsic defects and the vast possible defects generated
by an extrinsic point defect. A wide variety of nanostructures can be synthesized through
relatively simple procedures. In this review, we have focused on TiO2 nanotubes, but
there are very many other possibilities to synthesize nanorods, nanoparticles, and more
exotic shapes. In parallel, nanotube growth synthesis has improved over time to achieve
morphologies such as double layer nanotubes, control over length, and nanotube distance.
The modification of TiO2 nanomaterials is also possible in very many ways; in particular,
we have discussed the possibility of intercalating Li and activating a point defect to increase
activity. It is also feasible to use catalysts and sensitizer materials, whether they are dopants
or coatings, to improve the light absorption and/or catalytic activity. Reduction processes
by chemical or physical methods are very important for increasing activity, and other highly
powerful processes are capable of significantly modifying the structure of the material,
generating a wider absorption spectrum, possibly furthering potential performance. Even
if TiO2 nanotubes have been around more than 15 years, many more opportunities are still
available for strategic modifications.
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