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Black titanium oxide: synthesis, modification,
characterization, physiochemical properties, and
emerging applications for energy conversion and
storage, and environmental sustainability
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Since its advent in 2011, black titanium oxide (B-TiO,) has garnered significant attention due to its
exceptional optical characteristics, notably its enhanced absorption spectrum ranging from 200 to
2000 nm, in stark contrast to its unmodified counterpart. The escalating urgency to address global
climate change has spurred intensified research into this material for sustainable hydrogen production
through thermal, photocatalytic, electrocatalytic, or hybrid water-splitting techniques. The rapid
advancements in this dynamic field necessitate a comprehensive update. In this review, we endeavor to
provide a detailed examination and forward-looking insights into the captivating attributes, synthesis
methods, modifications, and characterizations of B-TiO,, as well as a nuanced understanding of its
physicochemical properties. We place particular emphasis on the potential integration of B-TiO, into
solar and electrochemical energy systems, highlighting its applications in green hydrogen generation,
CO; reduction, and supercapacitor technology, among others. Recent breakthroughs in the structure—
property relationship of B-TiO, and its applications, grounded in both theoretical and empirical studies,
are underscored. Additionally, we will address the challenges of scaling up B-TiO, production, its long-
term stability, and economic viability to align with ambitious future objectives.
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1. Introduction

The escalating climate and energy crises have underscored the
importance of renewable energy sources such as solar, wind,
geothermal, biomass, hydro, and tidal energy. Solar energy, in
particular, stands out as the most abundant and clean resource.
With an annual solar flux of 3.00 x 10** Joules (J) per year,
reaching the Earth’s surface—over 5000 times the global energy
consumption in 2021—solar energy is poised to play a pivotal
role in the transition to a sustainable society."”> However, the
full exploitation of solar energy faces several challenges: (i) the
development of materials with high solar radiation capture
efficiency; (ii) the creation of high-performance, stable devices
for solar energy conversion and storage; and (iii) the optimiza-
tion of energy storage and transportation from an economic
and technological standpoint.

To capture solar energy sufficiently, ‘black’ semiconductors,
such as black titanium oxide (B-TiO,),> ® black silicon,”™® black
phosphorus,'®™* black bismuth vanadium oxide,"*™ black tungs-
tic oxide,'® and black copper oxide,"” are promising materials with
special physicochemical properties for broadened light capture
from ultraviolet (UV) to near-infrared (NIR) light, and increased
numbers of charge carriers by several magnitudes. Among them,
B-TiO, has been regarded as the most promising black semicon-
ductor with low cost and a vast range of applications.

‘Black’ semiconductors, such as B-TiO,, have emerged as
promising materials for broad-spectrum light capture, from UV
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to NIR, and for significantly increasing charge carrier genera-
tion. B-TiOy, first synthesized via hydrogenation in 2011,
has shown remarkable light absorption in the 360-1300 nm
wavelength range and enhanced photocatalytic hydrogen
production.® Its enduring interest stems from its unique phy-
sicochemical properties—narrow bandgap, efficient light
absorption, rapid electron transport, and high electrical con-
ductivity—coupled with the intrinsic advantages of pristine
TiO,, such as non-toxicity, affordability, chemical and mechan-
ical stability, and versatility in shape, size, morphology, and
crystalline phase. Efforts to reduce the energy and time costs of
B-TiO, production have led to innovations in synthesis, includ-
ing the manipulation of blackness during fabrication.’® > For
example, one-dimension (1D) B-TiO, nanotubes share the same
advantage with both B-TiO, in a low charge carrier recombina-
tion rate and with 1D pristine TiO, nanotubes in a high specific
surface area.”’>® However, the energy and time cost of the
hydrogenation method to produce B-TiO, were huge. Therefore,
tremendous efforts have been devoted to lowering the energy
and time costs by manipulating the local degrees of blackness
(B°) during synthesis of B-TiO,.>**’

In this context, a lot of progress has been achieved in the
synthesis of B-TiO,. Significant progress has been made in
optimizing B-TiO, synthesis, with hydrogenation remaining
the primary method. Synthesis conditions have been refined,
and alternative techniques like plasma treatment and chemi-
cal reduction have been explored to lower production costs.
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Despite these advances, B-TiO,’s performance in various appli-
cations is hampered by the rapid charge carrier recombination
and suboptimal electrical conductivity. Strategies to enhance
B-TiO,’s industrial-level performance include doping, noble
metal nanoparticle decoration, junction construction, and facet
engineering, all of which require precise characterization to
identify genuine material modifications.?® For instance, the photo-
catalytic H, evolution rate of B-TiO, is only 0.388 mmol g~* h™"
compared to the best recorded value of 21.1 mmol g * h™" in
N-TiO, on MgO (111), which stems from low light utilization and
severe charge carrier recombination.? To optimize B-TiO, towards
an industrial-level performance, several strategies have been
proposed, such as doping and co-doping elements, decorating
noble metal nanoparticles, constructing homo/hetero/tandem
junctions, facet engineering, etc.”” At the same time, proper
characterizations are necessary to identify the genuine modifica-
tions in B-TiO,, resulting from different strategies.”*** For example,
in 2023, Monai et al used operando scanning transmission
electron microscopy and infrared spectroscopy to observe the
change of extremely thin top layer of TiO, under hydrogenation
reaction conditions.

Concerning the applications of B-TiO,, they are mainly
focused on solar energy conversion and storage systems due
to their characteristic properties in light absorption, which
have been studied both experimentally and theoretically.>
For instance, B-TiO, works as the photocatalyst to split water
into H, and O, gases by the simulated sunlight source, which
has great potential in addressing the challenges in the energy
crisis and global warming.*"** On the other hand, B-TiO, has
been investigated as a functional material for efficient and
reliable energy storage systems that is driven by its fast electron
transport rate, long electron lifetime, relatively high electrical
conductivity, vast active sites of Ti**, and oxygen vacancies (O,).
For example, B-TiO, can serve as a crucial candidate to replace
fossil fuels in ion-batteries.>*?” Recently, B-TiO, is renowned
for its interaction with metals, known as the strong metal-
support interaction, to tune catalytic performance and even
product selectivity.

The rapidly increasing amount of literature on B-TiO, calls
for a continuous updating of review articles. Among them, a
first comprehensive review of its fabrications, physicochemical
properties, and applications was published in 2015 by Chen
et al.® To date, several short articles dedicated with special
focuses on the potential applications of B-TiO, have also been
reported.*63032734:38740 11y addition, these reviews have also
covered the diversity of synthesis methods and provided under-
standings of the physicochemical properties of B-TiO, though
often in a specific way.*®3%327343839 Meanwhile, continuous
studies have deepened our understanding, revealed new prop-
erties, enriched designs for devices/installation, and broadened
the applications of B-TiO, to address the energy crisis and
environmental issues. On the other hand, black semiconduc-
tors other than B-TiO, are also gaining increasing attention due
to their similar application potential for renewables. With this
background, we believe that this comprehensive review serves
as a timely update of the recent advances of synthesis,
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modification, characterization, and potential application of B-
TiO, and can also provide a future-oriented perspective on the
topic of B-TiO,.

Herein, this review first presents the definition of B-TiO,
along with its main advantages in solar light capture in Section
2. Six most important methods for the synthesis of B-TiO, are
presented in Section 3 and brief strategies for modification of
B-TiO, are outlined in Section 4. In Section 5, characteristic
properties of B-TiO, are addressed to understand the material.
Representative promising applications of B-TiO, for solar
energy utilization, conversion and storage, and electrical energy
storage systems are mainly given in Section 6, including water
(H,O) splitting into H,, O,, and H,0, production and super-
capacitors. In Section 7, perspectives on key challenges in
controlling the local degrees of blackness and reduced depth
of B-TiO,, and some new in situ/operando preparation, modifi-
cation, and characterization techniques are outlined. Large-
scale production of B-TiO, and its long-term stability are also
considered toward commercialization.

Overall, this review is intended to guide readers through the
nuances of cost-effective production methods for B-TiO, and
similar black semiconductors, enriching their comprehension of
the materials’ distinctive properties and underlying mechanisms.
We will specifically highlight recent advancements in synchrotron
techniques and machine learning that have been instrumental in
tackling the energy and environmental challenges associated with
these materials. Furthermore, we will encapsulate the strides made
in their potential applications, thereby contributing to a broader
technological understanding of B-TiO,.

2. Black titanium oxide

2.1. Definition

Black TiO, is originally named for its ‘black’ appearance, as
shown in Fig. 1(a), which contrasts with the white color of
the pristine TiO,. In this review, we define a material as black
TiO, (B-TiO,), if it satisfies one of the following criteria, or is a
modification thereof:*"

(i) Non-white color of TiO,: the color can be dark, grey,
brown, deep blue, etc.

(ii) Narrower bandgap than that of the pristine TiO, of a
strict value of 3.2 eV for anatase TiO, and 3.0 eV for rutile TiO,.
As shown in Fig. 1(b), the bandgap of B-TiO, is 1.54 eV.

(iii) Light absorption edge longer than 400 nm.

(iv) Structurally disordered surface and subsurface is struc-
turally disordered.

(v) Chemical formula of TiO,, where (0 < x < 2).

(vi) Reductive or inert conditions during synthesis, resulting
in names such as ‘reduced TiO,’, ‘defective TiO,’, and ‘hydro-
genated TiO,’.

2.2. Potential advantages

The potential advantages of B-TiO, share close similarity
as pristine TiO,:. (i) High chemical and thermal stability, non-
toxicity, good corrosion resistance.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) A photo of unmodified white TiO, and B-TiO,, and (b) electronic bands of both white TiO, and B-TiO,: a short-dashed curve is applied to
outline a portion of the interface between the crystalline core and the disordered outer layer of B-TiO,. Reprinted with permission from ref. 3. Copyright
© 2011, The American Association for the Advancement of Science.

(ii) Various shapes, dimensions (D), and sizes: Dimensions nanosheet, hierarchical flower-like), and sizes (from nano-
(e.g., OD, 1D, 2D, and 3D), shapes (e.g., nanofiber, nanotube, meters to microns), Fig. 2(a and b).**™>*
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Fig. 2 (a) Synthesis of the monomicelles as building blocks for mesostructured TiO, materials and (b) summary of different mesoporous TiO, structures.
Reprinted with permission from ref. 52 Copyright © 2022, Wiley-VCH GmbH. TiO;, films are assembled from (c) 3D printing. Reprinted with permission
from ref. 54. Copyright © 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinhein.
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(iii) Synthesis methods: TiO, powder is commonly obtained
from commercial products such as P25 and from hydrothermal
and sol-gel synthesis method using titanium precursors such
as titanium tetrachloride.’*>® Films are typically formed by self-
assembling methods such as the anodic oxidation to form
TiO, nanotube films on a titanium metal,>™>” hydrothermal
method,”®*® atomic layer deposition method,®'"** ink-jet print-
ing method,®® etc.; and coating methods (Fig. 2(c)), such as
dip-coating, spin-coating, spray-coating,’”’* doctor blade, 3D-
printing method,**”° etc.

(iv) wide range of applications including energy, environ-
ment, electronic materials, health and medicine, etc.

The potential advantageous properties of B-TiO, over pristine
TiO, are summarized below. (i) Light absorption: broadened light
absorption wavelengths over the range from UV to NIR along with
enhanced light absorption intensity.

(ii) Energy band: narrowed bandgap resulting from shifted
valence band locations and thus-formed long band tails and
mid-gaps.

(iii) Surface active site: the formation of surface defects of
Ti*" species, ~OH, oxygen vacancies (O,) and surface or near-
surface disorders.*"

(iv) Interface resistivity: low interface resistivity. (e.g:, typical
B-TiO, nanotube films are two orders of magnitude lower than
anatase TiO, films™").

(v) Charge carrier: relatively higher charge carrier density,
lower charge carrier recombination, and faster charge carriers’
transport rate.””

(vi) Longer lifetime of excited electrons.

These potential advantages enable B-TiO, to form a wide
range of functional structures for a wide range of applications,
for example as both the anode and cathode electrodes in a fuel
Cell.3'28’73

3. Synthesis methods

Tremendous effort has been devoted to the synthesis of B-TiO,
motivated by its wide-acknowledged advantages in its capability
for absorbing the spectrum from UV to NIR range such as
oxidation of hydrides.”*””® Recently, the importance of reduc-
tive overlayer to boost catalytic reactions have also been
emphasized.””®* Herein, this section will focus on presenting
representative synthesis methods: hydrogenation, electroche-
mical reduction, chemical reduction, solution soaking, plasma,
and ultrasonic treatment, along with the costs of economic and
energetic considerations. The unique features and parameters
of each method to manipulate the degree and depth of black-
ness (B°) of B-TiO, are highlighted.

3.1. Hydrogenation

Hydrogenation is the first reported method to prepare B-TiO,
and has also been the most widely used one.>®* It is typically
conducted in a tube furnace (Fig. 3(a)) that enables gas flow to
maintain an inert or reductive atmosphere at a temperature
range of 200-800 °C for a duration of 0.5-120 h. The gas used in

10664 | Chem. Soc. Rev., 2024, 53,10660-10708
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the tube furnace is often a single-component gas such as
H,,*"® N,, C0,% and NH;,*"®® or a mixture of gases such
as H,/N,” %9 and H,/Ar,”® and vacuum.®” For instance, as
shown in Fig. 3(b), the N, C co-doped TiO, is prepared in 5%
H,/Ar at 800 °C using urea as a dopant.”® At lower post-
annealing temperature, the time for the synthesis of B-TiO, will
increase.”® For example, TiO, powder has been annealed at the
temperature of 200 °C that required 120 h to form B-TiO,.?
In contrast, the time required will be more than 360 h, if the
post-annealed temperature is set at room temperature (RT).%°

To manipulate B° of B-TiO,, parameters including atmo-
sphere, post-annealing temperature and duration, and anneal-
ing times that can be controlled. As depicted in Fig. 3(b),
a group of photographs showing the influence of both anneal-
ing temperature and duration on the B° of B-TiO, films along
with their bandgaps, and the photoelectrochemical (PEC) water
splitting (WS) performance, 21, 33, 38, 38, 36, and 20 pA cm ™2,
respectively, under the same test conditions, is given. The
PECWS performance reveals that the darker of the TiO, and
the narrower of the bandgaps do not necessarily lead to higher
activity. Therefore, it is important to control B° of B-TiO, to an
optimal range to achieve the highest performance for a specific
reaction.

Despite the facile production of B-TiO, via hydrogenation
method, it still needs further consideration for large-scale
production of B-TiO, in aspects of energy cost, time, and
consumption of high-value gases such as Ar and H,.

3.2. Electrochemical reduction

The electrochemical reduction (ECR) method is carried out in
an electrochemical (EC) cell that uses the negative potential
with reductive agent(s) to produce B-TiO,.>"?*"18

In an EC cell, the B-TiO, is often produced at RT for a
duration of less than 1 h. For instance, Hou et al. prepared
B-TiO, in an EC cell using an organic electrolyte of a mixture of
0.3 wt% ammonium fluoride (NH,F) and 6 vol% deionized H,O
in ethylene glycol (EG) under a constant 60 V for 1-3 min, giving
a 3 times enhancement in the value of photocurrent density over
the pristine TiO, under the same test conditions.'* To manip-
ulate B° of B-TiO, with the ECR method, parameters including
electrolytes (organic or inorganic), applied constant current/
potential, and reduction time are to be controlled as listed in
Table 1."°7'" From Table 1, there is a reverse relationship
between the ECR time and the applied current/potential in both
inorganic and organic electrolytes. For example, 30 min is
required to produce B-TiO, in 1 M Na,SO,, under a bias
of —0.4 Vgyg,'*® whereas, it only takes 15 s under a bias of
_5 V.110,111

In comparison to the hydrogenation method, the merits of
the ECR method include higher cost-effectiveness and lower
energy and time cost. Moreover, the ECR method enables the
use of small voltages and currents from renewable electricity to
power this process, such as photovoltage from solar cells.'"®
It should be noted that TiO, in powder form cannot be
employed using this method to prepare the B-TiO,.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) A schematic to show the hydrogeneration method using Ar gas in a tube furnace, and (b) a drawing and photographs concerning the synthesis
of N, C-codoped TiO, samples under H, gas condition. Reprinted with permission from ref. 98. Copyright © 2020, American Chemical Society.

Table 1 Summary of the factors of electrolyte, current or potential, and reduction time that affect the electrochemical reduction of the TiO, sample

No. Electrolyte Bias/Current Time Ref.
1 1 M Na,SO, —0.4 Vrug 30 min 109
2 0.5 M Na,SO, -5V 0.25 min 110 and 111
3 0.5 M Na,SO, —1.0 Vsog 10 min 112

—1.2 Ve

—1.4 Vgog

—-1.6V SCE
4 1 M NaClO, —5 mA cm ™2 10 min 113
5 0.1 M potassium phosphate buffer solution (KPi) —5 mA cm 2 10 min 93
6 Phosphate buffer solution, pH = 7.2 —17 mA cm™? 1.5 min 114
7 1 M Li,SO, aqueous solution —1.2 Vagiagel 30 min 115
8 EG solution of 0.27 wt% NH,F —-40V 3.33 min (200 s) 100 and 116
9 0.3 wt% NH,F and 6 vol% H,O in EG —60 V 1 min 101

2 min
3 min

10 0.27 wt% NH,F and 5 wt% H,O in EG =30V 15 min 117

-35V 20 min

—40V 30 min

—45V 60 min

—50V 120 min
11 200 mL EG and 10 mL 1 M of Na,SO, -6V 0.5 min 107

This journal is © The Royal Society of Chemistry 2024
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3.3. Chemical reduction

The chemical reduction (CR) method involves the use of
reductive agents to generate the reductive condition to produce
B-TiO,.'**"*! There are two kinds of reductive agents com-
monly used in the CR process: active metals such as Mg'**'??
and Al%*°V12%126 and active hydrogen providing chemicals
such as NaBH,,"*” *> KBH,,"*® and CaH,."*’

The CR process using active metals such as Al consists of
two furnace zones: The high-temperature zone works at the
temperature around 800 °C to melt Al to form a reductive
condition, and the low-temperature zone is kept at 500 °C to
blacken TiO,, which is suitable to prepare both B-TiO, powders,
and B-TiO, films.'*® In literature, the duration of the CR
process is between 0.5-6 h.’*'2"'%% §o far, the two-zone CR
method with active metals does not yet provide further infor-
mation on how to control the B° of B-TiO,.

On the other hand, using active hydrogen providing
chemical sources (i.e., KBH,) is another option to produce B-
TiO,. 127128136138 Here N-TiO, and NaBH, are mixed and
grounded for 30 min at RT, which is then post-annealed at
350 °C for 55 min under the Ar gas."**'*® Besides, a liquid-state
CR process, viz, a solvent CR process, uses reductant chemicals
to produce B-TiO,. To manipulate B° of B-TiO,, the concen-
tration of the chemical, the reaction temperature, and the
duration can be adjusted. For example, tuning the weight of
KBH, from 0.025 g, 0.050 g, and 0.100 g, can control the
concentration of Ti*" in B-TiO,."*® The highest performance with
KBH, (0.050 g) gives a photocurrent density of 0.55 mA cm 2,
which is 1.11 and 1.43 folds than other treatments: (KBH,,
0.025 g), and (KBH,, 0.100 g), respectively."*®

The CR method is a facile and mild method for producing
both B-TiO, powders and films. However, further investigations
are required to enrich the database.

3.4. Solution soaking

As the name implies, the solution soaking (SS) method synthe-
sizes the B-TiO, by soaking TiO, in aqueous electrolyte(s).
For example, B-TiO, can be produced by soaking TiO, films
in a mixture of EG and NH,F at 60 °C. The B° and the bandgaps
of B-TiO, films are controlled by the soaking temperature, the
concentration of NH,F, and the soaking time.'*® With increas-
ing soaking temperature and the concentration of NH,F, the B°
is increased and the bandgap is narrowed. Moreover, the
influence of different solutions such as polyol solution and
acidic solution along with different fluoride types and different
volumes of H,O on the B° of B-TiO, have been studied.*°

In summary, the SS method is energy and cost-saving, and
easy to conduct. At the same time, this method allows large-
scale production of B-TiO, powders and films.

3.5. Plasma treatment

The plasma treatment has recently been intensively used to
produce B-TiO,."*'™**° For instance, Ar/H, plasma has been
utilized to prepare B-TiO, nanosheets by introducing both Ti**
and O, species on its surface at a power of 400 W.'!
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Commonly, the components of the plasma electrode system
include a power supply, a gas injection channel, a reactor, and a
vessel equipped with a stirring magnetic bar.*® Pylnev et al.
controlled the H, flow rates at 0, 2, 3, 4.5, and 6 scans in a
plasma system to manipulate the B° and the bandgaps of
corresponding samples'*

The plasma treatment method is a simple, cost-saving, and
energy-saving one in the synthesis of B-TiO, powders and films,
which has also been applied to produce other black semicon-
ductors, such as B-BivO,."

3.6. Ultrasonic treatment

The ultrasonic method introduces surface defects and dis-
orders to pristine TiO, by ultrasonication. In addition, ultra-
sonication is also used to assist the application of B-TiO, in
chemical reactions.">>"?

A scheme in Fig. 4(a) gives an overview of the preparation of
Pt single atoms on B-TiO, nanotubes through an ultrasonic
method."* To clearly understand that ultrasonic system and
mechanism, a schematic gives in Fig. 4(b) showing the gen-
erator of the ultrasound and the depict of mechanism by the
generation of acoustic cavitation for introducing -OH to pre-
pare B-TiO,: Acoustic cavitation includes the sequential pro-
cesses of bubble formation, growth, oscillation, and collapse of
bubbles in H,0. The injected -OH forms defects on its surface
and gives a 2.33 times improvement in the photocatalysis of
acid fuchsin. Fig. 4(c) shows the photos of a series of B-TiO,
powders prepared using ultrasonic irradiation duration from
0 to 8 h, where the changes in both B° and bandgap can be
observed.'” The B-TiO, powder prepared with ultrasonic
method shows the highest enhancement of 22.1 times over
the pristine TiO, powder in photocatalytic degradation of MB.
Various parameters can be used to manipulate B° of B-TiO,,
including the ultrasonic time, the pH of the suspension, the
ratio between the TiO, (g) and the volume of suspension,
the frequency of the ultrasonic wave, the temperature, and
the output power density during the ultrasonic irradiation.

This method to produce B-TiO, is gentle, effective, control-
lable, and energy-saving, and can enable large-scale produc-
tion. However, it has not been reported to produce B-TiO, films
so far.

4. Modifications

B-TiO, has a wide range of promising applications: as photo-
catalysts for solar energy conversion and storage into solar
fuels, as electronic materials for electrochemical devices, and
as biomaterials for health and medicine fields, etc. However, at
present, these have not yet been industrialized because the
performance and the stability do not meet with the industrial
demands. To moderate the demerits of B-TiO,, strategies have
been designed to address their limitations."*® For instance,
doping strategies are adopted to modify lattice symmetry,
electrical conductivity, work function, and semiconductive

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic illustration of the fabrication of Pt single atom/B-TiO, nanotubes. Reprinted with permission from ref. 154. Copyright © 2023 The

Authors. Published by American Chemical Society. (b) Schematic illustration of the chemical process of ultrasonic treatment in forming B-TiO,. Reprinted
with permission from ref. 153. Copyright © 2017, Elsevier B.V. All rights reserved. (c) Photographs of pristine TiO, and B-TiO, samples prepared with
different ultrasonication duration. Reprinted with permission from ref. 155. Copyright © 2015, The Author(s).

types of B-TiO,."*’*%® In this section, the common modifica-
tion strategies of B-TiO, will be presented.

(i) Loading single atoms (SAs), such as Au, Pt, Ru, Pd, Cu,
Nb, Mn‘89,1677179

SAs have been new emerging working catalysts for a growing
number of applications such as fuel cells because of their
maximal atom utilization efficiencies, viz a minimum use of
metals, especially noble metals, and simultaneously their con-
tribution in boosting activity, stability, and selectivity of reac-
tions for their unique chemical and physical properties (i.e.,
distinct as active sites towards reactions). For instance, 4.8%
(Pd SA+ NPs) on TiO,, as shown in Fig. 5(a), where the Pd SA is
used for the activation of C=0 group and the Pd NPs for the
dissociation of H,, gives a 3.2 times activity of commercial
(5.2%) Pd/C benchmark catalyst for hydrogenation of ketone/
aldehydes to alcohol under 1atm (H, pressure) at 25°C."”°

This journal is © The Royal Society of Chemistry 2024

Briefly, there are two main types of structures of SAs, as shown
in Fig. 5(a): Ru SA substituting a cation at the TiO, surface, and
Ru SA supported on top of TiO,. The two types of SAs generally
exhibit different catalytic properties.'®®

(ii) Doping metal or non-metal elements: Single element
doping such as P, N, C, etc., and multi-elements co-doping,
such as C-N co-doping, C-N-S co-doping, etc.”>1¢7:1807185

Both self-doping and co-doping of TiO, can alter the charac-
teristics of its intrinsic properties including optical, electrical, and
physical properties (i.e., the n-type semiconductive property), then
widening their applications or enhancing performance.'®®
In Fig. 6(a), the Sc and V co-doping narrow the bandgap of TiO,
from 3.20 eV to 2.72 eV to absorb more sunlight.'®” Also, in
Fig. 6(b), Cu and V co-doped TiO, facilitate CO, reduction reac-
tions into CH, and CO by introducing Ti** to form intermediate
band to increase separation of charge carriers, and O,."%®

Chem. Soc. Rev., 2024, 53,10660-10708 | 10667
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Pd®*: SA Pd sites for C=0 activation
Pd: Pd nanoparticles sites for H, dissociation

Supported Ru SA

Fig. 5 (a) The mechanism of the synergistic effect of Pd SA and Pd NPs/TiO, catalyst for hydrogenation of ketone/aldehydes. Reprinted with permission
from ref. 179. Copyright © 2020, The Author(s) (b) Substitutional and supported Rh SAs on the considered TiO, (110) surfaces, including O, or adatoms
(Red (O), blue (Ti), green (Rh)). Reprinted with permission from ref. 169. Copyright © 2019, The Author(s).

Pure TiO,

Ultraviolet|absorption

/ &/ \/\/\/\\ red?ngtzion

Tio,

Fig. 6 (a) The band position and bandgap for pure TiO, and Sc, V co-doped TiO, with its relaxed structure of 2 x 2 x 2 supercell. Reprinted with
permission from ref. 187. Copyright © 2023 Published by Elsevier B.V. (b) V, Cu co-doped TiO, for CO, reduction. Reprinted with permission from
ref. 188. Copyright © 2023, The Author(s), under exclusive license to Springer Science Business Media, LLC, part of Springer Nature.

(iii) Decorating with nanoparticles (NPs), such as SiO, NPs, (v) Constructing core-shell structures: single-component core-
Au NPs, Ag NPs, Al,O; NPs, Fe;O4 NPs, etc.'”®1897191 shell structure and multi-component core-shell structure.'®%>*°

(iv) Constructing new junctions: heterojunctions such as (vi) Facet-engineering: expose highly active facets.”*' >
Z-scheme heterojunctions and S-scheme heterojunctions, and (vii) Combination strategy: combining two or multi-
homojunctions.'?>'%% strategies of (i)-(vi).'*®?°°

10668 | Chem. Soc. Rev,, 2024, 53, 10660-10708 This journal is © The Royal Society of Chemistry 2024
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As shown in Fig. 7(a), the Au NPs decorating on the surface
of TiO, (Strategy-iii & iv) is often used to absorb photons
because of the localized surface plasmonic resonance derived
from the collective oscillation of conductive electrons with its
selective injection into TiO, to facilitate reactions such as
HER.”°”>°° Typically, Au exhibits asymmetrical energy distribu-
tion in their plasmonic carriers where h' are much “hotter”
than e. These hot carriers drive chemical reactions and offer
to control selectivity of the reaction, unlike thermal-driven
catalysis.”’®® Other functions from the decorating of small NPs
on TiO, are to increase surface area and surface affinity to
anchor dye molecules in the application of solar cells, forming
junctions between Fe;0, and TiO, to narrow bandgap (Strategy-
iv). They also serve as co-catalyst and active sites for accelerat-
ing reaction kinetics (in Fig. 7(c)), etc.>*®

Facet controls of B-TiO, (Strategy-vi) show many aspects
of interests including the growth rates of facets influence
morphology of TiO,: exposure of highly active facets influence
catalytic reactions and modify decoration of Au to TiO,, see
(Fig. 7(b)). They can then affect light absorption, and charge carriers’
separation and transport.>'® Accordingly, facet engineering is a
useful strategy to modify B-TiO, towards different applications.*"*

The constructions of junctions such as n-n, n-p, p-p, and
tandem junctions (i.e., n-p-n), (Strategy-iv) are often used to
narrow bandgap to capture enough photons, to get a high
photovoltage for large open circuit voltage, and to enhance
e /h" transfer to their surface for a highly active reduction/
oxidation reaction, etc.?°**'*> As shown in Fig. 7(c), the con-
structed n-p junction shows band bending and a depletion
p-type region that allows high collection of photogenerated
electrons.’®® As a result, CO, can be reduced with e”. Other
functions such as n-n junctions between Fe,O; and TiO, are
often used to promote water oxidation to O,. In terms of core—
shell structure, we will present it in Section 5.3.

| co,
| sV, Co-catalyst

View Article Online
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5. Characteristic properties

Different synthesis methods and modification strategies of
B-TiO, as shown above can result in varied physicochemical
properties, which further improve their applications including
activity and stability (Table 2).>** This section will elucidate a
selection of recent pivotal techniques aimed at acquiring a
comprehensive understanding of the properties and structures
of B-TiO, and its composites. These techniques serve as a
foundation for a rational design approach tailored for specific
applications.?* Particularly, the recent advances in synchro-
tron techniques and density functional theory (DFT) calcula-
tions have offered some new structural characterization of
modified B-TiO, which has not been made available in the
past, ie., elucidating the effects of different types of oxygen
vacancies (O,) coordination and configuration on oxidation
reaction. Emphasizes are placed to new structural refinement
from X-ray diffraction and pair distribution function, with
atomic precision and high resolution of scanning transmission
electron microscopy to show metal single atom dopers. Also,
in situ or operando techniques combined with DFT models or
machine learning can also deliver new essential information on
mechanistic aspects of applications.

5.1. Structural aspects

X-ray diffraction (XRD) spectroscopy is a versatile non-destructive
analytical technique frequently used for investigating crystalline
nanoscale materials to provide structural information such as
phase identification, composition, preferred growth orientation,
sample purity, crystallite size, etc.*****” For example, XRD can
identify anatase and rutile B-TiO, phases as well as Magnéli phase
TiO, from their characteristic patterns.>**>*

To confirm the compositions of B-TiO, loaded with Pt on
its surface (Fig. 8(a)), the XRD patterns in Fig. 8(b) are used to

solar
fuels

N
| Ew
> <

X X X

» )

Fig. 7 (a) Schematic of plasmonic metal Au NPs on TiO, (heterojunctions) with a distribution of energies governed by the Au band structure and the
incident photons energy. Reprinted with permission from ref. 207. Copyright © 2018, American Chemical Society. (b) Schematic of Au/TiO, catalysts: Au
NP and TiO, on the facets {001}, {100}, and {101} of TiO,. Reprinted with permission from ref. 210. © 2021 Wiley-VCH GmbH (c) Energy band diagram for
bare p-type semiconductor (left) and p-type semiconductor/n-type metal oxide (right) under illumination (the orange sphere denotes a cocatalyst).
Reprinted with permission from ref. 208. © 2022 Wiley-VCH GmbH.
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No. Catalyst Application system Results Other important points Ref.
Strategy (i): modification with single atoms
1 Cu (0.75 wt%)/B-TiO,  PC H, evolution Production rate: Function: reversible and 175
NPs Cu/B-TiO,: 16.6 mmol g~ * h™* cooperative photoactivation
Pure TiO,: around 0.488 mmol g~ " h™*
2 Pt (0.05 wt%)/2D PC H, evolution Production rate: (i) In situ formation Ti** 50
B-TiO, nanosheets Pt/B-TiO,: 65 pmol g~ " h™' (UV light) (i) Self-activation and amplifica-
and 688 pmol g " h™ ' (1.7 Sun) tion behavior of the catalyst
Pure TiO,: 5 pmol g™* h™* (iii) Without sacrificial agents
3 Pt/B-TiO, nanorod As photoanode for PEC Photocurrent density: 1.9 mA cm ™ * at (i) Optimize oxygen vacancies 213
selective oxidation of 0.6 Vryg, glucaric acid yield 84.3% (ii) Defects modulate the energy of
glucose to glucaric under simulated sunlight VB holes that improved charge
separation and transportation
4 Ru (0.29 wt%)/B-TiO,  PC H, evolution H, production rate: Ru atoms serve as charge-trapping 151
nanosheet Ru/B-TiO,: 17.81 mmol g * h™* sites and facilitate the photo-
(AQE% of 21.3% at 365 nm) generated electron separation
B-TiO,: 0.38 mmol g ' h™! and transportation
5 Ru/B-TiO, PC reduction of N, to NH;  NHj; yields rate under mild conditions (i) Rational design of catalytic sites 214
without any sacrificial agent: for N, fixation to modulate the local
electronic structure
RU/TiO,: 18.9 pmol g~ ' h™" (ii) Tune the local atomic structure
Pristine TiO,: 0 pumol g * h™* and accelerate the carriers transfer
between Ru single atoms and TiO,
carriers
6 Pd/B-TiO, Semi-hydrogenation of Light irradiation boosts the conversion 215
acetylene of acetylene in semi-hydrogenation
reaction from 20 to 80%
The semi-hydrogenation of acetylene
can be realized at the temperature of
70 °C
7 Pd/B-TiO, PC NO, removal After 5 h of PC NO removal, NO, The fraction of isolated Pd atoms 216
removal efficiency is 4-5 times over that on TiO, is quantified by diffuse
of pure TiO, reflectance infrared Fourier
transform spectroscopy using NO
as probing the molecule and BaSO,
as the internal standard
8 Fe;S,/B-TiO, sphere Electrocatalytic NRR NH; yields rate: 18.3 ug h™" mg™* (i) FeS,0, sites are the active 217
centers for electrocatalytic NRR
FE of 17.3% at —0.2 Vg (ii) Opened and ordered mesopores
can facilitate mass transport and
offer an enlarged active surface area
for NRR
9 Au (0.3 wt%)/B-TiO, ~ CO oxidation 100% conversion at 120 °C with (i) The surface defects on B-TiO, 218
nanosheets stability for 600 min can stabilize Au single atomic sites
via the Ti-Au-Ti structure
B-TiO, is without CO oxidation before  (ii) The Ti-Au-Ti structure pro-
230 °C motes the catalytic properties by
reducing the energy barrier and
relieving the competitive
adsorption on isolated Au atomic
sites
10 W, Cu/TiO,-rGO Electrocatalytic HER, OER, Overpotential of HER/OER: 121/295 mV 219
and PC degradation @10 mA cm 2
Tafel slope of 96/60.3 mV dec™ ' in 1 M
KOH
Photodegradation of ciprofloxacin:
W, Cu/TiO,-rGO: 98.5%,
P25: 84.2%
Strategy (ii): Doping and co-doping
11  Mn (1 wt%) doping Supercapacitor The capacitance: 335.52 F g ', twice of This enhanced electrochemical 220
TiO, NPs pristine one:132.21 F g™ ! property is ascribed to the large
The charge carrier densities have a surface area, mesoporous structure,
double enhancement and appropriate concentration of
The anodic and cathodic peak Mn doping
separation is 0.09 V
12 Co doping TiO, Degradation of organic The removal rate (pseudo-first-order (i) A relatively high electronic 89

nanotube pollutants

10670 | Chem. Soc. Rev,, 2024, 53,10660-10708

rate constant): 0.28 min’,

conductivity associated with the
coexistence of Ti** and Ti** in
Co-B-TiO, enables an efficient
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Table 2 (continued)
No. Catalyst Application system Results Other important points Ref.
electron transfer between PMS and
the catalyst
C030,4/rGO: 0.18 min™" (ii) A partial reduction of Ti*" to Ti**
CoFe,0,: 0.17 min ™ * enhances the degradation of
C0;04: 0.13 min~* organic chemical contaminants
Co-TiO,: 0.11 min !
The arc size in EIS Nyquist plots in the
order: bare TiO, > Co-TiO, > B-TiO,
> Co- B-TiOy
13 S,N co-doped PC production of H,0, H,0, yield rate: 451 pmol L™" which is A mechanism of proton-coupled 221
graphene quantum 3.2 times higher than that of bare TiO, electron transfer to produce H,0,
dots TiO, NPs under simulated sunlight irradiation was proposed for the highly
selective two-electron H,0,
production
14  N,H co-doped TiO, HER Conductivity: 98.77 pQ cm ™ '@300 K (i) Oy and a new phase TiO.N,, 222
incorporation on the film surface
Overpotential (Initial): 0.6 Vryue@ (ii) The cathodic chron-
10 mA cm™? oamperometry, generating Ti(m)
Overpotential (After 5 h stability): and Ti(u) facilitate the migration of
0.42 Vyge@10 mA cm 2 adsorbed H,qs intermediates and
perform as active sites that
enhanced electrochemical
performance
Strategy (iii): Decorating with nanoparticles
15  Au NPs/B-TiO, PC degradation The degradation efficiency of RhB in After loading Au, the electron 108

nanotube

16  Au NPs/TiO, nanorod PC degradation of RhB

17 Pt Clusters/B-TiO, HER

Strategy (iv): Constructing junctions

18  O-ZnIn,S,; @B-TiO, PC H, evolution coupled
with oxidative
dehydrogenation

19  g-C3N,/TiO, PC degradation of X3B dye

Photothermal-PC fuel
production

20 TiO,/Mo0S,/Cu,S

21 2D/1D MoS,/TiO,
nanowire

CO, photoreduction

This journal is © The Royal Society of Chemistry 2024

60 min:

Au/B-TiO,: 82%

B-TiO,: 46%

Photodegradation rate under the
irradiation of visible light in 80 min:

Au/TiOy: >98%
Pristine TiO,: 15%

Overpotential of HER: 18 mVgyr@
10 mA cm 2

Tafel slope: 12 mV dec™ " in 0.5 M
H,SO0,

The current density at 50 mVgyg
Pt clusters/B-TiO,: 142 mA cm >
TiO,: 0.03 mA cm 2

H, and benzaldehyde production rate
under visible light O-ZnIn,S,@B-TiO,:
2584.9 and 2880.5 umol g~ h™*
Pristine one: 49.24 and

43.38 pmol g ' h™*

The highest degradation rate constant:
0.051 min ™"

The original one: 0.031 min~
The PC H, production rate under
visible light

TiO,/Mo0S,/Cu,S: 3376.7 pmol h™* g’1
B-TiO,: around 211.0 pumol h™* g~*
Under solar irradiation

CO production rate: 36.3 pmol g * h™*
Production rate (TiO,): 6.7 pmol g~ *
h™ (CH,4) and 0.9 pmol ¢ * h™*! (CO)
Under visible light irradiation:

CH, production rate of ca.

81.6 umol g ' h™".

Production rate (TiO,): 0

1

density increased to 6 times that of
B-TiO,

Au efficiently transferred electrons
and promoted carrier separation

(i) The hybrid Au-TiO,-C system 51
shows extremely high chemical
and mechanical stability

(ii) The enhanced visible-light
photocatalysis is caused by the
plasmon-induced hot-electrons
transfer from Au NPs to
neighboring TiO,

The created O, and Pt clusters 223
exhibit synergistic effects for
optimizing the reaction kinetics
S-scheme heterojunction 180
Z-scheme Heterojunction 224
Tandem heterojunctions 225
Heterojunction 226
Chem. Soc. Rev., 2024, 53,10660-10708 | 10671
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Table 2 (continued)
No. Catalyst Application system Results Other important points Ref.
22 B-TiO,/WO; on rGO PEC WS Photocurrent density under visible Multi-composite contributes to 227
light irradiation: efficient photoinduced charge
B-TiO,/WO;/rGO: 0.83 mA cm *at 0V  carrier separation and
B-TiO,: 0.28 mA cm 2 at 0V transportation
Bandgap of the composites: 1.76 eV
23 RuTe,/B-TiO, PC degradation of The degradation efficiency of DCF 0”” is the main active substance 228
diclofenac (DCF) under a light source (250 W xenon under irradiation
lamp) in 120 min:
RuTe,/B-TiO,: 95.2%
B-TiO,: around 79.3%
24  1T-MoS,@TiO,/Ti Supercapacitor The specific capacitance is 428.1 F g~'  TiO, nanotube provides a large 229
at 0.2 A g%, energy density is surface area, shortens the transfer
48.2 W h kg™, power density is distance of electrolyte ions, and
2481.7 W kg™, and 97% capacitance retards the agglomeration of MoS,
retention after 10 000 cycle nanosheets, enhancing the electro-
Iyte infiltration; and the direct
growth of TiO, nanotube on Ti foil
benefits the electrons transfer in
the electrode
1T-MoS, nanosheets possess good
hydrophilicity and conductivity,
which favors the fast transfer of
electrolyte ions and electrons
Strategy (v): Core-shell structures
25  Rutile TiO, (core)- Water splitting H, production rate under simulated The core-shell modifications 124
TiO,_,:S (shell) solar light: enhanced absorption in visible and
Core-shell: 0.258 mmol h™* g~* near-infrared regions and facilitate
(STH: 1.67%) charge separation and transport
Rutile TiO,: <0.1 mmol h™* g™*
The photocurrent density of the
core-shell is 30-fold higher than the
rutile TiO, under simulated solar light
26  Ti** self-doping PC H, evolution H, production rate: (i) Heterojunction 230
B-TiO, nanospheres/ Core-shell: ~808.97 pmol h™" g™* (ii) Oy, Ti** self-doping and core-
2-C;N, hollow shell nano-heterojunction enhance
core-shell performance
Pristine TiO,: ~45.04 umol h™* g ! (iii) O, improves the visible light
B-TiO,: ~474.34 umol h™" g™* response, Ti** induces the interface
to form a self-hydrogenated shell
for reducing the activation barrier
of the H,, core shell drives the
transfer of photon-generated
carriers to promote the photon-
generated carrier separation
27  Crystal-Amorphous Cancer cells imaging The limit of detection (LOD) of the (i) Heterojunction 231
Core-Shell TiO, NPs 4 NBT molecule on B-TiO, NPs can (i) Efficient exciton separation at
reach 107° M the crystal-amorphous interface
that facilitates charge transfer from
the crystal core to the amorphous
shell
(iii) The Fermi level of the amor-
phous layer shifts to a low position
compared to that of the crystal core,
allowing efficient photoinduced
charge transfer between the
amorphous shell and probe
molecules
28  Crystalline Core with  PC wastewater treatment Phenol removal percentage in 180 min  Bandgap = 2.96 eV 232
Ti"* -Amorphous under visible light irradiation
Shell with Ti** Core-shell: 76.05%
P25: 18.18%
The removal rate (pseudo-first-order
rate constant):
Core-shell: around 0.62 min~*
P25: around 0.13 min "
29  Fe;0, core @B-TiO, Wideband microwave Microwave absorption performance is Shell: TiO,-TiO,_, shell 233

shell

10672 |

absorption

Chem. Soc. Rev,, 2024, 53, 10660-10708

evaluated by reflection loss (RL)
Maximum RL of core-shell: —47.6 dB,
the effective absorption bandwidth
(RL < —10 dB) spanned 13.0 GHz

This journal is © The Royal Society of Chemistry 2024
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Table 2 (continued)
No. Catalyst Application system Results Other important points Ref.
Others: —14.7 dB of Fe;0,4; —27.9 dB of
Fe;0,@TiO, corresponding effective
absorption bandwidth of 2.0 GHz and
5.5 GHz, respectively
30  Cu,S@TIO, PC recovery of H, from H,S H, generation rate: (i) Controlling shell thickness 234
directly influenced the optical and
surface-interface properties
Core-shell: 41.6 mmol h™* g™, (ii) Shell thickness varied from
(production efficiency of 10.3%) 12.0 to 16.7 nm
TiO,: 9.2 mmol h™* ¢~ * (production (iii) 3-fold prolonged electron
efficiency of 2.27%) lifetime
31 O, amorphous layer  — The resistivity of the core shell is (i) Homojunction 235
(shell) — highly 5.9 x 10 Q cm, which is more than  (ii) Metallic conduction is achieved
crystalline layer (core) five (two) orders of magnitude smaller  at the crystalline-amorphous
than that of the crystalline (amorphous) homo-interface via electronic
TiO, interface reconstruction
32 Nanosized graphene/ PC degradation of organic The degradation rate constant: Forming of homo-/hetero-junction 236
TiO, (multi-shells) —  pollutants Pristine TiO,: 3.74 x 10~ * min™! on TiO,
TiO, (core) Core-shell: 1.66 x 10> min~*
Strategy (vi): Facet engineering
33  Anatase TiO, Sheets PC H, evolution H, evolution rate: O, and surface fluorine are subject 237
with dominant {001} With Oy: 2332 pmol h™' m™ to obvious surface reconstruction
facets Without O,: 1333 pmol h™* m™>
34  Au/TiO, (101) PC CO, reduction CO, RR to CO and CH, (i) Au acts as a cocatalyst to trap the 238
photogenerated electrons from
semiconductors for improved
charge separation and provide
highly active sites for accelerated
reaction kinetics
Au/TiO, (101) and Au/TiO, (101): 25.9 and 5.3 pmol g™* (ii) Au serves as light-harvesting
(001) h™* antennae to extend the light
Au/TiO, (001) Au/TiO, (101) and (001): 16.5 and absorption region based on the
4.0 ymol g™ h™* injection of plasmonic hot elec-
Au{TiOZ (001): 14.9 and 3.0 pmol g~ " trons into the semiconductor
h-
35  TiO, dominantly Reduction of NO with NH; ~ NO conversion (%) 239
exposed of {001} and At 503 K: 10.4% of {001}, 4.3% of {101}
TiO, dominantly At 623 K: 19.6% of {001}, 15.1% of {101}
exposed of {101} The reaction rate (mol g~ ' s™7)
facets At 503 K: 1.71 x 10® of {001}, 7.05 x
1077 of {101}
At 623 K: 8.03 x 107° of {001}, 6.19 x
10~ of {101}
36  TiO, nanosheets with PC CO, reduction to CO The reduction rate under visible light (i) {101} facets in a small number 240
O, on {001} facets irradiation: increase the recombination of
photogenerated electrons and holes
and inhibit the PC CO, reduction
performance
TiO, with O,: 128.5 pmol g~* h™* (ii) The synergistic effect of special
TiO,: 45.2 pmol g " h™! unsaturated coordination Ti5c¢
atom and O,
37  Graphene quantum HER H, production rate The charge transfer from GQD 241
dots (GQD) @TiO, GQD@TIO, rutile (011): to the TiO, rutile (011) surface,
rutile (011) 31063 umol g~ ' h™* facilitating electron-hole
Pristine TiO, rutile (011): separation and reducing charge
6931 pmol g ' h™! recombination rate
Strategy (vii): multi-strategy
38 P and C modified PC H, production The H, production rate under S-scheme heterojunction 196
Co,P/B-TiO, simulated solar light:
P, C Co,P/B-TiO,: 1.53 mmol g * h™*
(normalized rate: 18 pmol h™' m™?)
B-TiO,: 1.3 umol h™' m™
39  Fe;0,@Si0O,@TiO,/ PC activation of per- The removal efficiency of MNZ at the trapping tests, HO*', O,, holes, and 242
rGO core-shell oxydisulfate (PDS) towards same conditions in 60 min SO,* species were identified as
degradation and miner- Under PDS and UV: 94.2 + 5.36% major reactive species
alization of metronidazole TiO, under PDS: 3.1 + 0.24%
(MNZ) TiO, under UV: 9.6 + 0.74%
This journal is © The Royal Society of Chemistry 2024 Chem. Soc. Rev,, 2024, 53,10660-10708 | 10673
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Table 2 (continued)
No. Catalyst Application system Results Other important points Ref.
40  Pt/B-TiO,/Cu,O PC H, evolution H, evolution rate under visible-light O, stabilizes the Pt single atoms 243

excitation (>420 nm)
Modified catalysts: 26.1 umol g * h™*
TiO,: 0.56 pmol g " h™!

deposition that facilitates the
separation and transfer of
photogenerated charge carriers

Photocatalytic (PC); photoelectrochemical (PEC); hydrogen evolution reaction (HER); oxygen evolution reaction (OER); nitrogen reduction reaction

(NRR); solar-to-hydrogen (STH).
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(a) Diagram of the preparation process of Pt/TiO,—O, and (b) XRD spectra of TiO,, Pt/TiO,, and Pt/TiO,—-0O,. Reprinted with permission from ref.

250. Copyright © 2023. The Authors. Angewandte Chemie published by Wiley-VCH GmbH.

identify Pt/TiO,-O, which is composed of anatase TiO, (PDF#
99-0008) and rutile TiO, (PDF# 73-1765).>°° Further, the obser-
vation of the patterns in the 20 range of 24-26° confirm
indirectly the O, resulting in weaker peak intensities and
broader peaks over others.>*® Similarly, XRD can be utilized
to confirm multi-composition materials and identify each
individual component of B-TiO, prepared by other modifica-
tion strategies such as doping metal and non-metal elements,
constructing Z-Scheme junctions, and core-shell struc-
tures,'?*197:199,225,227,230.249 The gize of the tiny crystalline par-
ticles influences the optical and electronic properties of
materials.”®" XRD can also be used to estimate the average
crystallite size of B-TiO, according to Scherrer equation of a
peak broadening.’® Chen et al. reported that the average crystal-
lite size of B-TiO, to be 8 nm, which was further corroborated by
TEM.? However, XRD has limited applicability to amorphous
materials and nanoparticles (NPs) with small sizes, i.e. 5 nm. Thus,
techniques such as pair distribution function (PDF) are needed.

PDF technique can elucidate the atomic arrangement of
materials with high spatial resolution (Fig. 9), especially those
that do not possess sharp diffraction reflections, such as
amorphous materials or small-sized NPs.”>*">** This technique
is appealing for gaining quantitative insights into information
such as the amorphous shell or core in B-TiO,. Particularly, PDF
analysis can reveal amorphous, defects and disorder layer of
B-TiO, rather than limited information on NP sizes offered by
other applications.>**™>*’

Fig. 9(a) presents a schematic illustration of the distribution
of atoms and the interatomic distances in a hypothetical lattice

10674 | Chem. Soc. Rev., 2024, 53, 10660-10708

of atoms, which can be used for PDFs calculation.?** The atoms

at the position r are displayed (r corresponds to the radius of
the circle at the intersection point), and upon the intersection
of a new atom with the circle, a unit of intensity is incremen-
tally added to the histogram. Thermal motion of materials
causes the histogram to broaden into a Gaussians distribution,
and the PDF is well represented by a sum of independent
Gaussian functions.

Fig. 9(b) displays the in-situ time-resolved PDF profiles of
TiO, annealed under H, atmosphere and the data is analyzed
using Python/PDFgetX3.”*® The x-axis is the interatomic dis-
tance (7, A) of all pairs of atoms within the sample. The 2 y axes
include, one for the temperature, and the other one for the
function G(r), viz the probability of finding a pair of atoms at a
given interatomic distance r with an integrated intensity
depending on the coherence scattering lengths of the elements
involved and their multiplicities. The figure shows that the r of
Ti-O is1.95/1.98 A and the r of O-O is 2.53 A assigned to the
four equatorial O ions. When the temperature increases from
25 °C to 600 °C under H, atmosphere, the interatomic distances
of both Ti-Ti, O (3.69 A) and Ti-Ti (4.74 A) show obvious
shrinkage in both maxima intensity and width, which can be
assigned to the removal of oxygen atoms creating the defects.

5.2. Microscopic structures

Microscopic morphologies and structures such as shapes and
sizes of B-TiO,, have pronounced effects on the performance of
a reaction or in a device.”>**?%%?%72%% ¢ characterize mor-
phologies, scanning electron microscope (SEM), transmission

This journal is © The Royal Society of Chemistry 2024
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(a) A schematic of the modelling process: spherically averaged distribution of interatomic distances and numbers in a hypothetical square lattice

of atoms (points). Reprinted with permission from ref. 254. Copyright © Royal Society. (b) Time-resolved PDF profiles of TiO, upon annealing in a H,
atmosphere (Black arrows indicate obvious changes in peak position, intensity, and width). Reprinted with permission from ref. 258. Copyright © 2016,

American Chemical Society.

electron microscope (TEM), high-resolution TEM (HRTEM),
and scanning transmission electron microscopy (STEM) are
commonly used.

SEM has the potential to provide images of up to 2 million
times magnification, which is frequently used to observe multi-
tude of morphologies of B-TiO, (e.g:, 1D nanorod, 2D
nanosheet, 3D nanoflower, etc.), such as the nano-cubic shape
of B-TiO, (Fig. 10(a)).**" In addition, sizes can be obtained
from SEM images, such as the diameters of nanospheres.”®®
TEM can achieve high spatial resolution down to 0.1 nm with
the possibility to identify the composition and crystal structure
of NPs. For instance, it has been used to observe the distri-
bution of Au NPs with an average size of 20 nm deposited on

B-TiO,, as shown in Fig. 10(b-d).”* Besides, TEM can provide
information on the exposed facets of B-TiO, and the ratio of
different facets, along with their modifications.'**°2>?37 por
example, B-TiO, in Fig. 10(b) shows a TEM image with an
exposed facet of (101). These different exposed facets result in
different surface crystallinity influencing the loading amount
of Au NPs on each facet, which eventually determines the
selectivity and efficiency of the catalyst. For example, in the
CO, reduction to CO and CH,, TiO, with a dominant exposure
of the (101) facet give rates of 25.9 umol g~* h™" for CO and
5.3 umol g~ ' h™" for CH,, whereas, the TiO, with the co-expo-
sure of the (101) and (001) facets give rates of 16.5 umol g~ * h™" for
CO and 4.0 pmol g * h™"* for CH,.>*®* HRTEM can observe features

i d=0.l234 nn}?

Fig. 10 SEM images of B-TiO, (a) template of nanocubes. Reprinted with permission from ref. 44. Copyright © 2018 Elsevier B.V. All rights reserved. TEM
images of (b) Au-TiO, co-exposed (001) and (101). Reprinted with permission from ref. 238. Copyright © 2020, Elsevier B.V. All rights reserved. TEM
images of Au-TiO, (c) scale-bar: 100 nm, (d) scale-bar: 20 nm, and (f) HR-TEM image from the selected area in (e). Reprinted with permission from
ref. 51. Copyright © 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinhein.
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with single atom resolution, i.e., in the Angstrom scale, and provide
additional information such as lattice fringe spacing. Fig. 10(e)
and (f) presents the HR-TEM images in which the lattice spacings
(d) are measured. In Fig. 10(e), there are two d values of 0.250 and
0.234 nm, corresponding to (101) facet of rutile TiO, and (111) facet
of Au NPs, respectively.”> HRTEM has also been utilized to char-
acterize the morphologies and crystallite sizes of NPs, such as core-
shell structure and thicknesses. With increasing number of pub-
lications using single atoms such as Pt and Au to enhance
reactivity, HRTEM has proven to be a fundamental technique in
the characterization of B-TiO,.>%!511677169,175,216-218

H2 or

electron beam

TEM detector

Fig. 11

Ni/TiO2 catalyst

T=400-600 °C

gas analyzer

View Article Online

Review Article

STEM combined with electron energy loss spectroscopy
(EELS) is a powerful technique to characterize thin atomistic
layers, based on its extremely high spatial resolution.*¢*2¢°
In this review, we reveal the use of STEM and EELS to probe
details of the interface information between a thin layer of TiO,
and their composites under hydrogenation reaction conditions
and observe the microstructure change of B-TiO, during the
catalytic process.®® Fig. 11(a) shows a scheme of an operando
electron microscopy setup for the observation of TiO, at both
H, (Fig. 11(b and c)) and CO,:H, (Fig. 11(d and e)) conditions at
400 °C and atmospheric pressure. The in-situ HAADF-STEM

o
™

Counts (a.u)

>
soes
oo0

*
®

>0
Ceeee. v
20000

840 850 860
eV

(a) Schematic of the operando electron microscopy setup and windowed gas cell (climate G +, DENS solutions). (b) Representative atomic-

resolution HAADF-STEM image of a Ni NP in a Ni/TiO, catalyst in H, at 400 °C. Solid lines indicate TiO,-covered Ni atomic planes, and dashed lines
indicate unoccupied facets. Ni (111) and Ni (100) facets are indicated by pink and green, respectively. (c) Estimated positions of Ti (gray) and Ni (color
scale) atomic columns. (d) HAADF-STEM image of the same particle as in (b) upon exposure to a CO,:H, (0.25 bar: 0.75 bar) mixture at 400 °C showing
complete re-exposure of Ni and NP restructuring. (e) Estimated atomic column positions of Ni from the same particle shown in (d). Strain maps in the
x and y directions resulting from the displacements with respect to the ideal atomic column positions. (f) High-resolution HAADF-STEM image of Ni/TiO,
catalyst in H at 600 °C showing a Ni NP encapsulated in a thick TiO, shell. Colored squares correspond to the location where EELS spectra in (g) and (h)
were acquired. (g and h) Core loss Ti L 3 and Ni L, 3 EELS spectra. Reprinted with permission from ref. 83. Copyright © 2023, The American Association
for the Advancement of Science.
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imaging in Fig. 11(b) shows that the TiO, layer encapsulates the
Ni (111), and the estimated Ti and Ni atom positions are
marked in Fig. 11(c), where the distances of interatomic Ti-Ti
and Ni-Ti are around 2.95 + 0.01 and 2.93 + 0.09 A, respec-
tively. When changing gas condition from H, to CO, + H,, the
interface of Ni-Ti is lost from Fig. 11(d) and results in lower
atomic coordination and higher mobility of surface atoms.
Meanwhile, as shown in Fig. 11(d), Ni (111) is also lost and
only shows some Ni (111). Also, Fig. 11(e) shows a high tensile
strain over the entire NP. Fig. 11(f) shows Ni/TiO, at 600 °C with
a completely encapsulated TiO, overlayer. The in-situ EELS
analysis confirms the formation of a TiO, layer on Ni, which
shows a Ti L, ; ionization edge signal throughout the entire Ni
NP, (Fig. 11(g and h)).

5.3. Surface and interface disorders

Surface chemistry plays a critical role in determining the
applications and performances of B-TiO, catalysis,’>5%2657271
During preparation, modification, and even applications of B-
TiO,, surface-disordered layers or defects such as O, and Ti** of
B-TiO, are generated that could subtly affect catalytic reactions.
For instance, the coordination and configuration of O, on B-
TiO, affect water oxidation reactions.>”> According to the study
by Yazdanpanah et al. in 2023, they demonstrated that the
increase in the concentration of O, can enlarge acid-base pairs
density, which then enhanced the activity and selectivity of
ketonization reaction.*”?

The most common surface defects of B-TiO, are Ti*" species,
O,, -OH, and surface/near-surface disorders that are commonly
generated during synthesis and modification processes, which

View Article Online

Chem Soc Rev

influence their B°, physicochemical property, and perfor-
89:234,2747276 ¢ jdentify these different surface states,
standard measurements and analysis techniques are needed.
As shown in Fig. 12(a), both the binding energy of core-level of

3+ 277

Ti 2p and O 1s XPS are changed due to the defects from Ti”".
Meanwhile, electron paramagnetic resonance (EPR) or electron

mance.

spin resonance (ESR) spectra techniques are often used to
provide information, i.e. g-tensor values (gx, g, &), for defects
of B-TiO,.*””" The EPR signals of g, = 1.9930, g, = 1.9930, and
g, = 1.9640 also indicate the presence of defects of B-TiO, from
Ti*" in regular sites of the TiO, anatase phase, while the g
values of g, = 2.0040, g, = 2.0129, and g, = 2.0277 correspond to
defects of oxygen ions with trapped holes (cation vacancy or
surface exposure).*’ The intensity of EPR signal can also reflect
the high concentration of surface defects, or alternatively,
negligible intensity suggests nonexistent of surface defects.'*®
For further insights into valence states and coordination
environment of Ti on B-TiO,, X-ray absorption fine structure
(XAFS) spectroscopy can be invoked.>”®

The Ti K-edge X-ray absorption near edge structure (XANES)
spectra of H-TiO,, H-TiO,-Ar, H-TiO,-O, samples are shown
in Fig. 12(b), the similar spectra indicate a similar local
environment. Their Ti pre-edge peaks are located at 4969.4,
4972.0, and 4975.1 eV for the transitions of 1s/3d and 1s/
hybridized p-d for the octahedral symmetry.

Among spectra of H-TiO,, H-TiO,-Ar and H-TiO,-O, sam-
ples, H-TiO,-Ar gives the highest pre-edge peak intensity,
indicating a decreased Ti oxidation state and strengthened
distorted local structures via Ar annealing treatment. This is
consistent with the XPS result of Ti*" on H-TiO,-Ar. The chemical
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Fig. 12 Surface chemical characterization of samples of H-TiO, (Hydrogenated TiO,), H-TiO,—Ar (post-annealing H-TiO, in Ar), and H-TiO,-0O,
(post-annealing H-TiO, in O,). (a) XPS spectra of Ti 2p and O 1s. XANES spectra of (b) Ti K-edge, (c) k*-weighted FT-EXAFS spectra, and (d) Ti L-edge
XAFS spectra. Reprinted with permission from ref. 277. Copyright © 2021 Elsevier Inc.
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environment of Ti is further examined using extended XAFS
(EXAFS) spectroscopy, and the Fourier transform of EXAFS (FT-
EXAFS) spectra is displayed in Fig. 12(c). The peak at 1.50 A is
ascribed to Ti-O, while the other one is for Ti-Ti. Ti L-edge spectra
in Fig. 12(d) which provides information on the local electronic
configuration. The H-TiO,-Ar shows the lowest onset energy
position of Ti L-edge from a lower Ti valence state.”””

Many recent studies using DFT are employed to provide
theoretical understanding on both defects of B-TiO, and reac-
tion pathways.””® Here, we exemplify one of proposed mechan-
isms to support the importance of B° of B-TiO, on the activity of
a chemical reaction.

Fig. 13(a) shows the required energy for the H transfer on
both bulk and surface O,~O, (0.95 and 0.84 eV) which are lower
than that of surface lattice oxygen (O,-0-O,, 2.58 eV).**°
Indicating H preferentially transfers from the open channel
rather than from a blocked one (Fig. 13b), which well supports
the importance of controlling B° of B-TiO,.>*° Recent observa-
tions also support H-transfer pathway over O,~O, because H co
transfer in certain depth inside a metal oxide.

Chapman et al. combines machine learning, DFT, Group
theory, and molecular dynamics (MD) to reveal the hydrogen
incorporation and transport in TiO,, which can be tailored
through compositional engineering.”®! For this review, we only
discuss on their work using atomic force neural network
(AFNN). The AFNN-generated 1944 atom MD trajectories can
analyze the local atomic geometries present across the TiO,
phase space, which is characterized using the PCA decomposi-
tion of the VGOP features. Fig. 13(c) shows TiO, (x = 2, 1.95, 1.9,
and 1.85) within this configuration space, which displays a
clear separation between each case (TiO,, TiO; 95, TiO;.o, and
TiO; g5), but also shows some overlap between them. For
example, the TiO, sub-space shares some overlap with the
TiO; .95 sub-space but does not share any portion of the total
space with TiO; ¢ and TiO, gs. They argued that oscillations
provide insight into the size of a given oxygen concentration’s
portion of the overall phase space, where the circularity of
phase space serves as the basis. Fig. 13(d) shows the equili-
brium configurations contained within each sub-space, as
well as the outlier regions, which provides the probability of
each region contained in the phase space. Overall, with the
decrease of x from 2 to 1.85, the oscillations about a given
chemistry’s equilibrium point are reduced and the radius
from the center of the approximated clustering is minimized.
This seems to indicate that structures can deviate from the
equilibrium configuration by a greater extent in TiO, than in
TiO; 5. The effect of oxygen concentration is studied by
observing the probability O of 2F (OTi,), 3F (OTi;), and 4F
(OTi,) within the system. TiO, shows a higher rate of the
existing of O sites over TiO; g5 in 2F CN environment, where
P(TiO,) = 30% and P(TiO; g5) = 23%. It shows a linear trend
existing of O for the case of 4F O atoms in Fig. 13(e) and (g),
where in Fig. 13(e) the exist rate of TiO, and TiO, g5 are 9%
and 12%, separately. However, the oxygen concentration and
the amount of 3F O present within the system is random

(Fig. 13(f))-
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The core-shell structures are of particular interests and have
recently been reported extensively due to their unique electro-
nic and structural interactions of the core component (inner
layer) with the shell component (outer layer).*®*° The core-
shell structure involves at least one core and one shell
layer, enabling the integration of multiple components into a
functional system to overcome the demerits of a single
component,'?4199,200,230,233,234,242 po1 example, the bandgap
of a core-shell structured TiO, can be excitingly tuned between
1.0 to 2.8 eV rather than 3.0 eV (3.2 eV) of pristine TiO,.

In this review, we discuss on the single-component core-
shell structured B-TiO, with disorders.”*” One example is
shown in Fig. 14(a), where the single component core-shell
structured TiO, is composed of a crystalline core and an
amorphous shell, which extends the light absorption edge from
around 400 nm to 1300 nm>. The single-component core-shell
structured B-TiO, is summarized into four types according to
the introduction and distribution of Ti*" species, as shown in
Fig. 14(b): (i) a crystal core with Ti** and an amorphous shell
with Ti*"; (ii) a crystal core with Ti** and an amorphous shell
with Ti*; (iii) a crystal core with Ti** and an amorphous
shell with Ti**; and (iv) a crystal core with Ti** and an amor-
phous shell with Ti**.?®?*'?3? For instance, the B-TiO, nano-
tube composes of an anatase core and an amorphous shell with
a thickness of 4 nm in Fig. 14(c), which is synthesized by the
hydrogenation method under NH; gas. The nanotube possesses
a strong light absorption enhancement in the wavelength range
of 300-800 nm.*” The core-shell structures and the thickness of
disorder layers can be determined with the HRTEM.”® Further-
more, the simulated density of states (DOS) reveals unprece-
dented effects of hydrogenation on TiO,. As observed in
Fig. 14(d) and (e), the bands of B-TiO, after hydrogenation
are severely broadened along with formation of states both
below and above the VB in the shell, which are due to the
existence of ~OH and Ti**, respectively. The Ti*" states in the
shell of the B-TiO, start just above the VB and fill most of
the gap. Meanwhile, the comparison of the DOS of the B-TiO, to
the bulk crystalline anatase (Fig. 14(f)) clearly shows the overall
upward shift and tailing of the VB.*®*> The benefits of the core-
shell structured TiO, for applications such as lithium-ion
batteries, solar thermal energy, photocatalytic WS, etc., will be
addressed in Section 6.

An interface is a separating layer between two phases
including gas-liquid (G-L) interface, gas-solid (G-S) interface,
liquid-solid (L-S) interface, solid-solid (S-S) interface, and gas-
liquid-solid (G-L-S) interface.>***#3"28¢ These interfaces clearly
influence the transport of electrons and ions, the adsorption of
reactants, the solubility and diffusion of gas in liquids, etc., and
determine the overall cell or chemical reaction performance in
the end. Therefore, understanding the interface is important to
achieve high stability and efficiency in reaction/device. For
instance, the electrode-electrolyte interface is the key factor
in influencing the capacity, stability, and performance of a Na-
ion battery.*®

In terms of B-TiO,, the investigations of interface are accom-
panied by their studies of synthesis, modifications, and

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00420e

View Article Online

Review Article Chem Soc Rev

a Activation energy diagram

"0y-0y"

“0,-0-0y"
“0y-0y”

“0y-0y"
2.58 eV

H-spillover

o
Y

S

9
©
SO-O-0®
e

Surface 0,-0-0, O-blocking pathway

O,
'/6/ v

b Surface 0,-O, open channel

o
7 30v

@
(8]
s 8 o
<3 I
NG Fe-OV
Q8 B
™
$ g
© D Fe-[Oy-(H)]
% 2 @0 Ori
32 ®o. oo,
5 £ QoyH Bl
8% c d
9 Rate (%)
o
= é 5 . TiO2 100 1
g E @ TiO19s
o Q
g 9 @ TiOws
IS . o
o 2 @ TiO1ss <
N § o O
o £ <
2 0 o o
g p = - 0.5
gz < |
=} —
3 B m
c
°&
B L 2
'ﬁ - 10 10 0 ¢
S o "
£ o PCA1 Binned PCA1
g ®
[SI]
B &
< F e Rate %) T Rate (%) O Rate (%)
g 75 Lower O concentration 75 Lower O concentration - 75 Lower O concentration
< 12
[y N N
g— S s ) o I
O a TiO1.85 o - a
o L b1 ° 8
g 2 /; g b 55 2
= £ ! £ A £
@ & @ ! @
» - 50 4
2F el 3F
25 -75 25 - 255 —
25 75 .
Binned PCA1 Binned PCA1 Binned PCA1

Fig. 13 (a) Schematic activation energy diagram of by O,—0, (left) and O,—O-0O, (right), and (b) diagram of hydrogen transfer through cascade O,-O,
(left) and O-obstructed O,—O-0, (right) pathways. The structures and activation energy barriers were obtained using DFT. Reprinted with permission
from ref. 280. Copyright © 2020, American Chemical Society. (c) Principal Component Analysis (PCA)-decomposed TiO, phase space, with colors
representing varying oxygen concentrations. (d) 2D histograms of the PCA-decomposed TiO, phase space, with occurrence rate (colors) overlayed as a
third dimension. Occurrence rate is defined as the likelihood of a structure from a given PCA grid occurring in the overall phase space. Dashed lines in (d)
provide visual context for the approximate boundary of each phase, where a bin contains greater than 50% of a specific phase. (e)-(g) 2D histograms of
the PCA-decomposed TiO, phase space, with coordination number (CN) probabilities (colors) overlayed as a third dimension. CN probabilities represent
the likelihood of an atom having the specified CN within a structure that is contained within a given PCA grid for (e) 2F (OTiy), (f) 3F (OTiz), and (g) 4F (OTi,)
oxygen CN environments respectively. Reprinted with permission from ref. 281. Copyright © 2023 Royal Society of Chemistry (RSC).

applications. In the synthesis of B-TiO,, there are two types of
S-S interface including the phase interface and the interface
between the core and shell formed by the same components
such as the crystalline-amorphous homo-interface,>?%23%287,288
After modifications, the S-S interface is formed between B-TiO, and
other materials such as Au NPs and g-C;N;.>** When employing

This journal is © The Royal Society of Chemistry 2024

B-TiO, to construct a multi-junction material, a multiple S-S inter-
face might form among different compositions ?>*>36241,289,:290
In terms of their applications, the interfaces are often discussed
among the B-TiO,, the electrolyte (S or L), and the products (S, L, or
G), as shown in Fig. 15(a) and (b). In the application of WS to H,
and O, gases, for example, there will be the S-L-G interface among
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Fig. 14 (a) Schematic illustration of the core—shell structure TiO,. Black

dots represent dopants. Reprinted with permission from ref. 3. Copyright
© 2011, The American Association for the Advancement of Science. (b)
Scheme of four types of destructive core—shell structured TiO,. Reprinted
with permission from ref. 28. Copyright © 2019, Elsevier B.V. All rights
reserved. (c) Scheme of a core-shell structured B-TiO, nanotube. Rep-
rinted with permission from ref. 87. Copyright © 2016, American Chemical
Society. Computed DOS for the core (d), and the shell (e) of TiO, before
and after hydrogenation treatment (f) DOS for the shell and core of B-TiO,
are compared to the DOS of bulk crystalline anatase TiO,. Reprinted with
permission from ref. 282. Copyright © 2020, Wiley-VCH GmbH.

B-TiO; (S), H,O (L), and O, (G) and H, (G); and in the solid oxide
fuel cell, the S-S interface is between the B-TiO, electrode and the
solid electrolyte.”****'**'% Tq characterize interfacial features,
techniques such as XRD, TEM, XPS, etc. are employed. An in-situ
TEM images observes and records a reaction taking place on the
S-L-G interface, viz, the O, nanobubbles (G) etching of Au nanorod
(S) in aqueous hydrobromic acid (L) with the increasing of the
reaction time.”*****> Some cutting-edge TEM techniques reveal that
when the distance between G and S is less than 1 nm. In addition,
electrochemical impedance spectra (EIS) is used in electrochemical
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Reprinted with permission from ref. 295. Copyright © 2020, Wiley-VCH
GmbH., and Reprinted with permission from ref. 294.

cells such as fuel cells and batteries, to understand the interfaces
between the electrode and the electrolyte, and the interfaces
of multilayers of the electrode, which will be introduced in
Section 5.5.

5.4. Energy band structure and optical properties

As stated, both blackening processes and modification strate-
gies can shift the valence band (VB) location of pristine
material. Investigations of the band structure and the bandgap
energy of semiconductors can therefore help not only in under-
standing the properties of materials, but also to instruct the
future rational design of materials for practical applications.
The energy bands of a semiconductor mainly include conduc-
tion band (CB), VB, Fermi level (E¢), and bandgap (E,). The E, of
a semiconductor is defined as the gap between the top of the VB
(E,) and the bottom of the CB (E.), which determines the solar
capture and conversion ability of a semiconductor.>*®

To measure the location of the VB maximum, the X-ray
photoelectron spectroscopy (XPS) is a common tool such as the
measured VB values of both pristine TiO, film and B-TiO, film
are 3.13 and 1.94 eV, respectively.>®” In addition, the ultraviolet
photoemission spectroscopy is used to confirm the work func-
tion (@), which is determined by the vacuum level to find the
location of E¢ that can be calculated according to eqn (1).

@ = hl/ — Ecut,off (1)

The light absorption originated from the electron transmis-
sion from VB to CB and then the capacity of light absorption is
closely associated with the application potential in solar energy
conversion and storage. To measure the light absorption of
B-TiO, samples and to compare the optical properties
among different samples in parallel, UV-Vis-NIR absorption/

This journal is © The Royal Society of Chemistry 2024
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reflectance spectroscopy can be a suitable technique. For
instance, the UV-Vis-NIR absorption spectra of Pt/TiO,-O,,
and TiO, are tested in the wavelength range of 200-800 nm
and find that that the light absorbance of Pt/TiO,-O, is stronger
than that of pristine TiO, in the whole wavelength range. If the
absorption edge of material is located in a longer wavelength, it
will enable a broader light absorption range."”® Additionally,
UV-Vis-NIR plots can estimate the bandgap energy using Tauc’s
relation along with eqn (2)

Ey (eV) = hv — 1/p(ohv)"" (2)

where f§ is a constant known as the band tailing parameter, E,
is the energy of the optical band gap and 7 is the power factor of
the transition mode, which is dependent on the crystalline or
amorphous nature of the material.

In addition, the incident photon-to-current conversion effi-
ciency (IPCE) recorded with the QE/IPCE measurement system
can be used to monitor the ability of the semiconductor
converting photons to electrons rather than light absorption -
not all absorbed light can be converted into electrons. Typically,
a high IPCE value enables a high PEC performance: Ru-doped
B-TiO, has a higher IPCE value in the range of 300-600 nm
than TiO, that results in a 40-time higher H, production rate,
1.91 pmol h™! em ™2, than that of TiO,.°® If QE/IPCE equipment
is absent, eqn (3) can be used to estimate the IPCE value of the
photoelectrode at a given wavelength. Meanwhile, the IPCE is
also can used to estimate the bandgap energy according to

eqn (4)
IPCE (%) = (Ipn xAv/P x 1) x 100 (3)

where I, is photocurrent density (mA ¢cm™?), P is the power
density of light (mW cm™?), hv is the photon energy of the
incident light (~1240 eV, nm) and 2 is the wavelength of the
light (nm).

Eg (eV) = (IPCE hv)'™ (4)

The apparent QE (%) of the H-atom-involved reactions
(H, evolution reaction and NH; generation) can be calculated
via eqn (5).*°® For example, Li et al. reported the QE of Au-
supported Fe;0,/B-TiO, under the photocatalytic WS reaction
conditions, and reported a QE of 88.7 + 2.1% at 437 nm.*® The
same group also reported that the QE of a B-TiO, based
photocatalyst can reach 97% at 385 nm for the solar-driven
seawater splitting.>®” Another research group has also pre-
viously reported a high QE of 46% at 584 nm, achieved in a
solar-driven sacrificial H, evolution system on a mesoporous
B-TiO,.>°® Recently, it has been demonstrated that H, can be
generated from methanol on a single-atom-modified TiO,
photocatalyst, which exhibited a high apparent QE of 99.2%
at 365 nm with a high-selectivity production of formaldehyde,
leading to a nearly zero- carbon-emission process.>*’

N (generated molecules)

E(%) = Nu x N(Photons)

x 100% (5)
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where Ny is the number of evolved hydrogen atoms and N
(Photons) denotes the number of incident photons.

5.5. Semi-conductivity

Semiconductor type (i.e., n-type and p-type), charge carrier
density, and charge carrier transport, separation, and recombi-
nation rate of B-TiO, are important for designing and modify-
ing materials towards applications. Surface defects and
disorders of B-TiO, show pronounced effect on physicochem-
ical properties, i.e., in facilitating the electrical conductivity and
charge transport, efficiently suppressing the recombination of
photoinduced charge carriers. Mott-Schottky (M-S), photo-
luminescence (PL), time-resolved photoluminescence (TRPL),
EIS, etc. have been employed to identify such information
directly or indirectly.

M-S measurement has often been used to identify the type
of semiconductor conductivity and the junctions such as n-p-n
junctions and to give information on the charge carrier den-
sities. With respect to the semiconductive type: a straight line
with a positive slope from M-S plot indicates a n-type char-
acteristic and a negative slope reflects a p-type feature. The
different absolute values of both slopes indicate a spectacular
disparity in donor densities.**® The carrier densities can be
calculated in accordance with the eqn (6). For instance, the
calculated charge carrier densities of both pristine TiO, and B-
TiO, according to eqn (6) are 1.24 x 10'° and 5.55 x 10*' cm 3,
respectively.'®® It can be proven that the blackening treatment
increases around 2 magnitude orders of the charge carrier
densities of TiO, which benefits the electrochemical devices.

Nq = (2/eqe0) [d(1/C%)/dV] (6)

where e, ¢, &, Ng, and d(1/C)/dV represent the electron charge,
the dielectric constant of the material, the permittivity of
vacuum, the donor density, and the straight slope, respectively.

The recombination rate of the free charge carriers, viz,
evaluating the separation and utilization efficiency of the
photo-stimulated e /h" is one of the key parameters in deter-
mining their applications."®" Typically, the e /h" pair recombi-
nation rate of B-TiO, is lower than that of pristine TiO, that will
result in a low peak intensity of the B-TiO, in a PL spectrum."®”
To measure the accurate lifetime of the photoexcited e /h*
pairs, TRPL is needed. For instance, the lifetime of e~ in a B-
TiO, recorded by TRPL is 2.56 ns, which is longer than that in
the pristine TiO,, 1.12 ns.®®

The electrical conductivity of a semiconductor relates to the
mobility of the charger carriers, which is influenced by the
parameters of the blackening process and does also impact
the performance of electrical devices and photoelectric cells,
ie., supercapacitors,'®323>30173% A golid-state conductivity
measurement is carried out to measure the resistivities of both
pristine TiO, and B-TiO,, 1170.47 and 15.53 kQ, respectively,
confirming a better electrical conductivity of B-TiO,.”" This
higher electrical conductivity of B-TiO, over pristine one
attracts rising attention in the fields of electrochemistry and
photo-electrochemistry.
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The charge transfer resistance among interfaces such as the
interface between the electrolyte and the electrode often
reflects the charge carrier information of B-TiO,, which is
presented in Nyquist plots from EIS tests. In the Nyquist plot,
a smaller arc represents a lower resistance at the interface,
namely, a higher efficiency of the charge transfer.'%”%

Herein, B-TiO, enables a higher charge carrier density, faster
separation and utilization efficiency, longer electron lifetime,
higher electrical conductivity, and lower interface charge trans-
fer resistance over the pristine one."?

5.6. Other characteristics

In addition to the abovementioned properties of B-TiO,, other
information such as chemical structure, phase and polymorph,
crystallinity, and molecular interactions with adsorbates can be
checked by Raman spectroscopy; the oxidation state and coor-
dination environment of Ti can be determined using XANES
technique; the absorption, emission, and photoconductivity of
solid, liquid, and gas can be obtained from the Fourier trans-
form infrared spectroscopy. Theoretical understanding are also
expected such as the machine learning on PDF analysis for the
oxide defect identification through feature extraction and
supervised learning.””®

6. Potential applications

Despite the significant annual market volume of 6 million
tonnes for titanium dioxide (TiO,), commercialization of black
titanium oxide (B-TiO,) has yet to be realized, with ongoing
exploration of its potential market applications. The distinctive
properties inherent to B-TiO, underline its recent potential
applications in solar energy capture, conversion, and storage
devices, presenting promising avenues for utilization in elec-
trical energy storage devices. In this section, the promising
applications of B-TiO, on 9 topics towards sustainable future in
both energy and environment will be presented: water splitting,
carbon dioxide reduction reaction, ammonia synthesis and
decomposition, pollutant degradation, solar thermal energy,
supercapacitor, ion battery, fuel cell and others (Scheme 1).

6.1. Water splitting

Water (H,0) needs a Gibbs energy of 237 k] mol " (1.23 V) to be
split into H, and O,, and a Gibbs energy of 354 k] mol " (1.77 V)
to be split into H, and H,0,, as shown in Fig. 18(b).*® The
energy can be derived from renewables such as solar energy in
Fig. 18(a), to assist water splitting (WS) to form renewable H, to
address the energy crisis.*°® The first report on WS to H, and O,
appeared in 1972 and was tested in a PEC WS cell with a TiO,
anode (active area, 1.0 cm*) and a platinum black cathode in an
acid solution (pH = 4.7) under light illumination.**” To the first
report on B-TiO, as the photocatalyst for WS dated back to
2011.> Over more than 10 years of development, B-TiO, and its
composites have been studied for WS as photocatalysts, photo-
electrocatalysts, and electrocatalysts to produce small molecu-
lar chemicals of H,, O,, and H,0,.>**%7%3%8322 The progress

10682 | Chem. Soc. Rev., 2024, 53,10660-10708

View Article Online

Review Article

PC and PEC
frcsh}lzﬂ splitting
I

PC and PEC
sea H,O splitting*==2}

EC fresh H,O splitting
1

/
/ 4EC sea H,O splitting
g

PC and PEC
CO, reduction EC
2 CO, reduction
PC and PEC ™M 3 EC .
NH; synthesis NH; synthesis
and = — + and
NH; decomposition g NH, decomposition
F 4
PC and PEC 55 Supercapacitance
pollutant degradation ¢
‘e
‘5 Ton battery
.
Solar thermal energy ol 6

Fuel cell

Scheme 1 Potential applications of black titanium oxide under light
illumination and bias. PC: Photocatalytic, PEC: Photoelectrocatalytic, EC:
Electrocatalytic.

and representative reports on these cells will be addressed in
the following.

Water is required among all WS cells, an aspect that has
been seldom considered until recently. The concerns arise from
the low conductivity of H,O and the limited amount of fresh H,O.

(i) The conductivity of water:

Pure H,O at the standard STP conditions has very limited
ionic conductivity, where the conductivity of ultra-pure water
is 5.5 x 107® S per m (Simens per meter), drinking water is
0.005-0.05 S per m, and sea water is 5 S per m where equili-
brium ionic concentration is extremely low.>*®* On the other
hand, superheated water in sub or supercritical conditions
could dramatically increase in ionic concentrations. As a result,
WS at high temperature could be useful for exploitation in
future since conductivity is important for the performance of
both electrolysis and photo-electrolysis WS. The most common
way to increase conductivity, is to use inorganic salts (acidic,
neutral, and alkaline) such as NaOH/KOH, which are often
added into H,O to improve the ionic conductivity of electrolytes
and split of H,O into H,/O, by electrochemical or photochemi-
cal means see Fig. 16(a).>*" Meanwhile, a question is raised on
the both beneficial or undesirable effects (i.e. surface fouling,
cost and scaleup issues) of the pH (the concentration of H'/
OH") of the electrolyte on the WS performance. For example,
Fig. 16(b) and (c) show the concentration of KOH (1 M, 0.2 M,
0.1 M, and 0.05 M) on both the required electricity to split H,O
and the linear sweep voltammetry (LSV) performance.’**

(ii) The use of seawater instead of freshwater:

Recently, seawater splitting (SWS) has gained increasing
attention due to limited availability of fresh water (<1% of
earth’s water), while sea-H,0 makes up a large proportion
(around 96.5% of earth’s water).*>**>>32¢ While direct electro-
lysis of seawater has witnessed significant advancements, sub-
stantial challenges persist.>*%?>773>¢

Seawater contains a high percentage of aggressive chloride
(CI") ions, which requires the use of robust and efficient

This journal is © The Royal Society of Chemistry 2024
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and 0.05 M KOH before and after 10 000 s time stability tests. Reprinted with permission from ref. 324. © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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to Springer Nature Limited. (e) Schematic diagram of saltwater distillation. Reprinted with permission from ref. 331. Copyright © 2023, The Author(s),
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catalysts that can withstand Cl~ corrosion, especially for the
anode. The relationship between the pH, CI™ and the voltage
are shown in Fig. 17(b): In acid electrolyte, pH < 7, CI~ would
be reduced to Cl,, in base solution pH > 7, CI” would be
oxidized to hypochlorite (HOCI or C10™).**° In addition to CI~,
other main soluble ions in seawater include sulfate (SO,>7),
sodium (Na*), magnesium (Mg>*), calcium (Ca>*), bicarbonate

This journal is © The Royal Society of Chemistry 2024

(HCO;7), and potassium (K'). The corresponding concentra-
tions are listed in the table in Fig. 17(a).*** These ions might
influence the activity and the stability of SWS (Fig. 17d).
To solve it, in-directly SWS cells using membrane (Fig. 17(c))
or using distillation method (Fig. 17(e)) to pre-treat seawater
would be solutions.**' Despite that additional cost and energy
requirement will be unavoidable, the in-direct SWS combing
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seawater purification technologies is still preferred regarding
the activity and stability of WS.>*? e.g., in Fig. 17(d), both the
activity and stability of the WS cell integrated with a seawater
purification process are much better than that of the direct
SWS.**

6.1.1. Photocatalytic water splitting. In 2011, the inaugural
study employed B-TiO, as a photocatalyst, modified with
0.6 wt% Pt for water splitting (WS), and subsequently tested
in an electrolyte comprising a mixture of H,O and CH;0H
(in a 1:1 ratio). The experimentation was conducted under a
1-Sunlight simulator within a Pyrex glass setup, yielding an H,
production rate of 10 mmol h™" g~'. The methanol in the
electrolyte serves as the sacrificial reagent to react with the
photogenerated h*.>'*>%% In parallel, PCWS has also been
investigated using pure H,O. For example, in Fig. 18(d),
N-TiO,/MgO (111) loading by Au yielded an H, production rate
of 20 mmol g~' h™'.>°° At present, the state-of-the-art work
in PCWS uses Fe;0,@Si0,/B-TiO, with a loading of 1.0 wt%
as photocatalyst, which is carried out under a 1-Sunlight
simulator (AM 1.5 G, 100 W cm ) and an external magnetic
field of 180 mT at 270 °C, yielding an H, production rate of
21.2 + 0.52 mmol g ' h™', which corresponds to an STH of
11.9 + 0.5%.%

Considering the limited freshwater availability (< 1% earth’s
water), PC SWS seems more in line with future goal of green H,
production.®*® In the limited scope of PC SWS systems reported
so far, the reliance on sacrificial reagents is imperative, giving
rise to sustainability concerns and resulting in the generation

10684 | Chem. Soc. Rev, 2024, 53, 10660-10708

of carbon-containing by-products. Additionally, the presence of
ionic species such as CI~ and Mg>" in seawater complicates
the reaction mechanism, with early attempts revealing adverse
effects on photocatalytic performance. Conversely, recent
reports highlight that the presence of ClI™ ions can enhance
reaction kinetics, thereby improving photocatalytic activity.>*”
Evidently, conflicting perspectives on the impact of seawater
prevail over this topic, necessitating a clear unraveling of the
role of these ionic species and their interactions with catalyst
particles. In 2024, Li et al. reported on a solar-driven PC SWS
system for H, evolution.”®” The study highlights that photo-
catalytic performance can be significantly enhanced in natural
seawater due to electrolyte-assisted charge polarization over an
N-doped TiO, photocatalyst. Comprehensive and systematic
characterizations, alongside computational studies, indicate
that ionic species in seawater can selectively adsorb on photo-
polarized facets of opposite charge, which can prolong the
charge-carrier lifetime by a factor of five particularly at elevated
temperature, leading to an overall energy conversion efficiency
of 15.9% at 270 °C.

H,0, is an important chemical in e.g., medical, and envir-
onmental applications, which can be produced by both H,O
reduction and oxidation. Recently, PCWS to H,0, and H, rather
than O, and H,, has become increasingly attractive due to (i)
the value of H,0, is higher than O,, (ii) the formation of H,0, is
a 2-e- pathway that can moderate the sluggish of the 4-e~
pathway for O, evolution reaction, enabling a high performance
of H, evolution (Fig. 18(c)).?***® An N, S-co-doped graphene

This journal is © The Royal Society of Chemistry 2024
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@B-TiO, catalyst is used to produce H,O, with a rate of
873 umol L' h™*.**° However, the report of B-TiO, in PC
H,O0, production is still scarce due to the instability of H,O,
under light irradiation, and the low WS reaction selectivity
between O, and H,0,.>**3%°

6.1.2. (Photo)electrochemical water splitting

Photoanode and anode. B-TiO, stands as the pioneering and
predominantly embraced catalyst for photoanodes in water-
splitting (WS) cells. The first report using B-TiO, as a photo-
anode for water oxidation reaction (WOR) to O, in a PECWS cell
was appeared in 2011.>*' In that work, the photoanode was
made of the B-TiO, nanowire/FTO glass without loading noble
metal with an active area of 0.20-0.25 cm?, which was tested in
1 M NaOH (pH = 13.6) under the 1-Sunlight simulator, AM
1.5 G, 100 mW cm 2. The photocurrent density at 0.4 Vgyyug
(Volt versus the reversible hydrogen electrode) is 1.97 mA cm >
corresponding to an SHT of 1.63%, and the photocurrent
density at 1.23 Vgyg is 2.8 mA cm™2. Currently, the state-of-
the-art photoanode composed of B-TiO, for WS is B-BiVO,/
B-TiO, with an active area of 1.5 cm?. The photocurrent density
is 6.12 mA cm > at 1.23 Vgxyp measured in an electrolyte
of 0.5 M potassium phosphate buffered to pH = 7 under
1-Sunlight simulator, AM 1.5 G, 100 mW cm “>"> It is note-
worthy that the reporting of the active areas for both photo-
anodes and photocathodes is crucial, as these two dimensions
significantly impact the overall performance.

Very recently, B-TiO,. has been used to stabilize the Ru sites
through structural-confinement and charge-redistribution for
WOR, which extends the catalyst lifetime in a 0.5M H,SO,
solution (pH = 0.3) by 10 orders of magnitude longer than that
of commercial (com.) RuO,/TiO, and better than com. IrO,/
TiO, (Fig. 192).%°° As shown in Fig. 19(b), Ru/TiO, retains stable
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for a 900-h test at @10 mA cm™ > with an overpotential of
174 mV, which is better than reported values shown in Fig. 19(c)
in both activity and stability. Meanwhile, the safeguard func-
tion from TiO, is further confirmed from comparing the Ru
retention rate (%) among Ru/TiO,, RuO,/TiO,, and RuO,/TiO,,
97.3%, 42.2%, and 20.7%, respectively.>®® The theoretical cal-
culations are further used to confirm that TiO, stabilizes the Ru
active center from the introduction of Q.

Photocathode and cathode. There is a limited number of
publications utilizing B-TiO, as a (photo)cathode in water-
splitting (WS) cells. This scarcity can be attributed to the
inherent instability of metal oxides in the coexisting environ-
ment of cathodic potential, initial atomic hydrogen (H*), and
gaseous H,.'°®**> However, very recently, B-TiO, (photo)-
cathode has shown remarkable progress in both the activity
and the stability in WS cells for the H, evolution reaction. Hou
et al. proposed a multi-step reduction method to form B-TiO,,
named R-TNT, which is then directly used as (photo)cathode in
a WS cell to produce H, with a geometric area of 1 cm®.>*> The
overall current of R-TNT is —221 mA at —1.0 Viyg, which is
17 000-times higher than that of pristine TiO, (TNT). The long-
term stability is carried out at chronopotentiometry (CP) mode
of —100, —50, and —10 mA, sequentially, with a decay of 1.3%,
5.2%, and 18.4%.

In terms of the production of H,0, in PEC/EC cells, both
theoretical and experimental investigations have been carried
out intensively, also included in recent thorough reviews.?*>3
In an electrochemical cell, both WOR and water reduction
reaction (WRR) can be carried out to form H,0,, as shown in
Fig. 18(e).****3*3** B-TiO, can work as both the anode catalyst
for the WOR to H,0, and as the cathode catalyst for the WRR to
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(a) Chronoamperometric (CP) curves (No iR compensated) of samples of Ru/TiO,, annealed RuO,/TiO,, com. RuO,/TiO, and com. IrO,/TiO, for

OER at 100 mA cm™2 for 50 h, respectively. (b) CP curve of Ru/TiO, for OER at 10 mA cm™2 for 900 h. (c) The overpotentials and durations of stability
of Ru/TiO, and state-of-the-art electrocatalysts in for oxygen evolution reaction in acidic media. (d) Inductively coupled plasma-mass spectrometry
(ICP-MS) analysis for dissolved Ru ions in electrolyte and Ru mass percentage retained in Ru/TiO,, annealed RuO,/TiO, and com. RuO,/TiO, catalyst after
the CP test. Reprinted with permission from ref. 269. Copyright © 2023, The Author(s).
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H,0,, which enables high faradaic efficiency of over 100%.'°*3*>34¢
For instance, a catalyst of (1T-2H)-MoSe,/B-TiO,, is constructed for
WOR to produce H,0, with a rate of 57 uM h™*. A composite of B-
TiO,/TiC needs an overpotential of ca.10 mV to form H,0, with an
H,0, production rate of 7.19 mol g * h™" at 0.3 Vg and an H,0,
selectivity of 94.1% at 0.5 Vgyg.>*” In future, bifunctional B-TiO,
catalysts are foreseen to be designed to function WOR and WRR
simultaneously for H,O, for a high faradaic efficiency and a high
yield. In 2022, one PEC SWS is demonstrated using Au-Gd-
Co,B@TIiO, electrocatalyst, which requires an overpotential of 510
mV to reach 1000 mA cm ™ in alkaline seawater. The high activity of
Au-Gd-Co,B@TiO, is assigned to the high concentration of O, at
the interface of Co-Au surface. To date, research reports on B-TiO,
for seawater splitting are still limited.**®

6.2. Carbon dioxide reduction

The emission of excessive carbon dioxide (CO,) into the atmo-
sphere leads to subtle climate change, manifesting in phenom-
ena including the global warming. Currently, the amount of
CO, released in atmosphere is still increasing: The global
energy-related CO, emissions was 36.8 Gt that grew by 0.9%
in 2022, and September 2023 is the warmest September since
1880 so far, which shows a global average surface temperature
1.72 °C above that during the years of 1880-1920.**° Confront-
ing this challenge, extensive research efforts have been devoted
to the investigation and development of CO, capture and
conversion techniques for its direct or indirect utilization
(Fig. 20(a)).>*® Various approaches, including thermochemical,
electrochemical, bio-electrochemical, and photocatalytic CO,
reduction reaction (CO, RR), have been explored to transform
CO, into value-added carbon products such as CO,'?¢331352
CH4’65,351,3537355 CHgoH,353,356736O HCOOH’359,36‘1 CZHSOH’36O,361
CH;CHO,*** CH;COOH,** etc. A flowchart in Fig. 20(b) shows
the combination of photocatalytic CO, RR and carbonylation
reaction to produce fine chemicals or drugs.*® These different
carbon-based chemicals from CO, RR require different energy
inputs corresponding to their thermodynamics (Fig. 20(c)),
i.e., which can be provided from batteries or solar cells generated
from renewables.>**3%>

The utilization of B-TiO, in CO, RR has witnessed a sig-
nificant surge, particularly in photocatalytic (PC) and photo-
electrolytic (PEC) processes, which is attributable to its advan-
tageous properties in efficiently capturing solar energy
and fine-tuning energy bands.**?***"° An latest review on
B-TiO, based materials for photocatalytic CO, RR was pre-
sented in 2022.%*

The photocatalytic CO, RR mechanism displayed in
Fig. 20(c) shows the absorption of photons, and the generation
of charge carries.>®* Similar with PCWS, the migrating e~ can
reduce the adsorbed CO, into valuable carbon products, and
along with the required potential energies for these redox (E, vs.
NHE at pH = 7), while h* will oxidize H,O to O,. The PEC CO,
RR cell (Fig. 20(e)) produces carbon fuels and O, in photo-
cathode and photoanode via CO, RR and HOR, respectively.’®®
When compared with PC CO, RR, PEC CO, RR has more
choices in semiconductors in tuning their band position of
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B-TiO,, which can better meet the requirement of suitable band
states and redox potential for CO, RR with the assistance of
an external bias. When compared to EC CO, RR (Fig. 20(d)),
PEC can decrease the overpotentials toward CO, RR under light
irradiation and can provide better control over product
selectivity.’®® For example, a PEC H-cell is integrated with a
TiO, anode for WOR to O, and a Pt-reduced graphene oxide
cathode for CO, RR into HCOOH, which uses both solar energy
and renewable electricity as the driving force. The photovoltage
provided by the anode can compensate and confer cathodic
potential for CO, RR by maintaining the reactions taking place
on both electrodes’ surfaces.*®" It is worth noting that in both
PC and PEC CO, RR in using B-TiO,, the conduction band (CB)
position must be situated below the reduction potential of CO,/
carbon products. This arrangement is essential for the activa-
tion of CO, and cleavage of C=O0 bonds. Simultaneously, the
valence band (VB) position of B-TiO, should be above the
oxidation potential of H,O (refer to Fig. 20(c)). In other words,
the B-TiO, and its composites should possess a suitable band
structure for both PC and PEC CO, RR.*"°

The complex CO, photoreduction procedures make a sub-
stantial difference to their experimental activity and selectivity.
In terms of the experimental activity, it is important to design
effective B-TiO, based materials combining modification stra-
tegies such as doping and defect engineering to simultaneously
boost CO, RR without any sacrificial reagents. Besides, energy
inputs (i.e., external potential) should be tuned to realize CO,
RR at reasonable rates. Aside from B-TiO,, the CO, RR perfor-
mance is also largely influenced by the concentration of reac-
tants, the adsorption of intermediates, reaction pathways, the
electrolyte proton availability, etc. For example, neutral and
alkaline pH solutions are preferred to improve the kinetics of
CO, RR and to avoid the HER because of the prevalence of H"
ions in acidic conditions. Catalysts with high overpotential for
HER and a contrarily lower overpotential for CO, RR are
desirable. Moreover, there is a wide range of carbon products
from CO, RR, commonly low molecular weight hydrocarbons
with 1-4 carbon atoms C;-C,. Meeting market demand, as
outlined in Table 3, and concurrently reducing the cost of
separating carbon chemicals underscores the importance of
achieving high selectivity in CO, RR towards specific target
products.?”*

For CO, RR, both the reactant molecule adsorption and the
chemical bonds activation are very critical.’’*>”* As men-
tioned, B-TiO, has many surface defects such as Ti** species,
O,, etc., which can potentially serve as both adsorption and
activation sites for the CO, molecule leading to potential
reduction reactions. For instance, Funk et al. reported that
CO, adsorption decreases with increasing defect density of O,
and increases with increasing O, re-exposure, and also pointed
that the defects are the active sites for breaking bonds of
reactants of adsorbed O, and H,0.>”®> Meanwhile, the adsorp-
tion geometry of CO, and O, can critically affect the CO, RR
pathway to diverse products. The CO, adsorbed on O, sterically
inhibits the attack of the proton to the carbon. Therefore, the
most feasible reaction pathway for the CO, undergoing this

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic of direct and indirect utilization of CO. Reprinted with permission from ref. 350. This article is licensed under a Creative Commons

Attribution 3.0 License. (b) Schematic illustration of photocatalytic CO, RR and carbonylation reaction for the utilization of that reduction carbon product.
Reprinted with permission from ref. 363. Copyright © 2022, The Author(s). (c) Schematic illustration of required potential energy for photocatalytic CO,
RR for solar fuels and H,O oxidation reaction. Reprinted with permission from ref. 364. Copyright © 2022, The Author(s) under exclusive license to Tianjin
University and Springer-Verlag GmbH Germany, part of Springer Nature. (d) and (e) Schematic illustration of the working principles of the electrolysis CO,
conversion cell and the photo-electrolysis CO, conversion cell. Reprinted with permission from ref. 366. © 2022 The Authors. Advanced Science

published by Wiley-VCH GmbH.

adsorption mode is the deoxygenation into CO. While, the
hydride-like Ti-H-Ti enables TiO, to act as a hydride reagent
during the photocatalytic CO, RR to preferentially generate
formic acid.*”*

The reaction pathway is contingent upon the catalysts and
prevailing reaction conditions, giving rise to notably diverse
product distributions. Understanding the generation of these
different types of carbonaceous compounds is important for
designing catalysts with a high selectivity such as toward the

This journal is © The Royal Society of Chemistry 2024

propane rather than ethane.’””*”7 One example of such a

reaction pathway for CO, RR is shown in Fig. 21 CO, RR
involving e~ and H', and thus the rate-determining steps of
these products are governed by the e~ or H' transfer in 9
different ways. CO and HCOOH are produced by the transfer
of 2~ and H', CH;0H and CH, formations require 6 and 8e~
and H', and the production of CH;CH,OH needs 12e~ and H'
for the reaction with CO,* intermediate. Besides, the reaction
mechanism of multistep intermediates to final products plays a
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Table 3 Industrial values and market prices of several carbon fuel products. Reprinted with permission from ref. 371. © 2022 The Authors. Published by
Elsevier Inc
Products Industrial values Market prices ($$ per kg)
C; Carbon monoxide Fischer-Tropsch synthesis 0.06
Methane Combustion fuel, dry reforming to syngas 0.18
Methanol Gasoline additive, direct methanol fuel cell 0.58
Formic acid Direct formic-acid fuel cell 0.74
Cyr Ethylene Polyethylene and ethylene glycol production 1.3
Ethane Ethylene production 0.26
Propane Domestic combustion fuel 0.9
Ethanol Chemical solvent and fuel, medical use 1.0
Ethylene glycol Poly(ethylene terephthalate) production 0.75
Diesel Aviation fuel 1.42
Gasoline Fuel for internal combustion engines 1.32
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Fig. 21 Possible CO, reduction reaction (CO, RR) pathways for the hydrocarbons. Reprinted with permission from ref. 366. © 2022 The Authors.

Advanced Science published by Wiley-VCH GmbH.

key role in breaking through the kinetics bottleneck. It is
generally believed that the pathway and selectivity of the final
products are relative to the interaction of surface adsorbates,
the replenishment of e~ and H', and the step of hydrogenation
and deoxygenation, while product selectivity would decrease
dramatically when generating the molecules that require more
e .>% For example, the formation of CH, (—0.24 V) is thermo-
dynamically more feasible than that of CO (—0.53 V), which
means that if sufficient e~ and H" are provided, the formation
of CH, will be preferred. On the other hand, surface structure,
morphology, composition, CB location, etc. of B-TiO, catalysts
and applied external voltage can affect both the overall selec-
tivity and the activity of the CO, RR.****7873% Another case is
the CO, RR into CO and CH,, where the MoS,/TiO, composi-
tion give production rates of 1.6 pmol g * h™' for CH, and
3.3 umol g ' h™" for CO; whereas under the same conditions, the
pristine TiO, give 6.7 umol ¢ * h™* for CH, and 0.9 umol g ' h™*
for CO.”*° The effect of the atmosphere (air and inert condition)
and the temperature (300 °C, 450 °C and 600 °C) during the post-
annealing of TiO, on the performance of photocatalytic CO, RR to

10688 | Chem. Soc. Rev., 2024, 53, 10660-10708

CO is investigated, giving production rates of 59.54 (air, 450 °C),
172.61 (reductive condition, 300 °C), 179.97 (reductive condition,
450 °C) and 185.39 pmol g~ h™" (reductive condition, 600 °C).'*°

Recently, TiO, as a kind of reducible oxide has regained
attention from the CO, hydrogenation pathway. In 2023, Monai
et al. presented a study elucidating the reconstruction of Ni/
TiO, catalysts. This involved complete removal of TiO, under
CO/CO, hydrogenation conditions at 400 °C (refer to Fig. 22(a)).
Interestingly, the process led to the establishment of interfacial
sites featuring Ni-TiO,, identified as strong metal-support
interaction (SMSI), during the reaction at 600 °C (refer to
Fig. 22(c)). This SMSI phenomenon was found to enhance
C-C coupling by providing a reservoir for C-species, thereby
augmenting C-C coupling activity. The catalytic CO/CO, hydro-
genation performances over 400 °C/600 °C-Ni/TiO, catalysts
were tested at 200-400 °C under 5 bar and shown in Fig. 22(a)
and (b). 400-Ni/TiO, sample gives a higher overall catalytic
activity, C1 in Fig. 22(c), C,-C, in Fig. 22(d), and total yield in
Fig. 22(f), but lower C; (Fig. 22c) and obviously lower C,-C,
(Fig. 22d) stability over 600-Ni/TiO,. Meanwhile, the selectivity

This journal is © The Royal Society of Chemistry 2024
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Fig. 22 Model for TiO, overlayer formation after 400 and 600 °C reduction and restructuring under reaction conditions (a) 400 °C reduction, (b) the
hydrogenation reaction mechanism on 400-Ni/TiO,, (c) 600 °C reduction, and (d) the hydrogenation reaction mechanism on 600-Ni/TiO.. (e) Catalytic
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hydrocarbons (C;—Cy4) in the CO/CO, hydrogenation reaction over 400-Ni/TiO, and 600-Ni/TiO,. Reprinted with permission from ref. 83. Copyright ©

2023, The American Association for the Advancement of Science.

of C,, is 14-20% higher under the CO/CO, hydrogenation
experiments at 200, 250, and 300°C for 600-Ni/TiO, catalyst
because of the formed interface between Ni and TiO,.*

6.3. Ammonia synthesis and decomposition

The atmospheric dinitrogen (N,) can be fixed into ammonia
(NH,), nitric oxide, and nitrogen dioxide.*®'**> Among them,
NHj3;, as the second most produced chemical in human society,
is an important raw material to produce fertilizers, plastics,
explosives, nitric acids, and intermediates for dyes and phar-
maceuticals. In addition, NH; is anticipated to be the most
promising future energy carrier since it contains no carbon in
its molecule with high hydrogen content. To synthesize NHj,
conventional Haber-Bosch (H-B) process has been employed
under an elevated temperature of around 400 °C and an
elevated pressure of around 150 bar, which gives an annual
global production of more than 170 Mt (235 Mt in 2021), along

This journal is © The Royal Society of Chemistry 2024

with the consumption of about 1.0% of total world energy
production and the 1.4% of global CO, emission. To moderate
the energy and environmental issues in the H-B process, new
routes have been intensively studied to synthesize green NH;
such as (photo)electrosynthesis of NH;.>%°3%°

NH; has been considered as a H, carrier for the transporta-
tion and storage of H, at high quantity, which is instead of
employing a direct transport and storage of compressed H, gas
or liquid-H, with inferior hydrogen carrying capacity. There are
several advantages to use NH3; as a medium (i) the annual
global production of NH; is large, (ii) liquefication of NHj;
requires only a pressure of 8.6 bar at 20 °C, much lower than
700 bar at 25 °C for H,, (iii) NH; has a high hydrogen capacity,
121 kg H, m ™ at 10 bar, and a gravimetric hydrogen density of
17.8 wt%, etc.

In this part, we will present the recent progresses in both
NH; synthesis and NH; decomposition using B-TiO, as the
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catalyst, with a focus of cycling NH; for energy transport using needs extremely high kinetic barrier to overcome (Fig. 24a).
renewable energy sources such as solar power. For example, Fig. 24(a) shows a potential of —3.2 V vs. NHE

6.3.1. Ammonia synthesis. Although the N, reduction at pH = 0 to activate N, with H".>**' Accordingly, active sites
reaction (NRR) to NH; is more favorable than H, evolution are required to reduce the activation barrier and renewables
reaction from thermodynamic considerations, N, dissociation such as solar energy are needed to establish the required
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conditions for the N, activation ie. using extreme temperature/
pressure.

Even though new pathways in synthesis of NH; has been
intensively studied to lower the energy consumption and
reduce CO, emission, currently, about 90% of NH; production
still relies on the H-B process. The NH; synthesis via H-B
process is understood to follow the dissociative mechanism
shown in Fig. 23(a). The first step of the H-B process is the
breakage of the N=N bond that is also the rate-limiting step of
N, dissociation on the metal sites, followed by subsequent
hydrogenation of atomic N to form NH; before desorbing form
the surface.>*>*%* In contrast, new approaches for the synthesis
of NH; are inspired by the biological enzymes that conduct N,
fixation under mild conditions, which is adopted the associa-
tive pathway where the cleavage of N, is not rate-limiting step.
Both experimental studies and DFT calculations show that the
fixation of N, to produce NH; can proceed via the associative
mechanism with the addition of protons proceeds by the distal
pathway and the alternating pathway, in Fig. 23(b), and the
details has been well discussed by Ye and Tsang in 2023.%%?

Both Ti*" and O, can serve as active sites (i.e., nitrogen-
adsorption sites) to increase the donation of electrons to the
anti-bonding n* orbitals of N,, and then to effectively weaken
and promote the cleavage of the N=N bonds.***?** For
instance, Li et al. reported that the O, favoring the chemi-
sorption and activation of N, and the formation of Ti**. Mean-
while, Cao et al. revealed that adjacent bi-Ti*" sites on anatase

View Article Online

Chem Soc Rev

TiO, (101) can chemisorb and active N, molecules, but both
bi-Ti** sites on rutile TiO, (110) and single and isolated Ti*" on
anatase TiO, (101) cannot.>®* In terms of the reaction mecha-
nism of B-TiO, for NH; formation, in general, it follows the
distal pathway, where hydrogenation takes place on the
adsorbed N atoms without previous cleavage of N=N but to
form *NH, intermediates directly (Fig. 23c).*>**°* As a result,
the NH; synthesis can be operated under mild conditions.

In addition, the B-TiO, discussed in this review exhibits
promise in both solar energy capture and the regulation of
Ti*" and O, concentrations through various strategies (see
Fig. 24(b)).>** This versatility is advantageous for the photo-
reduction of N,, even under ambient conditions, with the
added benefit of no CO, emission.%7:11%:133,181,396-401 pop exam-
ple, a bamboo-like B-TiO, film offers large surface area and O,.
Even without loading of noble-metal co-catalysts, the film
can be used for fixing N, into NH; under ambient conditions
driven by Vis-NIR light, yielding an NH; generation rate of
483 mg m > h™', viz, 178 pmol g~* h™"." As shown in
Fig. 24(c), the apparent QE (%) values of B-TiO, are measured
at monochromatic wavelengths of 365, 405, 450, 532, 650, and
780 nm, delivering values at 0.39%, 0.12%, 0.11%, 0.15%, 0.24%,
and 0.07%, respectively. At the same time, the QE% curve indicates
that the synthesis of NH; can be triggered at visible wavelengths
longer than the absorption edge of pristine TiO, at ca. 400 nm.""’
The concept of lattice strain and geometry-modified nanoreactors,
B-TiO, nanotubes, is interestingly demonstrated in the synthesis of
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(a) Schematic illustration of required potential energy for photocatalytic nitrogen reduction reactions and a water oxidation reaction. Reprinted

with permission from ref. 391. Copyright © 2021 Elsevier Inc. (b) The formation of O, and Ti** sites on the Zr-doping TiO, for NHsz synthesis. Reprinted
with permission from ref. 394. Copyright © 2019, The Author(s). (c) The apparent QE% of NHz evolution using B-TiO, under the monochromatic lamp
irradiation at different wavelengths. Reprinted with permission from ref. 107. Copyright © 2020 Elsevier B.V. All rights reserved. (d) Diagram of N, and H,
activation and H transfer for NH3 generation over TiO,_,H,/Fe catalyst. Reprinted with permission from ref. 280. Copyright © 2020, American Chemical
Society. (e) Local temperature difference of illuminated TiO,.,H,/Fe steady-state non-equilibrium temperature distribution at 726 nm and the proposed
dual-temperature-zone NHsz synthesis of TiO,_H,/Fe. Reprinted with permission from ref. 402. Copyright © 2019 Elsevier Inc.
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NH;, which reports a generation rate of 5.50 pg h™" ecm™
(16.67 ug h™" mg ") and a FE(%) of 26% under ambient
aqueous conditions.’™ In efforts to enhance the yield rate of
NH;, reported strategies include the utilization of Ru single
atoms to modify B-TiO,, resulting in a notable rate of 22.2 mol
g~ " h™ " in the reduction of NO;~ to NH;."”® Intriguingly, a dual
temperature zone catalyst of TiO,.,H,/Fe (Scheme in Fig. 24(d)),
was designed to effectively synthesis of NH;, where Fe as the hot
zone to activate N, and TiO,_,H,, as the cooling zone to hydro-
genate N to NH; relying on its 0,.>%° Under solar illumination,
the apparent temperature of TiO,_,H,/Fe reaches 495 °C
but with local temperature difference up to 137 °C between
the Fe and TiO,_,H, owing to the plasmonic local heating
(Fig. 24(e)). The designed catalysts have surpassed the yields
achievable through thermal catalysis in the solar-driven
synthesis of NH3."*

6.3.2. Ammonia decomposition. NH; as a medium for H,
transport and storage shows its importance to the recent green
H, technologies.*** Thus, NH; decomposition to H, with
low energy cost and high H, purity has attracted increasing
investigations.’®® While several reports employ TiO, or doped
TiO, as support for transition or noble metals in catalytic
ammonia decomposition, there is currently no documented
reference of directly utilizing B- TiO, for this reaction.

6.4. Environmental pollutant treatment

The degradation of both inorganic and organic pollutants
such as organic dyes and toxic gas of carbon monoxide (CO),
holds significant importance in addressing environmental
challenges.** ™! Toxic gases purification is becoming a dis-
tinctly growing concern. This process often involves gas capture
and catalytic degradation, the B-TiO, based materials are
unfortunately not suited for gas capture. Thus, we focus on
the summary on the degradation of pollutants in liquid solu-
tions that is categorized into advanced oxidation process (AOP)
and advanced reduction process (ARP). The AOP has been
intensively studied using free radicals to degrade pollutants,
meanwhile, ARP has been used as a new approach for remov-
ing oxidative pollutants from aqueous solution for water
cleaning.*"?

B-TiO,, as an environmentally friendly material, has been an
attractive candidate for both AOP and ARP processes,>”!3409-411
and also earns bonuses from its advantages, such as high
absorption capacity in a broad wavelength range.

6.4.1. Advanced oxidation process. B-TiO, has been a pro-
mising catalyst for the degradation of both organic pollutants
such as methylene blue (MB) and rhodium boride (RhB), and
inorganic pollutants such as Cr (VI) during AOP. This replies on
surface defects functioning as traps, reducing e/h recombina-
tion and forming mid-gap/localized-donor states, which even-
tually narrows the band gap.®>'28:197:228:4127415 The reaction
kinetics, mechanisms, and performances of using B-TiO, in
AOP have been studied. For example, the Co-B-TiO, catalyst
can activate peroxymonosulfate (PMS), leading to the formation
of the radical SO,*~ as a principal oxidant for the degradation
of 4-chlorophenol (4-CP). In terms of degradation rate and
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efficiency of 4-CP among TiO,, B-TiO,, Co-TiO,, and Co-B-
TiO,, the latter gave the best performance for the degradation
of 4-CP with the highest CI~ production rate.** Hou et al.
investigated the degradation rates of MB, RhB, and Cr(vi) by
tuning the concentration of Ti*" of B-TiO, samples and found
that B-TiO, modified with 0.05 g KBH, (B-TNT-0.05) achieved
the highest PEC dye removal efficiency. In addition, it proved
that the suitable concentration of Ti** (or reduction chemicals)
is important to the overall performance."**

Beyond surface defects, the difference between PEC and PC
techniques for the degradation of pollutants, such as MB, RhB,
and Cr (VI), using the same B-TiO, catalyst has been discussed.
It confirmed that the PEC removal efficiencies are higher than
that of PC ones because of the additional power from external
voltage.""” With respect to the high performance of the PEC
process, the working principle has been addressed and can be
divided into two regimes according to the applied potential:
(i) at low bias, it worked as the electro-assisted photocatalysis;
(ii) at high bias, it worked as a combination of electro-assisted
photocatalysis and electrochemical oxidation."'” A PEC degra-
dation mechanism (Fig. 25(a)) has been proposed that Ti**
serves as the active species for tetracycline (TC) degradation,
while, the visible-light light capture can be effectively enhanced
from both the unique nanotubes, the narrowed bandgap, and
the junctions in enhancement of visible-light harvesting
ability.*'®The proposed TC degradation pathway is displayed
in Fig. 25(b), but we would like to stress the importance of *O, ™
and h* for the oxidation of TC, via continuously attacking TC
and intermediate products such as P4 and P5.**°

6.4.2. Advanced reduction process. On the basis of the ARP
process, the B-TiO, films have been employed to treat Cr(vi) in
the leather wastewater. Under visible light irradiation (100 mW
ecm™?, 300 W Xe light with 420 nm cut-filter) with unadjusted
pH, they gave a Cr(vi) reduction rate of 96.2%, which is higher
than the 56.3% of commercial P25.*'7**'® However, the data-
base of this process is still limited to provide a broad range
analysis in parallel.

6.5. Solar thermal energy

Solar thermal energy (STE) involves harnessing solar energy to
generate thermal energy, which finds applications in both
industrial and residential sectors. Examples include solar coo-
kers and solar-driven interfacial water evaporation systems.*"

Undoubtedly, a photothermal material with a dark color is
of considerable interest as an absorber/collector for STE
applications.*****® B-TiO, has attracted enormous attention
in this area due to its significantly extended absorption of solar
energy, ranging from UV to NIR.'?>147:130:421-426 pop ingtance,
illuminated by the simulated solar irradiation (AM 1.5 G, Xe
lamp) for 60 s, the temperature of the B-TiO, material increases
from RT to 37 °C, while pure TiO, increases to 28 °C."** This
has been attributed to the significant enhancement of Vis and
NIR photo-absorption of B-TiO, originated from the unique
oxygen-deficient shells. To further modify B-TiO,, a hierarchical
tandem heterojunctions visible-light photocatalyst, B-TiO,/
MoS,/Cu,S, was designed and prepared. In this hierarchical

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00420e

Open Access Article. Published on 13 September 2024. Downloaded on 4/28/2026 4:38:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

a TC
‘* s
707 CO+H,0 -1 i
0,/+0,(-0.28eV) 0 §
1’4
>
1 em
3
Tetracycline E
OH/*OH(2.27eV) 2 g
"% Small molecules o
B Small molecules %o
2 125
Ar-Fe,0, SR
Ptsheet Ar-Fe,0;/Ti**-TiO, feiseimine
OH O OH O OH O OHOHOH OH
NHZ-ZCHZ NHZ-NO
—
OH +5H OH
HO CH; N(CH3), HO CH; CH, NH, '
TC (miz=445) P1 (mIz-417) P2 (m/z=392) 8
)
pu g
OH O OH O OH O OH_ OH
-NH, OH
-—
-2CH,
OH OH
H, CH, NH,
o P5 (m/z=301) P4 (mlz=317) P3 (m/z=362)
OH O
Small ___ co, H,0,etc
molecules

O“ — O“

P6 (mlz-285) P7 (mlz"274)

Fig. 25 (a) Proposed mechanism diagrams in Ar— Fe,O3/Ti**=TiO,-NTs, and (b) Proposed TC pathway by the Ar—Fe,O3/Ti**~TiO,-NTs photoelectrode.
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structure, the mesoporous B-TiO, can serve as the host to
assemble MoS, and Cu,S. MoS, acted mainly as the co-catalyst
that can effectively transfer and separate photo-generated charge
carriers due to suitable band alignments. The introduction of
MoS, and Cu,S extended the photo-response to near infrared
region. In addition, both MoS, and Cu,S with narrow band gap
could convert solar light into heat energy. As a result, the light
absorption of the B-TiO,/MoS,/Cu,S in the wavelength of around
200-800 nm is stronger than both B-TiO, and B-TiO,/MoS,.**®
The temperature change of the B-TiO,, B-TiO,/MoS,, and B-TiO,/
MoS,/Cu,S was recorded with an infrared thermograph under
light irradiation (4 > 400 nm). After 5 min irradiation,
the temperature rose from 25 °C to 49.9 °C (B-TiO,), 53.3 °C
(B-TiO,/M0S,), and 58.2 °C (B-TiO,/M0S,/Cu,S), respectively.
Furthermore, the photothermal conversion of B-TiO, is often
assigned to the high probability of non-radiative relaxation occur-
ring in the Ti 3d orbitals.'” Given the low bandgap energy
of B-TiO,, the majority of photons from solar light have signifi-
cantly possessed higher energy than the bandgap threshold.
Consequently, above-bandgap electron-hole pairs are generated.

This journal is © The Royal Society of Chemistry 2024

These electron-hole pairs subsequently relax to the band edges,
releasing excess of energy in form of heat, likely facilitated
through an acoustic-phonon scattering mechanism.**” This is
in stark contrast to conventional wide-bandgap semiconductors,
where most of absorbed light energy is typically re-emitted as
photons following the recombination of electron-hole pairs near
the bandgap edge.

Solar steam interfacial evaporation represents a promising
strategy for seawater desalination and wastewater purification
owing to its environmentally friendly characteristics.'>*3
It has been reported recently that metallic A-TizOs powder, also
categorized as B-TiO,, exhibits a high solar absorptivity of
96.4%, which is attributed to Ti-Ti dimer-induced flat-bands
around the Fermi level.**® This work has emphasized the
critical role of tuning joint densities of states in enhancing
solar absorption of photothermal materials, which has been
previously overlooked in this field. Combined with the low
thermal conductivity of A-Ti;Os, this novel characteristic
ensures efficient solar-to-heat conversion and high thermal
localization. As a result, an unprecedentedly high-water
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(a) Evaporation rates of 3.5wt% saline water as a function of time for the 3D-SSE containing 6 wt% A-TizOs powders under 1sun of irradiation,

and photographs of the 3D-SSE at 20 h, 60 h and 100 h without salt precipitation. (b) Schematic diagram of 3D-SSE system. Reprinted with permission
from ref. 419. Copyright © 2023, The Author(s), under exclusive licence to Springer Nature Limited. Thermal conductivity of anatase single crystals (c)
Temperature dependence of the thermal conductivity of three anatase TiO, single crystals, respectively, from higher to lower «, test curves and fitted
curves (solid lines). Sketches of the difference between heat propagation in (d) pristine single-crystal and in (e) crystal with oxygen vacancies. The color
gradients from red to blue illustrate temperature differences across the material. Reprinted with permission from ref. 428. Copyright © 2019, The

Author(s).

evaporation rate of 6.09kg m~> h™' (Fig. 26a) was achieved
under a 1-Sun irradiation without salt precipitation in the
3D-SSE system (Fig. 26b).*"°

To some extent, thermal conductivity is related to STE.
Fig. 26(c) displays the measurement of the thermal conductivity
of TiO, crystals in the temperature range of 0-300 K using
a 4-points measurement method. It has been demonstrated
that an increase in the concentration of O, results in a dramatic
decrease in thermal conductivity, leading to high thermal
localization. The difference between heat propagation is pro-
posed and sketched in both pristine single-crystal (Fig. 26d)
and crystal containing O, (Fig. 26€).**®

6.6. Supercapacitance

Energy storage in supercapacitors is a mature technology,
which has unique features in high power density, wide operat-
ing temperature range of —40 °C to 220 °C, and long cycle in
millions, though further improvements in these aspects are
needed.'?*?86429430  Begides, investigations on assembling

10694 | Chem. Soc. Rev., 2024, 53,10660-10708

high-performance supercapacitors with low cost, high surface
area, and high electrical conductivity materials have been under
continuous investigation.

TiO, has been an obvious candidate for assembling as
supercapacitors because of its low cost and chemical stability.
However, it is a low electrical conductivity material that hinders
its application in supercapacitor. To improve its electrical
conductivity for a high-performance supercapacitor, blacken-
ing processes have been adapted to modify TiO,.**"***> For
instance, reductive chemical of NaBH, can be used to intro-
duce O, to form B-TiO,, which exhibits an improved electrical
conductivity. Furthermore, B-TiO, can be used to construct
supercapacitors with high-power density, a fast charge/dis-
charge rate, long-term life cycles, etc.>"*%"10:137,194:291,300,433-437
For example, the supercapacitor assembled with B-TiO, gives a
capacitance of 14.3 mF cm 2, which is 14 times higher than
that of the supercapacitor assembled with pristine TiO,.'*°
This low-cost material with high charge capacity value
generally serve as a reference for further improvement in
superconductors.

This journal is © The Royal Society of Chemistry 2024
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6.7. Ion battery

In addition to supercapacitors, an alternative avenue for utiliz-
ing renewable energy involves electrochemical storage of
chemical energy, subsequently converting it into electrical
energy through ion batteries,'30:144:264,438-440

B-TiO, has gained the unflagging attention from ion bat-
teries such as sodium (Na)-ion batteries, lithium (Li)-ion bat-
teries, magnesium (Mg)-ion batteries, etc. because of its low
scalability of the preparation procedure, appreciable capacity,
and long-term stability upon reversible operation,!3%144:283441-448
In ion batteries, B-TiO, has been used as both the cathode and
the anode materials. Fig. 27(a) shows B-TiO, as the cathode
material in a Li-O, (oxygen) battery, which gives a capacity of
5761 mA h g, higher than that of Li-O, batteries with other
two cathodes, ie., gray TiO, and carbon nanotube (CNT) with
3620 and 1794 mA h g, respectively. The good performance
of the Li-O, battery has been assigned to the surface defects
(Oy and Ti**) of B-TiO, enabling a high electrical conductivity that
further promotes the catalytic activity.**® The charge/discharge
rate capabilities of B-TiO, assembled Li-O, batteries have been
measured at the current densities of 100, 200, and 500 mA g~ *
corresponding to the performances of 5761/4945, 4220/4015 and
2796/2579 mA h g, respectively (Fig. 27(b)).*** The long-term
stability of these three Li-O, batteries under the same conditions
are shown in Fig. 27(c): 108-cycle-stable for B-TiO,, 40-cycle-stable
for gray TiO,, and 10-cycle-stable for CNT.**° In the aspect of
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modelling, DFT simulations confirmed the function of O, and
Ti*" of B-TiO, in promoting the reversible capacity and in retain-
ing capacity after long-term cycles of Mg-ion batteries.**” Other
important features such as operation at a low temperature of
—20 °C has been particularly reported, where the B-TiO,-ion
battery retained 84% capacity after 100-cycle charge-discharge
tests.*>°

6.8. Fuel cell

Fuel cells operate akin to batteries, where the production of
electricity is continuously sustained by chemical consump-
tion. In the case of low-carbon chemicals, such as green H,
and NHj;, their utilization in fuel cells further contributes to the
advancement of a sustainable society. For example, hydrogen
fuel cells use H, to produce electricity for cars without CO,
emissions.

B-TiO, has the major advantages of reasonable electrical
conductivity, decreased mass transfer barrier, and large
amounts of anchoring sites provided by O, and -OH groups
that arose interests to both the cathode and the anode materials
for fuel cells.**™*** For example, a proton exchange membrane
(PEM) fuel cell used B-TiO, as both anode (B-TiO,-Anode) and
cathode electrode for H,-O, reaction, which gives a maximum
power density of 403 and 52 mW cm™ >, respectively.*** For the
B-TiO,-Anode, after a 100-h stability test at the constant voltage
of 0.45 V, the corresponding current density is still stable at

a 5.0 b 5.0 -
100 mA/g B-TiO,
4.5 4.5 e
4.0 T BTO, | 40} —100 mA/g
2 GrayTio, (2 _ | 200 mA/g
o 3.5 o 3.5 L
g —PureCNT | § 500 mA/g
S 3.0 s 3.0
25 ) ﬁ 2.5f j ﬁ
2.0 2.0f
1.5 A A A i a 1'5 A A A A A
0 1000 2000 3000 4000 5000 6000 O 1000 2000 3000 4000 5000 6000
c Capacity (mAh/g) Capacity (mAh/g)
6
0.5 "
\
100 mAIg\- Is <
U] — %
£ qmEnTTT ST o
T osb” Charge\’ 1¢ %
E‘ discharge 3 ;
S 0.2} T =
g F B-TiO E
Q —a— n - 2 i 5
0.1 Gray TiO, 2Q
—=— = Pure CNT
00 I L 1 1 L 1 i ' i L
0 10 20 30 40 50 60 70 80 90 100

Cycle Number

Fig. 27 (a) The initial discharge/charge profiles of B-TiO,, gray TiO,, and pure CNT cathodes at a current density of 100 mA g2, (b) the initial discharge/
charge profiles of the B-TiO, cathode at different current densities, and (c) cyclability and the terminal voltage of the B-TiO,, gray TiO,, and pure CNT
cathodes. Reprinted with permission from ref. 449. Copyright © 2020, Elsevier Ltd and Techna Group S.r.l.
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Fig. 28

Fe-N-C+8 wt% Ta-TiO,/KB

(a) Polarization—discharge voltage curves as a function of current density plots, (b) polarization—discharge power density curves as a function

of current density plots for cells before and after the accelerated durability test (ADT). (c) Current density decay comparison for cells with and without
Ta-TiO,/KB after the ADT. The y-axis break is used to enhance readability for small current density values. Reprinted with permission from ref. 455.
Copyright © 2022, The Author(s), under exclusive license to Springer Nature Limited.

1500 mA cm > without obvious decay, and the polarization
curves (before and after 100-h running) are measured to demon-
strate their stability results.*>* Highly active and durable cata-
lysts for the oxygen reduction reaction (ORR) are important
to PEM fuel cells. In 2022, an active protective strategy, using
Ta-TiO, nanoparticles as radical scavengers for radicals and
H,0,, was demonstrated to protect Fe-N-C catalysts from
degradation.*>® The cell voltage (Fig. 28a) and power density
(Fig. 28Db) polarization plots as a function of different current
density were shown with (Fe-N-C + 8% Ta-TiO,/KB) and
without scavenger (Fe-N-C) under an accelerated durability
test (ADT) to confirm the reliability of Ta-TiO,.*>> After the
ADT, the PEM fuel cell with the Ta-TiO,/KB scavengers
showed a current density of 0.63A cm > at 0.6V and gave
a highest power density of 700mW cm™?, while these of
catalyst without scavengers gave 0.39A cm > at 0.6V, and
370mW cm . Fig. 28(c) compares the current density of the
cells with and without the Ta-TiO,/KB scavengers at internal
resistance-compensated voltages (Vig-free) Of 0.8 Viggree and
0.9 Virfreee The cell with Ta-TiO, scavengers at 0.8 Vir-free
decreases the decay from 33% to 3%, and at 0.9 Vig.free Shows a
decrease of decay from 52% to 14%. These findings showed that
the Ta-TiO, scavengers play a prominent role in the improvement
of the PGM-free cathode durability and demonstrated a new
function of B-TiO, to stabilize catalysts. However, at present, the

10696 | Chem. Soc. Rev,, 2024, 53,10660-10708

investigations of B-TiO,-based materials in fuel cells are still in
infancy stage and further knowledge is being actively pursued.

Disorder shell

Fig. 29 B-TiO,is used for PEC oxidation of glucose to glucaric acid (GLA).
Reprinted with permission from ref. 213. Copyright © 2023, The Author(s).
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6.9. Other applications

In addition to the aforementioned applications of B-TiO, in
energy conversion and storage systems, and waste treatments,
other applications such as PEC biomass conversion (Fig. 29),>"*
solar cells,'*”**%%7 sensors,**® %' stem cell capture,”* beta-
voltaics,?”'%° smart windows,*®* self-cleaning face masks,*®**%*
and others*®>*®® have also been investigated. Although these
cases are limited in number, their contributions enrich applied
fields and research databases, providing valuable insights into
the understanding of B-TiO, from diverse perspectives. For
instance, dye-719 sensitized solar cells are fabricated with
pristine TiO, and B-TiO,, separately, yielding performances of
2.26% (pristine) and 1.25% (black), which is due to the down-
shift of the conduction band of B-TiO, during the blackening

process."%°

7. Conclusions and perspectives

Over the past decade, significant strides have been made in the
research of black titanium oxide (B-TiO,), encompassing its
synthesis, modification, characterization, and application.
Notable achievements include the development of energy and
time-efficient synthesis methods for B-TiO,. The focus now
shifts towards reducing costs, scaling up production, and
refining the controllability of the reduction process. Addition-
ally, addressing the fundamental challenges in understanding
the mechanisms by which B-TiO, enhances performance,
through in situ or operando characterizations, is an ongoing
effort. As highlighted in this review, B-TiO, has demonstrated
considerable promise in solar energy utilization, particularly
in applications such as green hydrogen production, CO,
reduction, and ammonia synthesis. Despite its potential,
B-TiO, remains underexploited in electrochemical cells, where
its high charge carrier density, rapid electron transport, and
affordability could offer significant advantages. The continued
exploration of B-TiO,’s applications is expected to play a
pivotal role in the development of sustainable energy solu-
tions and environmental remediation. Looking ahead, there is
a clear need for in situ techniques that operate across multiple
scales to uncover the local structural nuances of B-TiO, during
its synthesis, modification, characterization, and application.
Advanced diagnostic methods, including cutting-edge syn-
chrotron and high-intensity light sources with superior spatial
and temporal resolution, are essential for detailed manipula-
tion of the material’s blackness, including the degree and
depth, as well as local order-disorder and strain-stress
features. These insights are crucial for establishing correla-
tions with catalytic activity, selectivity, and device perfor-
mance. Furthermore, large-scale demonstrations, supported
by predictive models and long-term stability assessments, are
vital for transitioning B-TiO, from the laboratory to real-world
applications. The successful commercialization of B-TiO, will
hinge on these comprehensive evaluations, ensuring that this
promising material class can meet the demands of a sustain-
able future.

This journal is © The Royal Society of Chemistry 2024
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The remarkable physicochemical attributes of B-TiO, have
spurred the advancement of blackening methods, concurrently
catalyzing its deployment in renewable energy harnessing,
conversion, and both direct and indirect storage into chemical
forms or electricity. As laboratory-scale synthesis, modification,
and application techniques evolve, the imperative now shifts to
scaling up these processes. This escalation is critical to ensure a
seamless transition from lab to market, meeting the commer-
cial demand and facilitating widespread adoption.'®**¢7:68
Besides, safety issue, long-term stability, scale-up effect, mate-
rial cost, and time-cost are needed to be considered and
evaluated based on both experiments, theoretical calculations,
and models.”® For example, if considering the future industrial
issues such as the waste reprocessing costs, manufacturing
costs, and the installation, the metal substrates such as tita-
nium metal is highly competitive with the conventional trans-
parent conductive glasses.">”*7%*7*

The blackening of titanium dioxide has gained widespread
acceptance for its utility, yet a deeper understanding of B-TiO,
remains a necessity. Employing in situ techniques across
multiple scales is invaluable for observing, recording, and
comprehending the material’s formation, modification, and
application processes. These techniques are instrumental in
elucidating the material’s properties, thereby enabling the
manipulation of physicochemical characteristics, such as band-
gaps, through precise control of the blackening process. Such
insights facilitate a balance between cost-efficiency and perfor-
mance from a commercial standpoint. Additionally, the signi-
ficance of the reduced metal oxide layers, TiO,, is recognized
for their association with highly active catalytic reactions.®®
To investigate the formation and influence of thin reducible
metal oxide layers on catalytic activity, a combination of in situ
and ex-situ analytical tools should be utilized. In situ techni-
ques, including transmission electron microscopy (TEM), X-ray
absorption spectroscopy (XAS), and near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS), are essential for real-time
observation of the material under reaction conditions. Ex situ
methods, such as electron energy loss spectroscopy (EELS) and
pair distribution function (PDF) analysis, provide detailed post-
reaction insights into the material’s structure and electronic
properties. Complementing these experimental approaches with
density functional theory (DFT) calculations allows for a compre-
hensive understanding of the material at the atomic level,
enabling the correlation of structural features with catalytic
performance.*’* Thus, further in situ investigations are constantly
on call for providing further details in deepening the under-
standing of B-TiO,. The formation, and the thickness of reducible
metal oxide TiO,, viz, B-TiO,, in different reaction conditions is in
correlation with the description of B° that can use in situ STEM
combined with in situ EELS. Different blackening methods lead to
different B° of B-TiO, nanotube/sphere/discs/layers, such as dis-
order structures and geometric and strain-stress effects, where
PDF may be invoked to reveal.

Very recently, Li et al. have pioneered the development
of a NAP-XPS technique using trimethylphosphine (TMP) as
a surface probe.*®” This approach has been employed to

Chem. Soc. Rev., 2024, 53,10660-10708 | 10697


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00420e

Open Access Article. Published on 13 September 2024. Downloaded on 4/28/2026 4:38:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

demonstrate facet-dependent charge accumulation in a N-doped
TiO, photocatalyst under photoexcitation. The rationale behind
this lies in the ability of the nucleophilic TMP molecule to form
stable adducts with exposed Lewis acid (LA) sites on the surface,
such as the five-coordinated Ti*". The interaction between TMP
and the surface LA sites is very sensitive to the changes in the
surface chemical micro-environment and local electron density,
resulting in shifts in binding energy on P 2p XPS spectra.
It should be emphasized that this technique offers truly surface
sensitivity, as TMP molecules can only adsorb on the topmost
surface. This contrasts with conventional laboratory based XPS,
which provides information on both the surface and subsurface
regions. Likewise, it has been demonstrated that the surface
features of modified TiO, materials can also be investigated by
the probe-assisted solid state nuclear magnetic resonance
technique.”’? Foo et al. has recently reported a comprehensive
structural study of N-doped TiO, using variable-temperature
synchrotron X-ray powder diffraction.**® Their findings revealed
an unusual anisotropic thermal expansion, shedding light on
the intricate relationship between subsurface oxygen vacancies,
nitrogen doping levels, and photocatalytic activity.

Moreover, the extent of reductive conditions, such as the
duration of blackening treatment, can be fine-tuned to regulate
the thickness or depth of the blackened layers, thereby affecting
their physicochemical properties. To maintain coherence with
these alterations, in situ preparation and modification techni-
ques should evolve in tandem with in situ characterization
methods. A mechanistic analysis that integrates DFT, molecu-
lar dynamics, and machine learning can provide a comprehen-
sive framework from simulation to the calculated preparation
and application of materials. This approach not only enhances
our understanding of the materials but also accelerates the
development process, reducing the time required to transition
from laboratory research to market-ready technologies.
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