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ARTICLE INFO ABSTRACT

Keywords: TiO, nanomaterial photocatalysts for energy and environmental applications have attracted the interest of re-

Ph°t°°§t31y515 searchers in recent decades. The broad bandgap (3-3.2 eV), which limits the quantity of light absorption, and the

Sagk TiOz . relatively high charge-carrier recombination, which limits photocatalytic activity, are the key bottlenecks. The
ydrogenation

discovery of black TiO2 in 2011 sparked global research attention and renewed optimism for solving this
challenge. The presence of defects such as Ti®* species and oxygen vacancies at the surface of black TiO,
nanostructures — so called due to the color assumed by the oxide following a reduction process - is responsible for
enhancing the optical absorption of UV to visible light. This review focuses on recent advancements in the
development of black TiO, nanomaterials, including description of the synthesis processes, focused on plasma
and thermal methods to convert TiO5 to black TiO», discussion of black TiO, properties, and diverse applications
of black TiO,, and concludes by addressing some essential concerns that must be tackled to unleash the desired
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future developments, particularly for solar energy production and pollutants decomposition.

1. Introduction

Heterogeneous photocatalysis has many advantages over traditional
water treatment technologies, such as chemical-based procedures,
membrane technologies, and adsorption, all of which present issues in
treating organic pollutants in wastewater. Similarly, in the face of fossil
fuel depletion and growing prices, photocatalysis provides a green and
renewable method of producing clean fuel hydrogen by water splitting
[1-4]. Researchers are working to produce advanced photocatalytic
materials comprising organic molecules, semiconductors, metal com-
plexes, quantum dots, and precious metals. Among these materials,
semiconductors have significant advantages over other materials, and
are often used in combination with other active materials such as
precious metals and quantum dots to improve the overall photo-
efficiency [5-7].

Among various semiconductors, TiOy has been the most studied
photocatalyst due to its chemical stability, earth abundance, low
toxicity, thermal stability, and high resistance to photocorrosion [4,8,9].
The use of pure TiO; in photocatalysis is restricted in two ways. One is
the large band gap (3.2 eV), which hinders most part of solar energy
from being absorbed and utilized (only 5 %, i.e., UV radiation). The
other is the quick recombination of photogenerated charge carriers,
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electrons (e”) and holes (h™), which significantly diminishes the pho-
tocatalytic efficiency [1,10,11]. During past decades, much effort has
been dedicated to modify TiO, properties to enhance photocatalytic
activity and to extend the utilization of solar light to the visible region
through metal and non-metal doping techniques [2,12].

However, doping techniques have some drawbacks, such as carrier
recombination, thermal instability, and formation of secondary impu-
rities. To overcome these problems, Ti®" self-doping produced by hy-
drogenation is proposed as an effective technique for modifying pristine
TiO,. In this review, we focus on the latest developments in the synthesis
of black hydrogen-treated TiO,, their properties, and novel attractive
applications. Finally, a summary and perspectives on black TiOy syn-
thesized through hydrogenation techniques are discussed.

2. Synthesis mechanism

In 2011, it was reported that obtaining a Ti>* defective chemistry
changed the electronic band structure of TiO5 nanocrystals (Fig. 1) by
significantly narrowing it for massive visible light absorption and con-
version to chemical energy, resulting in significantly improved activity
for photocatalytic pollution removal and hydrogen generation from
water [13]. Surface, electronic properties, and crystal structures also
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Fig. 1. Schematic illustration of the electronic band structure of black and
white TiO, nanocrystals. Reprinted with permission from Ref. [13].

undergo significant changes, immediately identified by a change in color
— from white to green, yellow, brown, black, and blue [9,12]. Since then,
black TiO2 nanoparticles have sparked a surge in interest in the use of
visible light for semiconductor photoactivation.

The synthesis mechanism of black TiO, has been studied extensively,
with the most widely accepted explanation being that oxygen vacancies
(Vo) play a key role in the formation of black TiO, [14-16]. These va-
cancies introduce donor energy levels within the conduction bands. As
abovementioned, the creation of Vg is commonly associated with the
advent of Ti®*, and both entities contribute to the effective separation of
electron-holes pairs generated during photocatalysis [17]. Other effects
of hydrogenation include the creation of disordered layers and the for-
mation of Ti- H and O- H bonds beneath the surface. This process also
favors the formation of trivalent (Ti°t) and divalent (Ti*") titanium
states. Additionally, it enhances the density of point defects, often
resulting in the production of a darker oxide [18,19].

Specifically, when produced by hydrogenation, interactions can be
delineated into three steps: firstly, hydrogen physically interacts with
the adsorbed oxygen at temperatures below 300 °C. Secondly, when the
temperature surpasses 300 °C, electrons are transferred from hydrogen
atoms to oxygen atoms in the lattice of TiO,. Consequently, lattice ox-
ygen is abstracted from the TiO; surface, forming HyO as the oxygen
atom departs with the hydrogen atom, resulting in the formation of
oxygen vacancies. Thirdly, the interaction between Hy and TiO; in-
tensifies. The electrons from hydrogen atoms are transferred to Ti** ions
in TiO, leading to the formation of Tit defects [20-22]. Wang et al.
[23] revealed that the hydrogenation process induces a shift in the
geometric symmetry of TiOg, leading to structural distortion. This
alteration in microstructure is attributed to the generation of Vg
following the reduction process, as supported by Electron Paramagnetic
Resonance (EPR) analyses, which demonstrated electron trapping at the
oxygen vacancies, and (XPS) analyses, confirming the presence of both
Vo and Ti" on the surface of b-TiO,. Notably, the quantity of oxygen
vacancies can be controlled by adjusting the hydrogenation
temperature.

Although the capacity of black TiO» to utilize visible light has greatly
increased, surface defects that generate in the H-TiO5 surface interac-
tion can be easily oxidized, resulting in a decrease in defect concentra-
tion, making black TiO; unstable and its applications constrained. Many
methods for synthesizing black-TiO, nanoparticles have been developed
during the last decade, including hydrogenation, plasma treatment,
laser ablation, chemical reduction, and electrochemical reduction [2,24,
25]; hydrogenation remains the most used approach due to its high ef-
ficiency and ease of commercial production [3,26]. While hydrogen
thermal and plasma treatments are widely used in photodegradation and
solar absorption process, hydrogenation still carries high risk of explo-
sion [27]. In this review, we will focus on these two production tech-
niques, on which a comprehensive review of operational parameters is
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missing; more details on chemical methods can be found in recent re-
views [2,24,28].

3. Synthesis routes
3.1. Hydrogenation

The partial reduction of Ti** to Ti®*, particularly the reduction of
pristine TiOo, is generally performed by hydrogenation, in which
hydrogen (Hy) or mixed atmospheres containing Hp are utilized as
reducing agents [29]. The intrinsic physicochemical properties of pris-
tine TiO5 nanocrystals (e.g. morphology, size, shape, crystal facet, and
defect content), hydrogenation temperature and pressure, and hydrogen
time and purity play a vital role in the structure and properties of hy-
drogenated black TiO2 nanoparticles [12].

In 1958, D C Cronemeyer found that when rutile TiO; single crystals
are reduced in a hydrogen atmosphere at temperatures in the order of
600-800 °C for several minutes, followed by cooling the reduced sam-
ples in an argon atmosphere, the blue coloration of the crystals is
accompanied by high conductivity due to the ionization of trapped
electrons in oxygen vacancies. It was found that the blue color arises
from the visible tail of infrared absorption band [30].

Chen et al. [13] were then the first research group to synthesize black
TiO4 by hydrogenation of white TiO, nanoparticles in a 20 bar H; at-
mosphere at about 200 °C for 5 days. They observed that this hydro-
genation process creates a disordered layer on the surface of the TiO5
nanoparticles, which enhances their solar absorption and photocatalytic
activity. They evaluated the solar driven photocatalytic performance of
b-TiO, by observing the photocatalytic degradation of methylene blue
process.

Several works were then published, exploiting different production
mechanisms and achieving as a consequence different properties, as
listed in Table 1. Earliest attempts involved the use of high pressure (up
to 20 bar), temperature and time to achieve hydrogenation, with the
latter parameters in countertendency — the lower the temperature
selected, the longer the time required to achieve a relevant oxide
reduction. Indeed, Wu et al. [31] thermally synthesized black TiO5 from
white TiO, through a first step of vacuum degassing at 200 °C for 2 h,
followed by heating at 400 °C and treatment with hydrogen in a 5-bar Hy
atmosphere for 24 h. TEM analyses illustrated a disorderly surface layer
in b-TiOy with a thickness ranging from 4.0 to 8.4 nm (Fig. 2). The
synthesized b-TiO; exhibited a 53 % higher photocatalytic degradation
of tetracycline (TC) under visible light illumination compared to white
TiO9. HR-TEM analyses were also proposed by Zhang et al. [32] who
established that as hydrogenation time increased, there was a noticeable
disordering in the surface region of the nanoparticles due to
reduction-induced defects and lattice rearrangement, highlighting the
impact of hydrogenation duration on the structural properties of the
TiO4 nanoparticles.

More recent works aim instead at decreasing process parameters, in
order to make the hydrogenation process easier and less energy
demanding, also using mixtures of hydrogen and other inert gases —
typically nitrogen and argon. Baqaei et al. [22] synthesized hydroge-
nated TiOz nanorods by hydrogenation in a tubular furnace under
ambient pressure for 60 min at 400 °C with a gas flow of hydrogen (10
%) and nitrogen (90 %). The prepared photocatalyst exhibited a narrow
bandgap of approximately 2.27 eV, showing highly crystalline rutile
structure and outstanding photocatalytic properties, as discussed in next
sections. Unfortunately, hydrogenation often leads to surface area
reduction, as attested by several authors. Wu et al. observed a 50 %
reduction, from 41.1 to 22.2 m?/ g, as a consequence of pore loss [31]. A
similar result, with 30 % specific area reduction, was observed by
Valenzuela et al. [33] and about 95 % drop in the surface area was re-
ported by Rychtowski et al. [19].

An alternative to the hydrogenation treatment consists of obtaining
the TiOy reduction by annealing in vacuum [48,49] or in nitrogen or
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Table 1

Hydrogenation synthesis methods, properties, and photocatalytic applications of the b-TiO, materials; performance data report a comparison between the peak ef-
ficiency obtained in the best conditions and the reference material (in all cases, pristine TiO5). An is in all cases intended as the percent performance increase with
respect to the pristine TiO2 investigated in the same work.

Photocatalyst Synthesis method Parameters Characterization Performance Ref.
Black-TiO, nanocrystals Calcination Pure H; gas Phase: Anatase Target: phenol [13]
Hydrogen gas atmosphere T =200 °C Morphology: average nanocrystal diameter photodegradation
t =5 days 8 nm Band gap: 1.54 eV Pristine: 3.30 eV Source: 150 W solar simulator
P = 20 bar Degradation in 40: 100 %
Pristine: 80 %
An=+25%
b-TiO, nanoparticles Annealing H; (99.99 %) Phase: Anatase Target: methylene blue [33]
Hydrogen gas atmosphere T =600 + 750 °C Morphology: particle size ~15 nm photodegradation
t=3h BET @750 °C: 2.97 m?/g Source: 150 W Xe lamp, 400 nm
P = 30 psi Pristine: 3.96 mz/g cutoff filter (VIS)
Degradation in 30: 95 %
Pristine: 67.89 %
An = +40 %
b-TiO, nanoparticles Annealing Hj; (99.99 %) Phase: Rutile Target: rhodamine B [17]
Hydrogen gas atmosphere Flow rate = 1.21/ Morphology: ellipsoidal shape, 92 nm in photodegradation
min diameter Source: 300 W Xe lamp; 420 nm
T =700 < 900 °C Band gap: 2.95 eV cutoff filter (VIS)
t=1h Pristine: 3.02 eV Degradation in 2 h: 72 %
P=1atm Pristine: <10 %
Heating rate = An = 4620 %
10 °C/min
b-TiO, nanoparticles Annealing H, (99.99 %) Phase: Anatase Target: tetracycline [31]
Hydrogen gas atmosphere T =400 °C BET: 22.2 m?/g photodegradation
t=24h Pristine: 41.1 m%/g Source: 1000 W Xe lamp; 400
P =5 bar Pore size: 16.0 nm nm cutoff filter (VIS)
Pristine: 15.1 nm Degradation in 270: 66.2 %
Pristine: 43.4 %
An =454 %
b-TiO, nanosheet- Annealing Ha (99.99 %) Phase: Anatase and rutile Target: Hydrogen evolution [23]
assembled Hydrogen gas atmosphere T =500 < 700 °C Morphology: microsphere, 1 pm diameter Source: 300 W Xe arc lamp; AM
microspheres t=3h BET @600 °C: 82.17 m?/g 1.5 filter
P=1atm Band gap: 2.89 eV H, evolution rate @600 °C:
Heating rate = 4.82 mmol/h/g
5 °C/min Pristine: 1.94 mmol/h/g
An = +147 %
b-TiO, particles Annealing H; (99.99 %) Phase: Anatase and rutile Target: Hydrogen evolution [19]
Hydrogen gas atmosphere T = 500 < 700 °C BET @700 °C: 11 m?/g Source: 150 W Xe lamp; AM 1.5
Pristine: 215 m%/g filter
H, evolution rate @600 °C after
3 h: 748 pmol/h/g
Pristine: 86.4 pmol/h/g
AN = +760 %
b-TiO,, particles Annealing H, Phase: Anatase Target: phenol degradation [34]
Hydrogen gas atmosphere Flow rate 50 mL/ BET: 10 m%/g Source: 150 W Xe lamp,
min 16 W/cm?
T =500 °C Degradation in 120: 40 %
t=2h Pristine: 15 %
An=+170 %
b-TiO, particles Annealing H; (99.99 %) Phase: Brookite Morphology: nanoparticles, Target: Hydrogen evolution [35]
Hydrogen gas atmosphere T =500 °C 30 nm diameter Source: solar simulator AM 1.5
t=5<1h G; 100 mW/cm?
H, evolution rate @ 10’: 223
pmol/h/g
Pristine: 30 pmol/h/g
An = +640 %
b-TiO, nanotube arrays Annealing H; (99.99 %) Phase: Anatase Target: photocurrent [36]
Hydrogen gas atmosphere T = 300 < 500 °C Morphology: nanotube, length ~4 pm measurements
t=10+1h Source: 150 W Xe-lamp
Peak IPCE: 52.6 %
Pristine: 34.8 %
An = 451 %
b-TiO4.« nanolaces Annealing Mixture of Hy/Ny Phase: Anatase and rutile Target: photocurrent [37]1
Hydrogen and nitrogen gas with ratio 1:2 Morphology: nanolace arrays film thickness ~ measurements
atmosphere T =650 °C ~2 pm Source: 300 W Xe lamp; 100
t=2h Band gap @650 °C: 2.21 eV mW/cm?,
P=1atm Pristine: 3.41 eV ABPE: 0.58 %, IPCE @390 nm:
52.51 %
Pristine: 0.41 %, 41.89 %
An=+4+25%
b-TiO, nanorods Annealing Mixture of 10%H,/  Phase: Anatase and rutile Target: methylene blue [22]
Hydrogen and nitrogen gas N2 Morphology: nanorods, 90 nm average photodegradation
atmosphere T =400 °C diameter and 1 pm length Source: 300 W Xe lamp; 420 nm

(continued on next page)
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Table 1 (continued)
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Photocatalyst Synthesis method Parameters Characterization Performance Ref.
t = 60 min cutoff filter (VIS)
P =1atm Degradation in 210": 81.4 %
Heating rate = Pristine: 43.8 %
5 °C/min An =486 %
b-TiO, membranes Annealing Mixture of 5%H,/ Phase: Anatase Target: photodegradation of [32]
Hydrogen and argon gas Ar Morphology: core-shell humic acid
atmosphere Flow rate = 300 ~4 nm thick, defect-rich shell Source: UV LED (365 nm); 2.5
scem mW/cm?
T =600 °C Degradation in 2 h: 59 %
t=5+30h Pristine: 37 %
P=1atm An = +59 %
b-TiO, nanowire arrays Annealing Mixture of 5%Hy/ Phase: Rutile Target: methylene blue [27]
Hydrogen and argon gas Ar Morphology: nanowire, diameter ~25.8, photodegradation
atmosphere T =600 °C length ~3.1 pm Source: 500 W Xe lamp; 400 nm
t=6h cutoff filter (VIS)
P=1atm Degradation rate constant:
Heating rate = 0.0275 min !
3 °C/min Pristine: 0.0197 min~"
An = +40%
b-TiO; nanotube arrays Annealing Mixture of 5%H,/ Phase: Anatase and rutile Morphology: Target: water oxidation [38]
Hydrogen and argon gas Ar nanotube, length ~4 pm Source: 450 W Xe lamp; 100
atmosphere T = 650 + 850 °C mW/cm?
t = 30 min Selectivity: 92 %
P=1atm Pristine: 65 %
AN = +42 %
b-TiO; nanotube arrays Annealing Mixture of 5%H,/ Phase: Anatase Morphology: nanotube, Target: phenol degradation [39]
Hydrogen and argon gas Ar length ~8 pm Source: solar simulator AM 1.5
atmosphere T = 450 °C G; 100 mW/cm?
t=1h Degradation in 100: 100 %
Pristine: 20 %
An = +400 %
b-TiO, nanoparticles Hydrogen plasma treatment H, Phase: Anatase Target: Hydrogen generation [40]
T =500 °C Morphology: core-shell, ~20 nm in diameter ~ Source: AM 1.5 solar power
t=4-+8h system

Nanoporous b-TiOy

Mesoporous b-TiO, films

b-TiO, nanorods

b-TiO,, films

b-TiO, films

Hydrogen plasma treatment

Microwave assisted plasma
chemical vapor deposition (CVD)
system

Inline hot wire chemical vapor
deposition (HWCVD) system

RF plasma-assisted chemical vapor
deposition

Room temperature RF plasma

Input power = 200
w

Mixture of Ar/H,
Flow rate = 50
scem each

t =0+ 120 min
Input power = 120
w

Hy

Flow rate = 100
scem

t =5 min

P =5 torr

Input power = 300
w

H; (99.99 %)

Flow rate = 200
scem

Twire = 1600 +
1800 °C

Tsample = 245 +
290 °C

t = 20 min

P =2 x 1077 mbar
H,

Flow rate = 45
sccm

T =260 °C
t =15 + 60 min
P=13.3Pa

Input power = 200
w

Ha

Flow rate = 50
scem

T=25°C

t= 2.5+ 40 min
P=15Pa

Input power = 20
w

Phase: Anatase and brookite

Aggregated nanoparticles size @30 min: 20
nm

BET @120 min: 427.5 m?/g

Pristine: 18 nm, 62.3 m2/g

Phase: Mostly amorphous, anatase
nanocrystals

Morphology: pore size of 8 nm, film
thickness 94 nm

Phase: Rutile

Morphology: core-shell, shell thickness 2 nm
Band gap: 2.9 eV

Pristine: 3.0 eV

Phase: Anatase

Morphology: film thickness @15 min: ~309
nm

Pristine: ~342 nm

Phase: Rutile

Morphology: micropillar film, 5 pm
thickness

Band gap: 2.9 eV

Pristine: 3.0 eV

H, production: 8.2 mmol/h/g

Pristine: 0.61 mmol/h/g

An = +1200 %

Target: Reactive black B [41]
photodegradation

Source: 150 W Xe lamp

Degradation rate constant: 2h !
Pristine: 0.39 h™!

An = +400 %

Target: photocurrent [42]
measurements

Source: UV LED (365 nm); 6

mW/cm?

Current density: 22.9 pA/cm?

Pristine TiO,: 0.81 pA/cm?

An = +2740 %

Target: photocurrent [43]
measurements

Source: 150 W Xe lamp; 100

mW/cm?

Current density @390 nm: 1

mA/cm?

Pristine: 0.25 mA/cm?

An = +300 %

Target: Methylene blue [44]
Source: 15 W UV-vis germicide

lamps; 2.2 mW/cm?

Degradation in 90: 60 %

Pristine: 25 %

An = +140 %

Target: photocurrent [45]
measurements

50 W Xe lamp; AM 1.5 filter

Current density @1.23 V RHE:

2.55 mA/cm?

Pristine: 0.63 mA/cm?

An = +300 %

(continued on next page)
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Photocatalyst Synthesis method Parameters Characterization Performance Ref.
b-TiO, films AP plasma jet 5 % He/H, Phase: Anatase Target: Photocurrent response [46]
Flow rate = 200 Morphology: film thickness 2.5 pm Source: UV LED (365 nm); 30
ml/min Band gap: 3.29 eV mW cm 2
Residence time = 0 Pristine: 3.34 eV Photocurrent density @24s: 0.8
<+ 36 s/mm? mA/cm?
Input power = 10 Pristine: 0.15 mA/cm?
W An = +430 %
b-TiO, nanotubes DC plasma treatment — comparison ~ Mixture of Ar/H, Phase: Anatase Target: Hydrogen production [47]
with annealing T=25°C Morphology: nanotubes, average diameter Source: UV LED (365 nm); 80
t=1h 150 nm, tube length of 9 um mW/cm?
P =102 Torr Band gap: ~3.0 eV H, evolution rate @15 W: 6.6
Input power =5 + Pristine: 3.2 eV puL/h/cm?
45 W Pristine: 1.3 pL/h/cm?
An = +400 %

Fig. 2. TEM images of (a) W-TiO, and (b) b-TiO,. Reprinted with permission from Ref. [31].

argon atmospheres, typically at temperatures between 300 and 500 °C
for 1 or 2 h [50-54]: this also forces the oxide to reduce, and create the
vacancies that are responsible for its enhanced optical properties.
Interestingly, Chen et al. (2023) proposed the combination of vacuum
annealing and sintering, in order to combine the production of a highly
photoactive black TiO; ceramic from a TiOy-based green body: in this
work, the sintering phase is performed in vacuum to promote not only
sintering itself, but also conversion to b-TiO,. Since literature mostly
deals with free nanopowders, this work sheds some light on more con-
crete applications of the technology [55,56].

3.2. Plasma

Black TiO; can also be produced by plasma treatments. An overview
of works where plasma is used for TiO, reduction is also contained in the
second part of Table 1.

Wang et al. [40] were the first one to use this method to synthesize
plasma-reduced black titania. Similarly, in 2016, An et al. [41] prepared
hydrogenated nanoporous TiO», featuring a substantially large surface
area of 427.5 m?/g, through hydrogen plasma technique. The process
involved the use of Ar gas (50 sccm) as carrier gas and Hp gas (50 sccm)
as reactive gas. The treatment time ranged from O to 120 min, with a
plasma power of 120 W. The Hy plasma system not only led to hydro-
genation, but also to the creation of a porous structure in TiO,, and
simultaneously ensured oxide crystallization, removing the need for
further annealing. The increased porosity achieved in this work pro-
vided a large number of active sites, resulting in improved photo-
catalytic performance towards the degradation of organic compounds
(phenol, reactive black, rhodamine B and methylene blue).

Godoy-Junior et al. [44] also utilized plasma technique, but in this
case a radio-frequency plasma-assisted chemical vapor deposition
(RF-CVD) system with a hollow cathode design was employed. The study
focused on the effect of the duration of hollow cathode hydrogen plasma

treatment on the resulting black TiO» films, and concluded that it was
able to introduce in-bandgap states in the TiO; structure, leading to
increased light absorption and enhanced conductivity. They also
observed the creation of disorder in the anatase structure already
mentioned by Wu et al. [31] as confirmed by a shift in XRD peaks.
Interestingly, Khorashadizade et al. [47] reported the comparative
study on black-TiO2 nanotubes (b-TNTs) synthesized via thermal hy-
drogenation and plasma treatment. Black-TiO5 nanotubes were fabri-
cated via thermal hydrogenation in a tubular furnace at different
temperatures under a mixed Ar/Hy (90/10 vol %) atmosphere for 1 h.
Black-TiOz nanotubes were fabricated via plasma treatment involving
mixed Ar/Hz (90/10 vol %) DC plasma treatment in an ultrahigh vac-
uum (UHV) chamber with a base pressure of 1078 Torr, and the reduc-
tion was carried out at a pressure of 1072 Torr at ambient temperature
for 1 h with different applied powers. According to photo-
electrochemical analyses, plasma-treated black TiO nanotubes exhibi-
ted significantly higher charge carrier density caused by surface defects,
and correspondingly higher hydrogen production rate, compared with
thermally hydrogenated samples. A similar comparison was conducted
by Zhang et al. [57], who compared RF atmospheric pressure plasma
and thermal hydrogenation in pure Hy or He/H; mixture, indicating the
superior presence of active species in plasma-treated materials, although
performances were not tested. It should be noted that the work aimed at
identifying the differences between the two processes in similar working
conditions, which strongly disadvantaged thermal hydrogenation due to
the long process time required as compared with plasma (hours vs mi-
nutes). Indeed, plasma treatments are key to reduce the harshness of the
process by limiting treatment temperature and duration. This is shown
also in the work by Wang et al. [45], where hydrogenation is achieved in
few minutes at room temperature and low RF power, leading to a 300 %
increase in photocurrent production, as well as in that by Sener et al.
[46], who achieved a 200 % improvement in photocurrent density with
aresidence time of only 20 s per millimeter of treated area at a power of
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10 W.

3.3. Stability

As discussed earlier, one of the major problems with black TiOj is its
stability, which limits its applications. In 2015, Nandasiri et al. [58]
conducted a systematic study on the thermal stability of hydro-
genated-TiO» using nuclear reaction analysis. The findings unveiled the
constrained stability of H-TiO,, primarily attributed to the diffusion of
hydrogen into interfaces, subsequently leading to desorption in the form
of Hy0, Hy, and surface reduction. Liu et al. [59] investigated the syn-
ergistic effects resulting from the combination of electrochemical
cathodic reduction and high-pressure hydrogenation treatment tech-
niques. Their experimental findings indicated that when the hydroge-
nated samples were exposed to air for one day, there was a significant
decrease in its photoactivity, confirming its low stability. Indeed, this is
related with the generation of Ti>* defects at the material surface rather
than in its volume, as the surface is where the contact with the hydrogen
flow takes place. To obtain stability improvement, volume Ti>* gener-
ation is required. In this direction, Gao et al. [17] prepared black TiO5
nanoparticles through ultrafast hydrogen flow at a constant heat rate of
10 °C/min. The samples were then held at different temperatures
(700-900 °C) for 1 h. Several characterization methods revealed good
surface crystallization of the obtained black-TiO, with a large amount of
oxygen vacancies and a high concentration of internal defects rather
than surface defects, which increased the stability of black TiO».

4. Optical properties

The presence of defects and/or surface disorder leads to alterations
in the electrical and optical properties of black TiO,. The narrowing of
the bandgap serves as a clear indication of the shift in the material band
structure. As already discussed, many reports suggest that Ti>" species
within the bulk of TiO, are responsible for bandgap narrowing. Addi-
tionally, the presence of mid-gap states due to oxygen vacancies further
intensifies light absorption for photon energies below the direct bandgap
through indirect electron transitions.

Zyabkin et al. [60] studied the effects of hydrogenation on the
UV-visible absorption spectra of the b-TiO5 films obtained from Hj
plasma treatment (plasma-CVD system). The impact of hydrogenation is
noticeable at low and high temperatures. Hydrogenation of TiO5 results
in a significant increase in absorbance, a characteristic response indi-
cating the influence of oxygen vacancies on light absorption properties
b-TiO,, films. Moreover, the sample hydrogenated at room temperature
resulted in a slight reduction in optical band gap of 0.04 eV, while the
sample treated at high temperature (300 °C) exhibited a more sub-
stantial reduction in band gap of 0.13 eV. In other studies, wider mod-
ifications were successfully attained, as demonstrated by Huh et al. [61]
where the band gaps of TiO2 and b-TiO2 were determined to be 3.16 and

Absorption (a.u.)
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2.62 eV, respectively (Fig. 3). The more effective reduction in the band
gap is attributed to the utilization of a simple, room temperature at-
mospheric pressure plasma jet (APPJ) treatment technique. This method
offers superior control over defect formation, crystallinity, and surface
wettability, resulting in enhanced optical properties compared to b-TiO,
synthesized using the plasma-CVD system.

In studies related to black-TiOy prepared via the thermal hydroge-
nation technique, Chahrour et al. [37] observed a reduction in the band
gap from 3.39 to 2.21 eV. Similarly, Echeverrigaray et al. [18] reported a
0.3 eV blue shift in bandgap energies from UV-Vis spectra. This shift was
attributed to a synergistic interaction between carriers and impurities,
specifically Vo and trapped electrons due to Ti>" species, leading to
sub-gap absorption.

5. Electrical properties

The electrical properties of TiO,, including parameters like electrical
conductivity and the mobility of charge carriers, exhibit high sensitivity
to surface defect disorder. Therefore, numerous studies have demon-
strated that hydrogenation of crystalline TiOy leads to a notably
improved charge transfer process [1,3]. In the following, the works
referring to black TiOs electrical properties are discussed.

As a starting point, Huh et al. [61] conducted an evaluation of the
electrical properties of the b-TiOy synthesized by room temperature
atmospheric pressure plasma jet in comparison to commercially avail-
able TiO; via four-point probe. The electrical conductivity of b-TiO5 was
nearly three times higher than that of TiOy across all measurement
conditions. Even more, Godoy-Junior et al. [44] demonstrated that
b-TiO; synthesized under 60 min of hollow cathode hydrogen plasma
(HCHP) treatment leads to a remarkable enhancement in its electrical
conductivity by 99.98 % (Fig. 4b). These enhancements in conductivity
can be attributed to the increased concentration of Ti suboxides
(Ti**/%") in the black TiO thin films (Fig. 4a), which lead to an excess of
electrons in the electronic states adjacent to the Fermi edge, as also
observed by Baqaei et al. [22].

In a more detailed study, Lui et al. [62] evaluated the effects of
mechanical pressure and temperature on the electrical conductivity of
hydrogenated b-TiO,. The complex variation in resistivity of black
titania under pressure is attributed to changes in carrier concentrations
caused by alterations in the band gaps of involved Ti-O phases during
compression. Specifically, higher pressure resulted in a larger band gap,
leading to higher electrical resistivity. It was found that there is a sub-
stantial improvement in electrical transport, 2 to 3 orders of magnitude,
in TiOy hydrogenated at 800 °C compared to that hydrogenated at
500 °C under high pressures. This improvement was attributed to the
higher degree of hydrogenation, controlled by temperature, which led to
the formation of the TigO;7 Magnéli phase.
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Fig. 3. (a) Photographs and (b) UV-vis absorption spectra (the inset shows the corresponding Tauc plots for the measured band gap) of TiO, and as-synthesized

H-TiO,. Reprinted with permission from Ref. [61].
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(2) p_1i0,

B-15

B-30 B-45

Fig. 4. (a) Schematic representation of defects Ti**/?" and (b) sheet resistance (in kQ per square-[]) as a function of HCHP treatment time.

permission from Ref. [44]. Copyright 2023, MDPL

6. Photocatalytic application of black TiO5

Defective TiOy exhibits promising attributes in diverse photo-
catalytic applications, ranging from environmental remediation to
hydrogen production through water splitting, and extend to various
electrochemical applications, operating as a photoelectrode for batteries
and supercapacitors [63,64].

As mentioned in previous sections, Baqaei et al. [22] synthesized
H-TNRs and tested them for the degradation of organic compounds in
aqueous solutions. They demonstrated 81.4 % degradation of MB in
water under 210 min of visible light irradiation.

The experimental results by Godoy-Junior et al. [44] confirm the
enhanced photocatalytic efficiency of the HCHP hydrogenated samples,
which successfully removed over 45 % of MB dye within just 90 min of
UV light exposure, compared to the untreated film roughly 25 %
degradation.

Concerning treatment parameters, according to Gao et al. [17] Hp
treatment at 800 °C gave the highest performance with respect to lower
hydrogenation temperatures. A series of stability experiments was also
conducted on 800 °C-H-TiOo, including a natural aging treatment lasted
18 months in an air atmosphere. Remarkably, the material retained its
characteristic black appearance and its photodegradation efficiency was
only 10.5 % lower than that of the freshly hydrogenated samples,
indicating a high degree of stability in this black TiO, material. Further
aging tests were conducted dispersing it in aqueous solutions with
varying pH levels, adjusted using HCl or NaOH. Long-term immersion in
acid solution even improved the material photocatalytic activity due to
changes in surface states induced by protonation. Conversely, after 180
h immersion in alkaline solution with pH 10 = 12, H-TiO5 demonstrated
slightly reduced photocatalytic performance, but still retained nearly 80
% residual efficiency. This study highlights the quality and adaptability
of the synthesized black TiO, material in different environmental

(a) 50

Pristine TiO,

45 TiO,_H05
_ —=—TiO, H15
;.', 40 —e—TiO, H30
5 351
<
1o 5107
E
225

2.0

15

Time (min)

(b)woou
B-60

9999

9998

o 9997
2

1! 9996

Ti3m‘2> g 9995
Q

X 4

3 - 3
071eV 9

' £ 2
w

1

oLl

0 20 40 60 80 100 120 140 160 180

Current Research in Green and Sustainable Chemistry 8 (2024) 100415

0 15 30
Treatment Time (min)

45 60
Reprinted with

conditions.

As previously mentioned, Zhang et al. [32] developed hydrogenated
TiO2 membranes with improved photocatalytic and anti-fouling prop-
erties for ultrafiltration of surface water. The research demonstrated a
direct correlation between the hydrogenation time of TiO2 and the rate
of degradation of humic acid under UV light irradiation, with highest
performance achieved after 30 h hydrogenation getting 60 % more ef-
ficiency compared with pristine TiOy (Fig. 5). The impact of plasma
power factor on the photoelectrochemical performance of
plasma-reduced TiO, was studied by Khorashadizade et al. [47]. Ac-
cording to their analysis, photoelectrochemical measurements indicated
that the IPCE value, initially at 11 % for the pristine TNTs photo-
electrode, underwent a significant increase to 38 %, 60 %, and 46 % for
the b-TNTs produced at 5 W, 15 W and 45 W, respectively.

The mechanism of photocatalytic activity enhancement is well
explained in several experimental works. Chahrour et al. [37] demon-
strated enhanced efficiency of b-TiOzy nanolace films in the photo-
catalytic reduction of Cr(VI), which was attributed to self-doping of Ti>*
induced by hydrogen reduction and consequent decrease in band gap
energy, thanks to the formation of a mid-gap energy level, which
significantly enhances the reduction activity. The presence of doped
Ti®* on the surface serves as an effective electron trap, thereby sup-
pressing the recombination of electron-hole pairs. Zou et al. [65] also
reported a photocatalytic hydrogen evolution rate ten times higher in
TiO4 hydrogenated at 700 °C than that of untreated TiOs. The significant
improvement photocatalytic performance was ascribed to the
hydrogenation-induced oxygen vacancies on the surface of TiO, and the
reduction of bulk defects, which benefits the transfer and the separation
of e~ —h™ pairs.

Analogously, Xu et al. [38] demonstrated that morphology changes
and substoichiometric phases, including TiO, Ti2O3, and Ti4O7, led to
enhanced photocurrent density and energy conversion efficiency.
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Fig. 5. Photocatalytic performance (a) UV-assisted photocatalytic degradation of humic acid. (b) Humic acid removal by TiO, membranes with various hydroge-
nation duration, compared after 2 h of UV irradiation. Reprinted with permission from Ref. [32].
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Specifically, hydrogenated TiO, NTs annealed at 800 °C showed a
2.5-fold increase in photocurrent at 1.5 Vgyg (Fig. 6d) and a 2.8-fold
increase in photoconversion efficiency under solar illumination
compared to pristine ones. This improvement was attributed to the
increased density of states at the surface, as measured by Electro-
chemical Impedance Spectroscopy (EIS) (Fig. 6a-c), as well as a reduc-
tion in interfacial recombination processes.

Similar studies were conducted on hydrogenated TiO, modified with
Au nanoparticles by Wang et al. [66]. Photocurrent measurements
indicated a modest activity in Au-modified TiO2, which contrasted with
the better results obtained on Au/H-TiO; under both UV and visible
light illumination.

Wang and Chou [27] conducted a comparative study investigating
the effects of thermal treatment and plasma treatment on the formation
and photocatalytic activities of black TiO5 nanowires. Photocatalytic
measurements, based on the degradation of methylene blue, revealed
that thermally reduced black TiO, nanowires exhibited an activity
almost 1.25 times higher than that of plasma-reduced black TiO,
nanowires. Moreover, photoelectrochemical measurements indicated
that water splitting efficiency versus pristine nanowires was enhanced
by a factor of 57 after thermal treatment, whereas by only 13 for plasma
treatment. These findings differ from those of Khorashadizade et al. [47]
who found plasma-treated samples exhibited significantly higher pho-
tocatalytic performance than thermally treated samples. The variations
observed in the outcomes of these studies signify the complex nature of
these treatment techniques and highlights the importance of keeping
track of the specific production conditions and parameters to understand
the real effectiveness of the different treatments, in the view of a future
application.

7. Summary and perspective

Over the last decade, numerous studies have focused on synthesizing
and explaining different properties of black TiO5 to improve its perfor-
mance as a photocatalyst under visible irradiation. The conventional
method for preparing black TiOy involves a high-pressure hydrogen

Current Research in Green and Sustainable Chemistry 8 (2024) 100415

atmosphere (20 bar) at 300 °C for 5 days, which is complex and not cost-
effective for practical applications. Consequently, various alternative
synthesis methods for black TiO5 have been explored, especially plasma
treatment.

Hydrogen thermal treatment induces defects such as oxygen va-
cancies or Ti" interstitial sites in both the bulk and surface of the ma-
terial. During thermal annealing, bulk defects tend to migrate towards
the surface, leading to enhanced surface defects and improved photo-
catalytic activity. These alterations introduce midgap states or narrow
the band gap. Additionally, the presence of oxygen vacancies in black
TiO4 leads to an increase in donor density, resulting in improved elec-
trical conductivity, charge transport and separation of photoexcited
charges within the material. Yet, surface defects are unstable, and the
improvement in photoactivity can easily be lost by simple exposure to
atmospheric conditions. The stability aspect is one of the major concerns
in this research field, and still need solutions to enhance also bulk defect
production.

The extent of defects production, and whether they have a positive or
negative impact on the material properties, relies on the synthesis
conditions. It is crucial to carefully regulate the hydrogenation process,
considering factors such as pressure, temperature, and duration; under
unsuitable processing conditions, the formed structural defects may act
as charge recombination centers, resulting in lower photocatalytic
efficiency.

The practical application of black TiO5 faces significant challenges
due to the extreme hydrogenation conditions, including high tempera-
ture, pressure, and prolonged treatment time. This poses a significant
challenge in developing a simple and cost-effective method for prepar-
ing highly stable black TiO,. Therefore, there is a need for novel hy-
drogenation methods that offer highly efficient, mild treatment
conditions, and scalability in fabrication. These would enable the syn-
thesis of black TiO, with superior properties suitable for practical pho-
tocatalytic applications.
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