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Abstract: Hydrogen gas is a prominent focus in pursuing renewable and clean alternative energy
sources. The quest for maximizing hydrogen production yield involves the exploration of an ideal
photocatalyst and the development of a simple, cost-effective technique for its generation. Iron
titanate has garnered attention in this context due to its photocatalytic properties, affordability,
and non-toxic nature. Over the years, different synthesis routes, different morphologies, and
some modifications of iron titanate have been carried out to improve its photocatalytic
performance by enhancing light absorption in the visible region, boosting charge carrier transfer,
and decreasing recombination of electrons and holes. The use of iron titanate photocatalyst for
hydrogen evolution reaction has seen an upward trend in recent times, and based on available
findings, more can be done to improve the performance. This review paper provides a
comprehensive overview of the fundamental principles of photocatalysis for hydrogen generation,
encompassing the synthesis, morphology, and application of iron titanate-based photocatalysts.
The discussion delves into the limitations of current methodologies and present and future
perspectives for advancing iron titanate photocatalysts. By addressing these limitations and
contemplating future directions, the aim is to enhance the properties of materials fabricated for
photocatalytic water splitting.

Keywords: Iron titanate, Photocatalyst, Water splitting, Renewable energy, Hydrogen
production

1. Introduction Increasing demand for crude oil, which is non-renewable, has
prompted the need for recent advances in the search for
Urbanization and rapid industrialization are giving rise to high ~ renewable energy.m Many efforts have been made to generate
demand for energy. Currently, most of the energy used is from  fuel from more renewable energy sources such as wind, sun,
fossil fuels and other natural sources which are not renewable.  bioenergy, and geothermal energy. Hydrogen gas generation
has been one of the target areas for renewable and environ-
mentally safe energy’. Hydrogen production is carried out
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Energy density,” which explains the amount of energy that
has been stored in a material or a system per unit volume, aids
in comparison of efficiency of those materials. Figure 1 shows
the energy densities of some hydrocarbons and hydrogen gas.
Calorific value, usually expressed in joules per kilogram, which
is a measure of the energy contained in a fuel shows that
hydrogen gas has high energy density.”) The calorific value is
determined by measuring the heat produced when a specified
quantity of the fuel is combusted. Typical batteries utilize
about 0.24 kWh to 0.87 kWh of electricity per mile.”” This
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was confirmed by the comparison of hydrogen and lithium
made into a battery; reporting greater energy density of
hydrogen batteries of about 40 kWh/kg,[m] higher than the
lithium-ion battery energy density of about 0.25 kWh/kg and
fuel oil of about 12 kWh/kg. 1kg of a lithium battery can
store only 0.15-0.25 kWh of electricity, while one kg - of
hydrogen contains 39.6 kWh."!
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Figure 1. (a) Specific energy comparison of hydrogen gas (energy per mass) and energy density (energy per volume) for some fuel materials. Reprinted with
permission from ref [7]. (b) Calorific values of some energy sources (NiB - Nickel metal hydride battery, LiB — lithium-ion battery). Reprinted with permission

from ref [10].

1.1. The Need for Photocatalysts for H, Generation

Catalysts over the years have played a vital role in finding
solutions to most environmental challenges. Various applica-
tions include but not limited to H, gas evolution,” CO,
reduction,"” dye degradations,"” and water treatment"® have
been successful though continuous advancements are being
made. Most of the materials used over the years have
demonstrated the ability to function as catalysts though some
of them have limitations. Limitations such as low yield, high-
cost catalyst such as platinum, use of ultraviolet radiation, high
operational energies, and less abundance. A major disadvantage
for most catalysts intended for use in hydrogen production is
due to the location of the conduction band (CB) which must
be located at more negative potentials compared to the redox
potential of H,O reduction."” Other catalysts have fast
electron-hole recombination and low electron densities.
Advantages in recent use of iron and titanium containing
catalyst in photocatalysis is due to its relative abundance, low-
cost and non-toxicity and suitable band gap to absorb the
light. The relative abundance of iron and titanium in earth’s
crust are 56000 mg/L and about 5500 mg/L respectively.!"”
Ilmenite (FeTiO;) which serves as ore for TiO,, is the starting
material for about 93% of the global titanium demand."®"”
TiO, has been frequently used as a photocatalyst but has a
high band gap of about 3.0 ¢V (rutile) or 3.23 ¢V (anatase)
which limits its application in solar light as explained by
Fujishima and Honda."*'" This has given rise to the
modification and synthesis of varieties of TiO, based
catalyst.”**") Some of these modifications include the synthesis
of ternary, quaternary, composite, and heterogeneous photo-

catalysts. Doping, and tuning shape, size, and porosity have
also been an area of concern. Some photocatalysts developed
in recent years include hematite (Fe,O3) which can absorb in
the visible-light region and prevent electron-hole recombina-
tion and has been recently used in photocatalysis. Having a
band gap of 2.1-2.2 ¢V, Fe,O; has also been a promising
catalyst for photocatalysis due to its ability to absorb light up
to 600 nm."”” Iron has gained attention recently due to better
stability in an oxidative environment, abundance, and low cost
in fabrication. The introduction of iron into TiO, for example
reduces its bandgap from 3.2 ¢V to a bandgap to ~2.1 eV.

In recent times, Centurion etal.?? and Imrich et al.””
reviewed the potential of pseudobrookite Fe,TiOs for solar
water splitting systems. The reviews by Rafique et al.,** Amika
etal,”” Do et al.” and Aljar et al.”” focused on TiO,-based
photocatalysts; less emphasis was made concerning iron
titanate for photocatalytic activities. Thus, the present review
article on the synthesis and photocatalytic properties of iron
titanate is expected to be useful for the researchers in the field.

This review secks to investigate the advances made in the
use of iron titanate as a photocatalyst and future improvements
that can be made to increase yield in its application. Lots of
research has been conducted in the use of iron titanate
nanoparticles in hydrogen production over the years. This
review will first outline the basic principles of photocatalysis.
Secondly, various synthesis techniques for iron titanate will be
summarized. Thirdly, various experimental yields in the
application of the catalyst will be explored in previous articles.
Finally, outcomes of previous works will be discussed and
summarized based on which future perspectives or future
research areas will be identified. The voluminous articles from

Chem. Rec. 2024, 24, 202400016 (3 of 18) © 2024 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

ASUBOIT SUOWIO)) 2ANEAI)) d[qedijdde ay1 Aq PauIoA0S a1e SO[IIIE V() $asN JO SAJNI 10§ ATeIqr] duI[uQ) A[IA\ UO (SUOHIPUOD-PUE-SULIA}/W0d" K3[1m’ Areiqrjout[uo,/:sdny) suonipuoy) pue sud [ a1 89S *[$707/80/50] U0 Areiqry duruQ A3[Ip\ © ANSIPAIUN 2181 [9Y BUI[OIE)) YULON - oyeseq nuysig A9 91000+0Z 19Y/2001°01/10p/wod* Ka[im’ Areiqrjourjuo//:sdny woiy popeojumo( ‘s “bz0T ‘1690825 |



Review

THE CHEMICAL RECORD

the search results were narrowed through the use of “Iron
titanate nanoparticles for hydrogen production through water
splitting in the presence of light” as key terms in the search
(Figure 2).0

1.2. Properties of Iron Titanate

Though TiO, is an n-type semiconductor,””’ Nowotny et al.
has confirmed that FeTiO; shows a p-type conductivity
behavior due to the contribution of Fe in the lattice
structure.” ™" They also investigated the possible control of
the properties of TiO, to form either p-type or n-type

semiconductor material depending on the dopant/impurity
concentration and controlled oxygen activity. Varying oxygen
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Figure 2. A number of publications on iron titanate in water-splitting
applications.””
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activity, concentration of aliovalent ions such as Fe with
oxidation states of Fe** ions and Fe’" ions, can cause the
properties to change between n-type quasi-metallic conductors
and p-type semiconductors.’™ With oxygen having an O*~
charge, FeTiO; is a stable compound with Fe’* ions and Ti*"
ions oxidation states. FeTiOj; is an oxide of iron and titanium
and the most abundant crystal structure (Figure 3). Based on
synthesis conditions and methods, different crystal lattices and
molecular formulas may be formed with Fe,Ti,O, general
formular. Fe,TiOs, Fe,TiO;, Fe,Ti;0, Fe,TiO;5 and FeTiOy
are some other possible molecular formulas with different
crystal structure.®¥ !
tally identified to have many applications; among them,
photocatalytic activity FeTiO; can reduce CO, reduction to

CH;OH and other products,”” and decomposition and
(43)

! These titanates have been experimen-

degradation reactions.

2. Principles of Photocatalysis Water Splitting for
H, Generation

The fundamental principles governing the generation of
hydrogen gas from water using semiconductors in light relate
to the splitting of water molecules by a selective catalyst
capable of exciting electrons in the presence of light of
particular wavelength. When the light of sufficient energy
equivalent to or greater than the band gap of semiconductor
photocatalysts strikes the surface of the semiconductor, there
will be excitation of electrons from the VB to the CB creating
a hole in the VB. A potential difference is created between
them resulting in reduction and oxidation reactions occurring

(¢) Imenite FeTiOs

® Fe+3

ﬁ Ti+4. Féze ()-2

Figure 3. (a) Hematite ore (b), arrangement of ions of the rhombohedral hematite crystal with a corundum structure, (c) hexagonal arrangement of the metal

cations in ilmenite.””
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at CB and VB respectively. Holes in the valence band will
oxidize the water molecules to form oxygen while electrons
will reduce the H* ions to produce hydrogen in the CB. As
shown in Figure4, absorption of photons with energies
exceeding the semiconductor band gap leads to the generation
of electron (e—) and hole (h+) pairs in the semiconductor
particles. There is charge separation followed by migration of
photogenerated charge carriers in the semiconductor particles
then finally the surface chemical reactions (oxidation and
reduction) between these carriers with water molecules.
Electrons and holes may also recombine with each other
without participating in any chemical reactions. For effective
photocatalyst, the energetic position of the bottom of the
conduction band must be more negative than the reduction
potential of water to produce H,.*!

2.1. Photocatalytic Water Splitting

Photocatalytic water splitting involves use of photocatalyst
placed in a liquid medium and the use of chemical energy
obtained from light to split water according to the reaction
below. Tahir etal. described the water splitting is an
endothermic process with Gibbs free energy change of about

237 kJ/mol.*!
1
HzO—>H2+§Oz; AG =237 kJ / mol (1)

The light must be of sufficient energy equal to or greater
than the band gap of photocatalysts and this light is converted
to chemical energy when it strikes the surface of semi-

H;0
Charge
Migration

Photo _

Figure 4. Mechanism of photocatalysis of water.

conductor to initiate the generation of electron hole pairs for

water splitting reaction.

2.2. Photoelectrochemical Water Splitting

Photoelectrochemical (PEC) water splitting involves the use of
light-responsive photocatalytic semiconductors as photocath-
odes, photoanodes, or both to generate charge carriers for
photocatalytic activity. In comparison, PEC systems are more
cost-effective than electrocatalytic (EC) systems which are
complex with high-energy barriers, large overpotentials, and
high electricity consumption. PEC process occurs without
external bias when nanocatalysts with the right band gap are
used. Zhang et al. constructed a photoelectrode- photovoltaic
tandem device having two light absorbers to experiment the
photocatalytic activity of synthesized materials."”’ Observation
made by Ros etal. shows that holes are driven to photo-
electrode’s surface for oxygen evolution at the photoanode,
and electrons are collected after closing the circuit for proton
reduction to yield H, gas.*® Zhang et al. investigated the effect
of compositional ratio of metal oxides on photoelectrochemical
process the interfacial layer between TiO, and Fe,O; helps to
reduce the resistance between the heterogeneous interfaces.*”

In summary, three main processes of photoelectrochemical

water splitting reaction as shown schematically in Figure 5

involve:

(i) Photons from light cause photoexcitation of electrons
after absorption of light by the semiconductor leading to
the generation of electrons and holes,

(ii) Separation of photogenerated electrons and holes (charge
carriers), and their effective migration towards the surface
of the semiconductor photocatalyst,
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Figure 5. Photoelectrochemical generation of hydrogen gas.

(iii) The trapping of electrons and holes by the reaction sites
for water oxidation and water reduction reaction as
shown in equations.

2H, O — 4H"* + O, + 4¢~ Oxidation (Anode) )

4H" 4+ 4¢~ — 2H, Reduction (Cathode) (3)

Electrons and holes which recombine in the bulk of
photocatalyst semiconductor or on its surface releases the
energy into the system in the form of heat or photons while
electrons and holes that effectively migrate without recombina-
tion undergoes reduction and oxidation of the reactants in

contact with the photocatalyst semiconductor.””

3. Synthesis of Iron Titanate-Based Nanoparticles

Recent synthesis procedures employ both bottom-up and top-
down approaches.”™  Synthesis of FeTiO; nanoparticles
(NPs) employs bottom-up approach usually in the presence of
surfactants to achieve segregated materials with high surface

53551 Most literature reviewed in

area and sometimes porous.
this study used a bottom-up approach to fabricate NPs from
their molecular or ionic precursors to the formation of crystals.
The surfactants assist in controlling morphology and generat-
ing pores.” Diana et al. used top-down approach to synthe-
size FeTiO; NPs by milling the ilmenite concentrate and
photocatalytic activity was enhanced by modification with Mg
and MgO". Electromagnetic and dry magnetic separation was
used to obtain pure grains which were milled together with the
composite precursor, Mg or MgO. Each method employs
reaction conditions such as temperature, pH and calcination
temperatures that must be monitored to achieve desired
morphology. Most iron titanate NPs have been synthesized

through methods such as sol-gel, self-assembly, hydrothermal/
solvothermal and other simple techniques which have been

highlighted in the subsections below.

3.1. Sol-gel Method

Yilmaz et al. reported that nanomaterial synthesis using sol-gel
method yields more stable particle surfaces and high surface
area with improved chemical and physical properties.”” Sol-gel
technique also referred to as chemical solution deposition is a
wet chemical process employing hydrolysis and polycondensa-
tion steps in the synthesis process (Figure 6). Gelation, aging,
drying, densification, and finally crystallization process follows
in sequence. As illustrated in Figure 6A, the layered FeTiO;
(L-FTO) used as anode material for quasi-solid-state sodium
ion capacitor was formed by solvothermal route and the
sodium ions conducting gel polymer membrane synthesized by
sol-gel method. Liu etal. used a polyvinylidenediflouride-co-
hexafluoropropylene (VDE-HFP) as copolymer in the mem-
brane synthesis, which were dissolved to form a sol, gelati-
nized, dried and the resulting solid membrane immersed in a
sodium-containing organic electrolyte for sodium infusion.”
This synthesis process resulted in an effective fabrication of
sodium ion capacitor. Sol-gel technique is a process where the
precursor is hydrolyzed in the acidic or basic mediums
followed by polycondensation of the hydrolyzed products as
the two major steps. The technique forms solid nanoparticles

Precursor FeTiO;

Figure 6. (a) Synthesis and (b) Morphology of multi-layered FeTiO;

nanostructures. B8]
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which are dispersed in the liquid (sol), agglomerates and forms
a continuous three-dimensional (3D) network resulting in the
formation of a gel. Morphology and properties of nanoparticles
are effectively improved when synthesis conditions such as pH,
temperature and agitation are well controlled. The sol-gel self-
assembly method was used to synthesize Fe,TiO5 nanoparticles
which were loaded on a fluorine-doped tin oxide substrate
containing a GaOj; underlayer. Fe, TiO5 was successfully
synthesized using self-assembly of opal templates made up of
polystyrene (PS) spheres of 250 nm diameter which exhibited
high charge mobility and enhanced visible light absorption
properties.” Sol-gel method successfully used in the synthesis
of a-Fe,0,/Fe,TiOs/Co-Pi,**”  Fe,TiOs/FeOOH,”  TiO,/
Fe,TiOs/Fe,0,," Fe,TiOs/TiO,** composites, Fe-TiO,,""
Si/Fe-TiO,,” Co-doped Fe,TiOs.”) These compositions
showed an improved photoelectrochemical and optical proper-
ties as compared to their pristine samples. This method serves
as an easy-to-control morphology and particle sizes through
adjustment of synthesis procedures. It is easy to incorporate
dopants and engineering of composite materials on a nano-
scale. However, synthesis duration and monitoring can some-
times be longer compared to other synthesis methods. It is
sometimes difficult to find suitable solvents and adjust the
reaction conditions.

3.2. Hydrothermal/Solvothermal Method
The hydrothermal synthesis yields excellent crystals through

chemical reactions in a sealed vessel which is heated under
temperatures above ambient temperature and pressure (Fig-
ure 7). Hydrothermal method has been reported to be suitable
in controlling the nucleation and growth of nanoparticles
through the use of suitable surfactants, ligands and control of
pH of the reaction medium.”” Though in situ monitoring of
reaction progress is difficult, hydrothermal technique has been
reported to achieve in good dispersibility of particles in

Precursors.

Stirring

Transfer into
Teflon and
Homogenous Autoclave

Precursor
Solution mixture

— —_
00" "00

Thermal treatment

Drying Cooling
Washing
Iron Titanate

Nanoparticles

Figure 7. Schematic representation of hydrothermal /solvothermal technique.

solvents../”) Bassi et al. synthesized Fe,TiO5 using solvothermal
method on FTO substrates and doped with SnO, via surface
treatment using 20 mM SnCl,-5H,O solution to form thin
films, exhibiting good catalytic properties comparable to
hematite for photoelectrochemical cell applications.®” Co/Fe-
Ti;0; nanotubes were synthesized by hydrothermal method,
and Fe and Co doped using simple ion exchange technique.
The addition of iron and cobalt into the titanate lattices
substantially enhanced photocatalytic performance due to
reduced band gap and improved light absorption properties.!”
The hydrothermal method resulted in the formation of TiO,
nanowires which have high surface area."” The TiO, nano-
wires served as a primary framework in loading Co, Fe and
layered double hydroxide using Co(NO;),.6H,0O and Fe-
(NO;)3.9H,0 precursors by simple ultrasonication and stir-
ring. The hydrothermal and solvothermal method aided in the
synthesis of different iron titanate compositions including, 2D
graphene-assisted low-cost metal (Ag, Cu, Fe, or Ni)-doped
TiO, nanowire (GP/M/TNW) architectures,’”” BiVO,/
Fe,TiO5 on FTO substrate,”” FTO/a-Fe,05: Ti/a-Fe,O;,
Fe—Ag/TiO,,"" Fe,TiOs-TiO,,”" Fe-Ni/TiO,.” The mak-
ing of composites resulted in the various morphologies having
enhanced optical and electronic properties required for photo-
catalytic hydrogen generation activities. This synthesis techni-
que provides good control over the size, shape, and porosity of
the materials, and synthesis conditions such as temperature
and pressure can easily be controlled. However, this technique
can result in poor solution homogeneity affecting reproduci-
bility and crystal growth monitoring and can be expensive in
terms of instrumentation and energy requirement.

3.3. Electrospinning Method

The electrospinning involves an electrohydrodynamic method
where a droplet of liquid is electrified to generate a jet. The
technique is generally known to yield fibrous nanoparticles.
Stretching and elongation steps follow to generate nanofibers.
Carbon nanofibers (CNFs) decorated with heterojunction of
FeTiO,/TiO, nanoparticles were synthesized using electro-
spinning method."”” Sharma et al. reported the electrospinning
synthesis technique as a voltage-driven process which uses an
electro-hydrodynamic method requiring the application of a
high voltage to a polymer solution. The process is followed by
the electrification of the liquid droplets to generate a jet.
Finally, the jet is elongated and stretched to form fibers.""
The magnetron-sputtering technique was successfully used to
synthesize indium-tin-oxide/titanate (ITO/Fe,TiO5)"” and
Ag/TiO,/Fe,TiO; composite synthesized using electrospinning
technique,”®” all showing improved photocatalytic activity as
compared to the pristine. Though electrospinning technique is
effective in the synthesis of fibrous nanoparticles, Senthamiz-
han etal. hinted shrinkage and distortions of fabricated
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materials, hydrophobic nature, inadequate mechanical proper-
ties, poor porosity as some few constraints. The use of
polymers and polymeric surfactants in electrospinning results
in the reduction of active sites for photocatalytic activity even
these surfactants helps to control morphology.” This syn-
thesis technique produces nanofibers with controlled morphol-
ogies on nanoscale with high surface area and surface
characteristics. Instrumentation has varying degrees of cost and
synthesis process has varying degrees of difficulty in operation.
The limitation of this method is finding suitable precursors
and the process can be slow.

3.4. Other Synthesis Methods

A combination of methods such as hydrothermal, deposition
by DC-pulsed sputtering, atomic layer deposition (ALD), and
photo-electrodeposition,””  electrospray

hydrothermal,m] sol-gel, hydrothermal, and microwave-assist-
[41]

technique  and
ed crystallization,™ " were used to fabricate complex composites
and heterogenous iron titanate materials. High energy ball
milling top-down process was successfully used to synthesize
MgO or Mg doped FeTiO; using MgO or metallic Mg as
doping precursors.” Ajmal etal. synthesized Fe,TiOs/CN-
DP,, heterojunction nanoparticles for photocatalytic activity.
A simple synthesis route was used to prepare carbon nitrile
(CN). CN-DP,, was prepared by the same route by reacting
CN with urea resulting in formation of diamino purine (DP)
in the structure. Pristine Fe, TiOjs is finally incorporated into
the structure by mixing in desired solvent. The synthesized
composite performed better as compared to carbon nitride
which demonstrates low photocatalytic performance in solar
energy conversion for photocatalytic water splitting,”” Triple-
layered ITO/BiVO,/Fe,TiOs heterojunction was synthesized
using cathodic deposition, spin coating and annealing
techniques. Fluorine-doped tin oxide substrate was coated with
ITO as underlayer and Fe,TiOs overlayer and decoration with
pristine BiVO,,"” forming a photoanode made of a BiVO,
layer sandwiched between an ITO underlayer as an electron
transport layer and a Fe,TiOs overlayer as a hole transport
layer yielding a very high photocurrent density of 6.19 mA/
cm’ (1.23V vs. RHE) due to improve charge carrier
transfer.”” Photo-assisted electrodeposition was employed in
depositing Co—Pi on the surface of the a-Fe,O;/Fe,TiOs."*”
Microwave-assisted crystallization contributed in the synthesis
of Fe,TiOs/TiO,"" for enhancement of photocatalytic proper-
ties.

A combination of anodization process, and spin-coating for
formation of quaternary FeNiO,/H,-treated/TiO,/Fe, TiO5
exhibited enhanced photocatalytic properties.m] Cr, Fe-doped
TiO, and Fe-doped TiO, were synthesized via radio-frequency
magnetron sputtering and colloidal crystal template route®®”
respectively to increase the yield of hydrogen gas as compared

to the pristine. Thin films formation of Fe,TiOs/a-Fe,O5 is
aided by synthetic processes such as pulsed laser deposition,®"
whiles a combination of hydrothermal, deposition by DC-
pulsed sputtering, atomic layer deposition, photo-electrodepo-
sition techniques favored the engineering of ITO/Fe,O,/
Fe,TiOs/FeNiOOH heterostructure films.””” Each of these
deposition techniques introduces uniqueness in the atomic
arrangements leading to efficient charge transfer and other
electronic properties for effective catalysis.

Electrospray technique which offers advantages such as
precipitation on nanoscale, emulsion diffusion advantage,
double-emulsification, and possible provision of layer by layer
NPs, simple and low-cost technique, conservation of solvents
due to small volumes required, and it being a one-step
technique®® assisted in fabrication of F—Fe,TiOs.*”) Kuang
etal. synthesized FeOOH/Al-Fe,TiOs by employing electro-
spray, and hydrothermal technique,”® and cathodic deposition
together with spin coating helped to fabricate ITO/BiVO,/
Fe,TiOs/Fe-silicate photocatalyst.””’ Zn-Doped Fe,TiO; was
formed using aerosol-assisted chemical vapor deposition
method."!  Extremely high photocurrent  density  of
2.2 mAcm ™ obtained for ITO/Fe,O;/Fe,TiOs/FeNiOOH as
compared to 0.205 mAcm > (pristine Fe,O;) at 1.23 V vs.
RHE shows that a well-engineered heterostructure material has
enhanced electronic properties suitable for photocatalytic
properties. These methods will be beneficial if other photo-
catalytic properties such as redox potential, low charge
recombination rate and stability are also favored. Other
applications, results and effectiveness of these engineered
materials have been discussed in the application section.
Advantages of other synthesis techniques (laser deposition,
chemical vapor deposition, sputtering, ball milling, microwave
assisted, electrospray techniques) are producing pure and
highly crystalline materials, high reproducibility, excellent
control of morphology and particle sizes. However, these
techniques employs sophisticated instrumentation, high energy
requirements, sometimes strict reaction and operational con-
ditions are required, release of dust and toxic materials, mostly
produces materials with low porosity.***”

Among these general nanoparticles synthesis techniques,
the sol-gel method can be more suitable for synthesis of iron
titanate photocatalysts. The sol-gel method can offer unique
flexibility to modify precursors and reaction conditions to
enhance light absorption and charge transport properties of
iron titanate photocatalysts for efficient activity. Moreover, the
mode of application of the photocatalyst, composition of
solvent medium for water splitting, type and intensity of light,
reactor, and experimental design, among other factors can
influence the choice of synthesis technique. Composites and
heterostructures of iron titanate materials can effectively be
fabricated using a combination of techniques or well controlled
synthesis methods.
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4. Morphology Controlled of Iron Titanate
Nanoparticles

As observed in the synthesis techniques, different synthesis
techniques produce some degree of uniqueness in the material
fabricated, ranging from high surface area to porosity.
Morphology and control of nanomaterial physical character-
istics affects the photocatalytic properties and performance.®”
Morphologies of iron titanate materials synthesized in this
review include zero dimensional (0D) structures;>’**? one-

dimensional  (1D)  which (14,38,77]
71,87 19,23,88]

nanowires,
[37,73]

include
and nanofibers; two-
which include thin
films and nanocone;””’
sional (3D)P*"7%8 \which mostly formed as layered or
agglomerated solid particles. Large surface area is a key

nanorods,' nanotubes,'
dimensional 2D)

22,47,59-61,66,69,89,78,79.,81,8 ;
(22:47.59 9.89.78,79.81,83] and three-dimen-

property of photocatalytic materials for effective photocatalysis
due to the exhibition of large active sites. 1D and 2D
fabricated materials possess few atomic-thick layer(s) which
offers effective interaction of light and water molecules with
photocatalyst material for improvement of catalytic yield.””
The 3D materials possess low surface area; however, the
nanoporous 3D materials have multiple steps and kinks which
could be beneficial for catalytic reaction. Capping agents
(surfactants) have over the years been used in the fabrication of
porous iron titanate photocatalysts as it contributes immensely

to tuning morphologies and particle size.”'~*”

5. Application of Iron Titanate Nanoparticles for
Water Splitting

The efficiency of the iron titanate photocatalyst is measured in
terms of photocurrent generated at the photoelectrode or the
amount of hydrogen generated from the reaction set up.
Charge or photocurrent density, apparent quantum yield and
solar-to-hydrogen conversion efficiency are used to evaluate
the efficiency of the catalyst.””” The amount of hydrogen
produced is reported by most findings in moles of gas per hour
per gram of photocatalyst.

Though most articles reported the effectiveness of fab-
ricated iron titanate photocatalysts in terms of photocurrent
density, Table 1 below highlights the amount of hydrogen
generated in water splitting when iron titanate-based catalysts
are used.

Three inverse opal structured layers of Fe,TiOs electrode
having sacrificial gallium oxide underlayer and a ternary
(Ni,CoFe)OOH co-catalyst resulted in a photocurrent of
2.08 mAcm ™ at 1.23 Vg under 1 sun (100 mWem™)
irradiation.””’ Ga,O; underlayer increased the current density
of the electrode from 0.49 mAcm™ to 1.06 mAcm ™. The
current density increased as the Fe, TiOs layers increased.

Ilmenite FeTiO; yielded H, production was 296.9 and
265.2 pmolg 'h™! of H, gas with MgO and metallic Mg
doping respectively as compared with 255.3 pmolg™'h™" for
the undoped FeTiO; using UV radiation. Even though there
was increase in the bandgap from 2.55 ¢V to 2.59 ¢V after
doping, there was more negative conduction band potential
which favors H, production.” Fe, TiOs surface treatment with
SnO, coating yielded a photocurrent of 0.36 mA/cm” at
1.23V vs RHE and 0.64 mA/cm® at 1.8 V as compared to
0.1 mA/cm” at 1.23 V vs RHE and 0.28 mA/cm” at 1.75 V for
the pristine Fe,TiO5. An amount of 137, 116 and
89 mmol/g catalyst hydrogen was obtained after 6 min
residence time for 20, 40 and 60 wt.% Fe respectively in the
presence of cobalt. However, only 29 mmol H,/g catalyst was
observed for the pristine TiO, nanotubes."” This shows the
effect of doping and the importance of weight in doping.

Formation of layered double hydroxide (LDH) containing
Fe and Co on the surface of the titanate nanowires (TNW5s) as
reported by Sayed et al. increased the photocurrent to 3 mA/
cm’ at 1V vs Ag/AgCl from 0.33 mA/cm®. A pure LDH
sample produced a photocurrent of 1.38 mA/cm® at 1V vs
Ag/AgCl. Anodic current also increased by 9.4, 23.45 and
34.32 folds for the 0.25:1, 0.5:1 and 1:1 photoanodes
respectively."¥ The synthesized nanotube photoanode pro-
duced a photocurrent density of 0.93 mAcm ™ at 1.23 Vi
under 1 sun (100 mW cm™?) irradiation, which corresponds to
2.6 times that of usual Fe,TiO; photoanode.”” The photo-
catalytic H, evolution of the co-doped Fe—Ni/TiO, synthe-
sized by Sun etal. increased from 249.58 to
361.64 pmol-h™'-gcat ' (with a measured time of 6h) as
compared to pristine TiO,, Fe/TiO,, Ni/TiO, and catalysts.””
Chen et al. reported that the introduction of a Co/Pi catalyst
resulted in a photocurrent density of ~3.05 mA/cm® which is
higher than the as-prepared photoanode which gave a photo-
current density of ~2.0 mA/cm” (1.23 V vs. RHE).

Iron intercalated into titanium dioxide to model iron
titanate nanotube electrode yielded a photocurrent with ca.
50 mA/cm? at 0.65 (vs. SCE) about 1.5 times faster than the
pristine titanium dioxide electrode with a photocurrent of ca.
33 mA/cm?).® Al-Enizi et al. observed 0.38 mol in 14 min of
H, evolution with the use of TiO,@CNFs electrode whiles
FeTiO;/TiO,@CNFs electrode produced 2.97 mol under
visible light irradiation. In dark conditions, FeTiO,/
TiO,@CNFs electrode generated 1.87 mol of H, gas in
14 min of activity as compared to 2.97 mol/14 min obtained
under visible light
enhancement of light absorbing property of the FeTiO,/
TiO,@CNFs material after composite formation, and the

illumination. This confirms the

significant amount of H, gas generated in the dark makes it a
promising material for dark photocatalysis.”” H, yielded by
the fabricated graphene-assisted titanate nanowires loaded with

copper (GP/Cu/TNW) were higher than the other three
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Table 1. Hydrogen generation results from the use of iron titanate NPs in mol per hour per gram of catalyst.

No.  Photocatalyst Synthesis method Morphology/ Amount of H, released Type of Ref.
band gap light used
1. Mg-FeTiO;, High Energy Ball Spherical 240.5 (unmilled), 255.3 (milled) uv 2
MgO-FeTiO; Milling (HEBM) nanoparticles 296.9 (MgO) irradiation
(2.55-2.59 V) 265.2 (metallic Mg)] pmolg™'h™
2. Fe/Co-Ti;0, Hydrothermal Nanotube 1517 mmolH,g 'h™' visible light 19
(2.65 €V)
3. Fe-Ni/TiO, Solvothermal Spherical 361.64 pmolg™'h™" after 6 h. visible light 72
(5.0% Fe-4.0% (2.41 eV) Ethanol scavenger
Ni/TiO2)
4. FeTiO4/TiO,@CNFs  Electrospinning Nanofibers 0.38 mol (TiO,@CNFs) visible light 73
method 2.97 mol (FeTiO;/TiO,@CNFs)
in 14 min,
5. (Ag, Cu, Fe, or Ni) - Hydrothermal Nanowires 5 mmolg ™" after 5 h (Fe- TiO,) visible light 94
TiO,
6. (Si,Fe)-TiO, Sol-gel-solvothermal Nanocrystalline 1800 umolg™" (Si,Fe)-TiO,) visible light 62
method powders 300 molg™" (Pure TiO,) after 6 h
7. Fe— Ag/TiO, Solvothermal Polycrystalline 515.45 umolg 'h™" visible light 70
(4.5% Fe—4.5% structured NPS Ethanol scavenger

Ag/TiO,)

8. Fe, TiO;/CN-DP,,, Simple synthesis

route (2.55 €V)
9. Fe/TiO, Hydrothermal Uniform spherical
nanoparticles
10. Cr, Fe-doped TiO, Radio-frequency Thin films

magnetron sputtering
and a sol-gel method

11.  Fe-doped TiO, Colloidal crystal

template method macroporous
structure
12.  H:TiO, decorated Hydrothermal, Nanofibers

with Ag, Co, Cr, Cu,
Fe, Nij, Pd, Ptand Y

Wet impregnation,

Thermal hydrogen

reduction
13. Fe—Ni/Ag/TiO2 Solvothermal Irregular spherical
nanoparticles
14.  NaFeTiO4 Simple mixing Rod-like
technique nanoparticles

15.  FeTiO;/ Fe,TiOs Sol-gel method

(Honeycomb)

Irregular nanosheets

3D well-ordered

Mesoporous particles

165.7 pmol/h visible light 22

12.5 mmol-H,/h (methanol)
1.8 mmol-H,/h (pure water)
15.5 pmol h™

No hole scavenger

visible light 64

UV-Vis 61

25.5 pmolg™'h™!
Na,S and Na,SO; scavenger

visible light 80

UV-A and 95
UV-B

illumination

Pd—H:TiO, NFs at a rate of
~17,000 pmol/g-h under UV-A
irradiation and at - 25,600 pmol/g-h
under UV-B irradiation.

Fe showed improved rate than Co,
Cr and Cu.

793.86 pmolg ™ 'h™" for 6 hours.
Pure TiO2 for 9.57 pmolg 'h™"

visible light 96

445 pmol h™! visible light 97
40.66 mmolg 'h™ uv 98
(FeTiO5/Fe,TiOs) irradiation

23.78 mmolg 'h ! (TiO,-P25)

reference catalysts, the titanate (TiO,), titanate nanowires
(TNW), and graphene-assisted titanate nanowires without
copper (GP/TNW), which is attributed to both increased
visible light absorption and efficient charge separation.””
Impressively, 22 mmolg ™' of H, gas was produced after 5 h of
illumination.®”

From the photocatalytic H, evolution reaction, Si/Fe-
codoped sample yielded about 1800 umol/g of H, gas after
6h. The (Si, Fe) codoping contributed to reducing the
bandgap for electrons excitation from the VB to CB compared
with the pure TiO, under the solar light illumination.”” The
use of 4.5% Fe and 4.5% Ag in the synthesis of co-doped

TiO, as a catalyst yielded an average H, production rate by
515.45 umolh™" g 'cat (a measured time of 6 h, visible light
irradiation, ¥ >400 nm). About 3000 umol/g of H, gas was
produced after 6 h.”"” Gao etal. reported that after surface
modification of the BiVO, with Fe, TiOs, the BiVO,/Fe, TiOs
photoanode resulted in a 300 mV cathodic shift in onset
potential. BiVO,/Fe,TiOj electrode generated a photocurrent
density of 3.2 mA/cm® at 1.23 V vs RHE which is 3 times
enhancement in photocurrent as compared to Fe,TiOs.1*"
Fe, TiOs/CN-DP,, exhibited an apparent quantum yield of
61.7% at a wavelength of 420 nm, together with a photo-
catalytic hydrogen evolution rate of (165.7 pmol/h) along with
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oxygen (6.2 pmol/h) in the visible spectrum at 420 nm. As
compared to the pristine CN (9.9 pmol/h and 0.5 pmol/h),
Fe,TiOs/CN-DP,, showed 15.7 and 11.4 times higher.”” A
photocurrent density of 4.60 mA/cm® was observed for the
ITO/BiVO4/Fe, TiO;s photoanode at 1.23 Vyye which is
higher than the pristine BiVO, photoanode result of 1.70 mA/

Cm‘[z 79]

FTO/a- Fe,O;:Ti/a-Fe,O; photoanode electrode yielded a
photocurrent density of 1.69 mA/cm” at 1.9 V vs. RHE under
air mass (AM) of 1.5G irradiation. This result is 4.3 times
higher than undoped o-Fe,0;/0-Fe,O; nanorod film
(0.39 mA/cm?) and far higher than titanium doped double
layered a-Fe,0; nanorod films."*” The inverse opals fabricated
using 250 nm PS spheres exhibited higher photocurrent
density as compared to the Fe,O; TiO, and disordered
Fe,TiOs film controls. This was attributed to the enhanced
light absorption and increased charge separation.”” Compara-
bly, Fe,TiOs thin film showed larger anodic photocurrent
than the Fe,O; film when coated cither on a planar substrate
or on nanocone substrate. Fe,TiOs loaded on either planar
ITO substrate or nanocone ITO substrate exhibited better
(1.4 times larger) than that from Fe,0;.”") Ti and P co-
modified hematite exhibited a photocurrent of 2.37 mA/cm’
at 1.23 V vs. RHE which is higher than the pristine hematite
photocurrent  of 0.85 mA/cm®.  Coupling with cobalt
phosphate catalyst, denoted as Co—DPj, resulted in the hematite
achieving a stable, high photocurrent of 2.90 mA/cm® at
1.23 V vs. RHE.®

6. Enhancing the Catalytic Performance

Bassi etal. confirmed that there is lack of complete catalyst

fulfilling all the necessary requirements for the highest yield of

H, generation as well as stability even though there has been

great improvements.*” The perfect semiconductor materials

must possess qualities listed but not limited to;

- be abundance, low-cost and non-toxic,

- have a good water oxidation/reduction potential gap,

- exhibit a wide absorption property of light for excitation of
electrons,

- have a good charge transport properties with low electron-
hole recombination rate after electron excitation,

- illustrate great stability thermally, mechanically and in the
reaction medium.

Due to the semiconductor properties and good chemical
stability in aqueous solutions, metal oxides have been
identified as the most promising catalysts. Reported efficiencies
of these NPs are however still low for commercialization
purposes.”! Even though iron titanate NPs such as pseudo-
brookite (Fe,TiOs), which is a hybrid of hematite (Fe,O3) and
TiO, having Fe—O—Ti bonds, more studies are being

conducted to fully understand its properties. With a low
bandgap of about 1.9-2.1 ¢V and a promising n-type semi-
conductor was expected from Fe,TiO5 as a photocatalyst but
Regue etal. reported challenges in synthesis and the lack of
complete knowledge of its properties as some hinderances to
discovering its full photocatalytic potential."”! Computational
and DFT studies are ongoing to aid in the understanding of
the properties of these NPs.”” The interface between two
semiconductor solids has been observed to usually generate a
thermal boundary resistance in Ohmic contact, a challenge
that hinders effective charge transfer. Nanoengineering of
heterogeneous interfaces with tunable energy band position
has been identified to be beneficial for suppressing charge
recombination and promoting the transport of holes and
electrons. As expected, Zhang et al. reported a photocurrent
density of the optimized hierarchical TiO,/Fe,TiOs/Fe,O;
(abbreviated as TFF) inverse opal value of 0.54 mAcm * at
1.23V vs. RHE, far higher than the pristine TiO,/Fe,O;
(abbreviated as TF) inverse opal (0.02 mAcm ™ at 1.23 V vs.
RHE)."™ It has been projeted that there are more than
700,000 possible combinations for ternary and quaternary
metal oxide NPs, which is paving way to finding that ideal
NPs for use as effective photocatalyst for high efficiency as well
generating hydrogen gas at a lower cost as substitute for fossil
fuels. Future research opportunities therefore opens to identify
that ideal photocatalytic material.””” Some excellent NPs have
been investigated and reported in literature with great advance-
ment for PEC performance and charge separation efficiency is
as high as 61.0 % for the TFF inverse opals.””

6.1. Doping and co-Doping

Owing to the need to improve the photocatalytic properties of
pristine TiO, and other compositions, doping is employed in
the fabrication of photocatalysts. Doping improves the
electronic and optical properties®”'"”
confirmed by Lin etal. in the synthesis of (Si/Fe-codoped
TiO, which improved hydrogen generation due to synergistic
effects between the Si, Fe and TiO, which effectively induce
the red shift of optical absorption edge thereby enhancing
visible-light absorption.m As shown in Figure 8(b), co-doping
decrease the band gap and shifted the conduction band to a

of photocatalysts as

more negative potential facilitating reduction of H™ for
hydrogen gas formation.*”

Co-doping TiO, by Mahmoud etal. resulted in shift of
absorption edge 365 nm to 600 nm enhancing visible light
1 One of the highest focuses of photocatalysis

is the aim to shift the conduction band level of photocatalysts

photocatalysis.

to enhance the photocatalytic performance of the photo-
catalysts towards effective hydrogen evolution reactions.
Khlyustova etal. reported and impressive enhancement in
photocatalytic activity to 70 % after addition of aluminum and
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Figure 8. a) Yield of hydrogen increased through doping,
absorption due to modification of TiO,,"”

photogenerated electrons and holes through Fe or Co doping.“oo]

copper as dopants and the results became enhanced by a rise in
the activity to 96% after doping with Mo.""" This confirms
the importance of elemental doping of photocatalysts semi-
conductors towards effective photocatalytic activity. Non-
metal doping has also been identified as an efficient means to
reduce band gap. Doping of N and S into lattices has been
reported to contribute to reducing the band gap of TiO, for
visible light absorption.”® Petit et al. stated the importance of
factoring and modifying synthesis to include the arrangement
of jons in a nanostructure enhanced photocatalytic
performance.”!’ Co-doping of Fe,TiOs/Fe,0; with fluorine
and ruthenium yields an improved photocurrent of 1.47 mA/
cm” at 1.0 V vs. RHE, 3 times more than that of the pristine
Fe,TiO,/Fe,0,.""

Extensive researches have been done to enhance the
photocatalytic activity of TiO, by doping with transition metal
atoms that have unpaired electrons in the 3d orbital (M=V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn) or 4d unpaired electrons
(M=Y, Zr, Nb, Mo, and Ag)."”'" With reference to various

320 340 360 380 400 420 440 460 480 500
Wavelengh (nm)

1 b) Shifting of electronic bands and lowering of band gap through doping,[(’z] ¢) Enhanced light

and d) Photoluminescence spectrum. Low emission at about 360 nm indicating reduction in recombination of

transition metal oxides, ternary metal oxides have been
identified to exhibit multiple oxidation states making them
undergo multiple redox reactions."* The addition of dopants
into the crystal lattice either results in p-type or n-type
material. Dopants are introduced in small amounts which can
result in effective improvement in the photocatalytic properties
of the semiconductors."*”

Though metals have been widely targeted as dopants and
literature has reported more on metal doping and co-doping,
non-metal doping of transition metal oxides for visible-light
photocatalysis is also widely practiced in recent times due to
their ability to reduce large band gap of photocatalysts
materials to effectively absorb visible light."*  Carbon,
sulphur, nitrogen, and fluorine have been frequently used in
doping among the non-metals. Carbon has been reported to
minimize the bandgap of TiO, by producing a hybrid orbital
over the valence level of TiO, and resulting in improved visible
light absorption."” Sulphur creates localized states in the
energy band gap structure of TiO, when doped, which helps
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to reduce bandgap. These localized states improves electronic
transition upon visible light illumination with enhances optical
properties."”®'"” Nitrogen improves the transfer of photo-
generated electrons when used as a dopant."’” Fluorine is
reported to introduce energy states below the O 2p valence
band when doped into TiO, leading to the formation of Ti**
ions.""" In general, the incorporation of elements as dopants
causes distortion of the TiO, or the iron titanate crystal lattice
resulting in variation of their surface characteristics, and
consequently reducing the band gap."'” The reduction in
band gap further leads to enhancement of optical, electronic,
and photocatalytic properties.

6.2. Heterogeneous Material Fabrication

The need to acquire the appropriate conduction band of
semiconductors toward hydrogen generation has been one of
the key reasons for modification of photocatalyst semi-
conductors. As displayed in the Figure 9, the level of the
conduction band must be more negative than the redox
potential of H"/H, (0V vs. normal hydrogen electrode
(NHE)), and the top level of the valence band must be more
positive than the redox potential of O,/H,O (1.23V wvs.
NHE)." Composite formation from two or more catalysts
helps to enhance this property. Cafas et al. experimented with
the generation of hydrogen using FeTiO; NPs under UV
irradiation. Based on results from the unmilled sample
(240.5 pmolg™"h™"), it was evident that milling increased the
surface area with improved yield (255.3 pmolg 'h™") which

VINHE

further increased to 296.0 pmolg 'h™" (milled with 1.0 wt%
MgO), and 265.2 pmolg 'h™" (milled with 1.0 wt% metallic
Mg). This enhancement of the photocatalytic yield was due to
the increase in the surface area and formation of composite
which subsequently modifies the band structure to improve
the optical and electrochemical properties.”’ Regue et al.
engineered thin layers of Fe,TiOs on top of TiO, and a-Fe,O;
to enhance photocatalytic properties. The synthesis of Fe, TiO5
and a CoO, catalyst composite on top of TiO, nanotubes
increased the incident-photon-to-current efficiency from 5%
to 40% using light of wavelength of 400 nm and +1.23V
RHE, displaying an enhancement in charge carrier transport
within the synthesized NPs."

Apart from binary catalyst or metal oxides which have two
elements, most semiconductors for catalytic purposes are
recently being fabricated to have three (ternary) or four
(quaternary) different elements in the semiconductor system.
Quaternary semiconductor systems are now gaining more
attention. Liu et al. reported that ternary system contributes in
enhancement of photocatalytic activity during photocatalytic

3] Formation of composites forms hetero-

water splitting.!
junction which enhanced charge separation as a result of
suitable band alignment."" Wang etal. reported that
Fe,TiOs/Fe,O5/Pt composite synthesized has an excellent
photo response due to heterojunction formation resulting in
efficient water splitting. The effective charge separation, charge
transport as well as adequate light harvesting are key areas of
focus.""” When the synergistic effect of the composite, and
hence the heterostructure formed, supersedes the individual

H

Conduction Band

eeeeee//

' step (iii)

O H*H;z - --

stepj(i)
O,/H,0- - -

Negative VB

h* h* h* h* h* h*
Valence Band \

H,0

Figure 9. Schematic representation of conduction and valence band alignment.

[44]

step (iii)
2

Chem. Rec. 2024, 24, 202400016 (13 of 18) © 2024 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

ASUBOIT SUOWIO)) 2ANEAI)) d[qedijdde ay1 Aq PauIoA0S a1e SO[IIIE V() $asN JO SAJNI 10§ ATeIqr] duI[uQ) A[IA\ UO (SUOHIPUOD-PUE-SULIA}/W0d" K3[1m’ Areiqrjout[uo,/:sdny) suonipuoy) pue sud [ a1 89S *[$707/80/50] U0 Areiqry duruQ A3[Ip\ © ANSIPAIUN 2181 [9Y BUI[OIE)) YULON - oyeseq nuysig A9 91000+0Z 19Y/2001°01/10p/wod* Ka[im’ Areiqrjourjuo//:sdny woiy popeojumo( ‘s “bz0T ‘1690825 |



Review

THE CHEMICAL RECORD

nanoparticles improved photocatalytic properties are achieved.
It has been reported that many approaches have been put in
place to improve the solar-to-hydrogen conversion efficiency
and subsequently improve hydrogen evolution reaction rate
and yield. Elemental doping, heterojunction formation,
defects, and interfacial engineering mechanisms are a few
approaches found to be helpful in achieving high efficiency.™
Numerous attempts have been made and future progress is
again focusing on depositing different photocatalytic species
on fabricated NPs to build interfacial heterojunctions includ-
ing typel heterojunctions, Schottky junctions, and Ohmic

! More crystalline

junctions as reported by Zhang eral.®
samples are being fabricated since photocatalytic activity is
observed to be enhanced by the crystallinity of the photo-
catalyst. Ways to decrease the density of states and recombina-

tion activities of charge are also being exploited.™”

6.3. Tuning Band gap

The band gap of the semiconductor which refers to the
separation between the conduction band minimum and the
valence band maximum was determined for photocatalysts to
investigate their conductivity and to help understand other
optical and electrochemical behaviors. Fe,TiOs, as an n-type
semiconductor, has narrow band gap of about 2.1 ¢V which
explains its ability to absorb visible light.'"”
UV-Vis diffuse reflection spectroscopic technique to study the
light absorption properties of synthesized samples. Though
TiO, poorly absorbs light with a wavelength of more than
400 nm, the combination of Fe,TiOs with TiO, lowered the
band gap and improved the absorbance of the composite. The
absorption visible light further improved when Ag was added
to the composite (Ag/TiO,/Fe,TiO;).”” This confirms that
introducing dopants and composites enhances the band gap of
semiconductor NPs. Peng etal. synthesized Fe,TiOs-TiO,
nanocages (NCs) with a band gap of 2.1 ¢V with an enhanced
light absorption in a broad band of solar spectrum. As anode
materials, these NCs effectively when used in photoelectro-
chemical (PEC) water splitting.[m Some nanoparticles have

Yang et al. used

been investigated to have more negative conduction band
values which are suitable for hydrogen evolution reaction.
MgTiO; is an example with a good conduction band at a
more negative potentials."'® However, as compared to FeTiO;
with a band gap between 2.59-2.9 ¢V, a wide band gap of
MgTiO; between 3.4-3.7 eV makes it unsuitable for use as
photocatalyst in the visible light region since lots of energy is
needed for its activation. Though incorporating Mg and MgO
into the crystal lattice of FeTiO; increased the band gap, the
overall synergistic effect resulted in the shifting of the
conduction band of Mg/FeTiO; and MgO/FeTiO; composites

to a more negative potential for enhanced H, generation.

6.4. Experiment Design (Condition and Scavenger

Molecules)

Sun et al. observed an improved performance in hydrogen gas
generated from 249.58 to 361.64 pmolg 'h™' after adding
ethanol as the sacrificial agent to the reaction medium.” A
low yield of 1.8 mmol-H,/h hydrogen generated using pure
water as compared to 12.5 mmol-H,/h in aqueous methanol
indicating the contribution of sacrificial agents (scavengers) in
hydrogen production.®” The use of water as proton source
without the help of sacrificial agent will be a challenge and
proposed the optimization of reaction conditions such as
environment temperature as well as use of sacrificial agents in
controlled amount. The design of suitable photoreactors also
have been identified to play a role in photocatalytic
mechanism.""”

Sacrificial agents have been proven to improve the H,
efficiency."'®""”" Though sacrificial agents serve as electron
donors or hole scavengers and minimizes electron-hole
recombination, reactors design can focus on mechanisms to
eliminate products from hole scavengers by continuously
feeding with controlled amounts of scavenger molecules or
creating a scavenger-water flow system to replace solution
within the reactor. Interference from products of sacrificial
agents will be eliminated when solution is gradually replaced.
This can be beneficial to accelerate the rate of hydrogen
generation since effective rate of hole scavenging is required to
enhance photoactivity. Reverse hole transfer investigation by
Zao et al. with different hole scavengers proved that methanol
with short chain hydrocarbon is a better hole scavenger."*" As
an advantage, methanol was used as sacrificial agents, yields
some amount of hydrogen after getting oxidized, and forms
formaldehyde, formic acid which are also sacrificial agents for
water splitting.

6.5. Surface Area

As a measure of the total area occupied by all surfaces of a
given solid, surface area plays a key role in catalysis. Being one
of the pioneers of active site catalysis investigations, Hugh
Stott Taylor was said to be the first to report that only active
sites of a fabricated nanoparticle are involved in a catalytic
reaction and not the entire surface as reported by Vogt and
Weckhuysen."”"!  Nanoparticles exhibit enhanced ~catalytic
properties as a result of high surface area compared to the bulk
material. From the review, researchers targeted engineering
materials possessing 0D, 1D or 2D morphologies due to their
Nanotube,"”  nanofibers””  and
! morphologies saw appreciable yield of H, gas in

large surface areas.
nanowires"”*
the range of millimoles per hour per gram of catalyst due to
high surface area as compared to the polycrystalline structure

reporting 515.45 umolg 'h™' of H, gas.”” 3D materials
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possess porosity to allow the interaction of solvent molecules
with more active sites within the structure. Small pore sizes
and large surface area of nanoparticles contribute to the
enhancement of their optical, physical, and chemical properties
required for effectiveness."*>'*”

The photocatalytic performance of iron titanate NPs in
hydrogen evolution reaction has been observed to improve
(from 240.5 to
255.3 pmolgflhfl), due to the increase in surface area of the
NPs". Bassi’s proposed the need for fabrication of thicker
films to aid in absorption of more light. However, thin films
are known to be better absorption of light than thick films as
confirm by Sreekanth et al.!'**
advantages offered by thick films lie in porosity and crystal
arrangement of the semiconductor. Well-formed, porous, and
thick films will allow light penetration and enough light
harvesting for enhanced photocatalytic activity. Fe,TiOs—TiO,
nanocages fabricated by Zhang et al. with hollow structures

possess beneficial light absorption property and improved
38)

simply by milling the samples

1 due to large surface area. The

surface area for enhanced photocatalytic activity.!

6.6. Limitations and Future Perspective

Grey, turquoise, blue, black or brown types of H, generate
CO, as by-products; pink H, generates nuclear waste and
green H, from electrolysis tend to be energy intensive making
green H, from photocatalysis cost effective and environ-
mentally friendly."” Most photocatalytic investigations from
iron titanate lack report on shortfalls associated with its use for
H, generation. However, lots of previous reports are centered
on improving limitations associated with TiO,; high electron-
hole recombination, inefficient exploitation of visible light,
wide band gap and stability issues. In this regard, some
limitations and future perspective shall include but not limited
to:

1. Creation of sequential configurations for n-type and p-type
materials are necessary during composite formation as this
will enhance electron-hole transfer. The nature of material
arrangements during synthesis can contribute significantly
to the kinetics of the charge transfer and suppression of
electrons and holes recombination. Fabricating n-type to p-
type to n-type to p-type sequencing can yield effective
charge transfer.

2. Combining elements with multiple oxidations states
[copper (+ 1, +2), cobalt (+2, +3), titanium (+ 3, +4),
iron (+2, +3), manganese (+2, +3, +4, +6, +7),
vanadium (+2, + 3, +4, +5), chromium (+2, + 3, +6),
molybdenum (multiple but stable at +4, 4 6) and tungsten
(multiple but stable at +4, +5)] will aid in the release of
efficient charges for redox activities which is key in
photocatalysis. Doping and forming composites with these

metals increases the electron density and subsequently
improves the charge transfer within the semiconductor.

3. In addition to computational and density functional theory
(DFT) studies, detailed investigation can be carried out
focusing on variation of experimental conditions, elemental
composition, crystallinity, and morphology and studying
the corresponding effects on the optical, magnetic, and
electronic properties of the photocatalyst semiconductors.

4. Investigating hydrogen evolution activity using varying
compositions and concentrations of sacrificial agents and
varying the degree of purity of water used in hydrogen
generation as pollutant water is being reported to perform
better than deionized water.

5. Heterojunction formation improves charge transfer and
migration whiles reducing electron-holes recombination. A
stronger synergistic effect must exist within the components
in the heterostructure and must supersede the individual
nanoparticles performance to achieve enhanced activity.

7. Conclusion

In conclusion, the pivotal role played by materials in
facilitating water splitting towards hydrogen generation has
generated greater attention in the field of photocatalysis. As
hydrogen gas is currently in production and usage in pilot
bases, the need for scale up and low-cost production is calling
for more research into suitable catalysts for large scale and low-
cost production. The shortfalls of TiO, effective photocatalysis
have resulted in numerous modifications over the years. This
review has critically evaluated the effect of incorporating iron
into the crystals lattice of TiO, to form iron titanate photo-
catalyst and highlighted advances made in their synthesis,
morphology, and application towards hydrogen production,
and elaborated on future prospects. When the field is
advanced, iron titanate will be one of the best and more
economical photocatalyst for water splitting due to its
abundance, low-cost, non-toxicity, recoverability, environ-
mental friendliness, and easy handling.

This review has made detailed emphasis ways to improve
the efficiency in the use of iron titanate as a photocatalyst.
Synthesis modifications during material fabrication, factors to
consider in experimental design, DFT simulations have been
highlighted as ways to improve the efficiency of iron titanate
photocatalysts. These techniques is aimed at providing useful
insight to aid in future research, modification and application
of iron titanate in photocatalysis for hydrogen evolution.
Again, as highlighted in this review based on the previous
works, intense investigation into fabrication of advanced
materials with desired compositions and architectures will be
more applicable for enhancement of hydrogen evolution
activities via water splitting in the presence of light. As
previous works has basically proven that modification of TiO,
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with iron to produce iron titanate photocatalysts improved
photocatalytic yield as compared to the pristine TiO,, and
further modification of the iron titanate showed better
performance, there is the assurance that further studies will
yield potential materials in future. These modifications, when
well investigated into, can help to achieve or closely reach the
goal of settling on that excellent material, that is stable, cost-
effective, and exhibiting most photocatalytic properties for
integration into the current cutting-edge findings for sustain-
able, renewable and clean H, gas for the future generation.
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