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photocatalytic water splitting. Numerous photocatalytic materials are available for pho-
tocatalytic hydrogen production, but bismuth-based materials are the most suitable as
they are non-toxic, economical, opto-electronically active, have suitable band positions for
photocatalysis, and exhibit excellent photo-stability.

To provide summary of latest research in the field of photocatalytic water splitting, a
comprehensive review is favorable to suggest future research directions aimed at discov-
ering solutions to current challenges. This review emphasizes the need for alternative
energy sources and the competitiveness of photocatalytic water splitting for hydrogen
production. The mechanism and thermodynamics of the photocatalytic water splitting
have been discussed, along with the properties of an ideal photocatalyst for photocatalytic
hydrogen production with a special focus on the bismuth-based photocatalysts. The
optimization of synthetic and photocatalytic processes is crucial for commercial use with
much improved hydrogen production in terms of cost and quantity without harming
environment at any stage. Furthermore, current challenges and future perspectives have

been presented for upcoming research in this domain.
© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The conversion of solar energy into hydrogen through pho-
tocatalysis is a promising method for obtaining renewable and
eco-friendly energy to meet future energy demands. Hydrogen
is an exceptional energy carrier due to high energy density
(141.8 x 10°J/kg) [1,2], ease of storage and transportation and
renewable nature. Additionally, when burned with oxygen,
hydrogen only produces water rather than harmful by-
products, thus, has potential for use in vehicles, jet pro-
pulsions, and power generation [3—7]. The global energy crisis
and environmental pollution are two critical issues that
hinder social development and threaten our civilization. Since
the industrial era, coal and petroleum have been the primarily
sources of energy worldwide, but these resources are finite
and depleting. To achieve sustainable development, it is
necessary to urgently address these problems by transitioning
to cleaner and renewable resources, such as green hydrogen
production via solar-powered water splitting. The widespread
distribution and abundance of solar energy make the solar-
powered water splitting a promising green source of energy
with minimal environmental impact. It has been reported that
the sun emits solar energy equivalent to that produced by
130—-500 MW power plants at any given moment [8].

Water is an abundant source of hydrogen, but due to the
large distribution of solar energy, it is challenging to split
water into stoichiometric hydrogen and oxygen on a com-
mercial scale. However, photocatalysis can be effectively
harness solar energy to break down water into its individual
elements.

This promising approach is cost effective and non-toxic [9].
Fundamental steps involved in photocatalytic water splitting
are: (1) absorption of solar energy by the photocatalyst for
electron-hole generation, (2) transfer of charge to the surface of
photocatalyst, and (3) hydrogen evolution on the surface. This
reaction is only feasible when the potential difference of the
photocatalyst exceeds the standard potential difference of
water (1.23 eV) [10,11]. Although the scientific community has
made progress in optimizing the first two steps, the third step

is still a challenge, as it requires a co-catalyst for proper func-
tioning [12]. The surface of photocatalysts undergoes a side
reaction called surface back reaction, which results in the
recombination of photogenerated hydrogen and oxygen to
form water. This reaction negatively affects hydrogen pro-
duction. To counter this effect, sacrificial reagents and pho-
toactive sites are used. Reports suggested that sacrificial
agents are used to enhance the rate of reaction of photoexcited
charge carriers and suppress the negative effects of surface
back reaction resulting from photon strike on the photo-
catalyst surface. The sacrificial agents act as external electron
donors and acceptors, reducing the likelihoods of surface back
reaction. Methanol and ethanol are commonly used sacrificial
agents, and the photocatalytic reaction in which they are used
is called as a half reaction for hydrogen production [13]. Other
reagents such as lactic acid and triethanolamine have also
been used to improve hydrogen production [14,15]. However,
using additional reagents to maximize production efficiency
increases the cost of production process, making it unsuitable
for commercial use. Separation of photoactive sites is another
method to prevent the recombination of photogenerated
hydrogen and oxygen. This step also assists to separate
electron-holes pairs, inhibiting their recombination, which
leads to better photocatalytic hydrogen production. The
morphology of the photocatalyst plays a vital role in execution
of this step [15]. An alternative approach to splitting water via
sunlight is through photo electrochemical methods. However,
this technique requires an additional source of electricity to
produce hydrogen, with semiconductors acting as photoanode
and photocathode, and external electricity is provided through
these electrodes to electrolyze water before splitting [16—18].
Compared to photo electrochemical water splitting, photo-
catalytic water splitting is a more promising option in terms of
performance, cost and environmental friendliness. The former
method involves expensive and toxic chemicals and additional
electricity making it the process complex, resulting in unsat-
isfactory outcomes [19—21].

Photocatalytic water splitting involves in the use of semi-
conductors as photocatalyst, and numerous semiconductors
have been researched and developed for photocatalytic water
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splitting. These include compounds such as TiO, [10], ZnS,
CulnS, [22], g-C3Ny [23,24], AgsPO, [25], SINDO; [26], Bi;TaOgX
(X = Cl, Br) [27] as well as composites: TiO,/CdS [28], ZnO/CdS
[29], K4Nbg0,,/CdS [29], Pd—Pt/CdS [30], MOF(Ti)/BP [31], BiVOy/
PCN [32] and nanomaterials: TiO, [33] CdS, MoS,—CdS [34],
SITiO; [35], Au@MoS, [36], BiOX (X = CI, Br, I) [37—39], C@CBO
[40]. Elaborative reviews on these materials can be found in
references [3,4,19,21,23,41—-46]. However, achieving efficient
photocatalytic water splitting requires a highly sophisticated
photocatalyst that can overcome challenges in water oxidation
process. An ideal photocatalyst must have relatively narrow
band gap, a negative bottom of conduction band and a positive
top of valence band. A narrow band gap enhances solar energy
harvesting with the pertinent position for generating electron-
hole pair involved in redox reaction. The negative bottom of
conduction band facilitates the rapid release of hydrogen, and
to promote photo-oxidation reaction whilst the top of valence
band needs to be positive than redox potential of water. The
scientific community has worked to produce materials with
these properties, and there seems to be an agreement that
bismuth-based materials have the desired properties for pho-
tocatalytic water splitting [19]. Bismuth nanomaterials and
bismuth halide perovskites are two important types of mate-
rials used for photocatalytic hydrogen production form water
amongst the bismuth-based materials. Metal halide perov-
skites (MHPs) are composed of a monovalent organic or inor-
ganic cation, a bivalent metal such as lead, bismuth, and tin
and a halide ion [47,48]. Due to their exceptional features, such
as a wide absorption range and long electron-hole diffusion,
MHPs are suitable for optoelectronic applications, including
photovoltaics and photocatalysis [49—51]. However, their
instability in water and the toxicity of lead, which is a common
component of MHPs, limit their use in photocatalytic water
splitting [52]. To address these issues, bismuth has been uti-
lized as an replacement for lead in MHPs. Bismuth based halide
perovskites can avoid the toxicity problem but still suffer from
instability in aqueous medium. For instance, the inorganic
MHP Cs3Bi,ls has been synthesized and used for photocatalytic
hydrogen production, demonstrating the highest hydrogen
evolution of 2157.8 umolh~'g~'. However, due to the instability
of the MHP, this hydrogen evolution reaction had to be per-
formed in ethanol [52]. The instability of bismuth based halide
perovskites in water make them unsuitable for photocatalytic
hydrogen production form water. For further information,
refer to the excellent reviews referenced here [53-56]. In
contrast, bismuth based nanomaterials exhibit excellent sta-
bility in aqueous media and possess distinctive electronic
structures with a relatively narrow band gap and high photo-
oxidation intensity. These properties offer a rich source of
electrons and photons that can be highly advantageous for the
process of hydrogen production via water splitting (as illus-
trated in Fig. 1) [20,57,58].

This review aims to examine the potential of bismuth-
based materials for producing hydrogen through photo-
catalytic water splitting, as a sustainable, renewable and
solar-driven energy source. The review further aims to pro-
vide readers with a comprehensive understanding of the
synthetic and mechanistic aspects of bismuth-based photo-
catalysts for this process. It includes recent literature on the
topic, highlights current challenges that hinder the upscaling

Excellent Narrow Band
Stability Gap

Features of
Bismuth Based
Materials

Unique
Electronic
Structure

Cost Effective

Fig. 1 — Prominent features of bismuth based materials
that play significant role in photocatalytic water splitting
for hydrogen production.

of this technology, and suggests future research directions for
further exploration.

Water splitting: mechanism and thermodynamic
approach

The process of water splitting is involves a dissociation of
water into its elemental components; hydrogen and oxygen
with the aid of an energy [59]. Several techniques have been
utilized to achieve split water for hydrogen production, such
as photocatalytic [60], photo electrochemical [4], thermal
decomposition [61], radiolysis [62], and photo biological [63]
techniques. Photocatalytic water splitting is a process in
which water is transformed into stoichiometric hydrogen and
oxygen through the conversion of light energy into chemical
energy in the presence of a photocatalyst. On the other hand,
photochemical/photo electrochemical water splitting requires
the use of both photocatalyst and external redox electron
source to separate water into oxygen, making them compli-
cated and expensive [4]. Thermal decomposition requires high
temperatures (above 2000K) for water splitting, in addition to
the fast recombination of hydrogen and oxygen, low yield, and
high temperatures are significant drawbacks [61]. Radiolytic
water splitting involves irradiating water molecules in the
presence of supra-molecular compounds. This process pro-
duces not only hydrogen and oxygen but nuclear waste. The
use of supra-molecules and production of nuclear waste make
this process unattractive [62]. Some photoautotrophic micro-
algae and cyanobacteria can also produce hydrogen through
photobiological water splitting by absorbing sunlight [63].
Amongst the techniques mentioned, photocatalytic water
splitting is simplest, most cost-effective, cleanest and efficient
technique for hydrogen production using sunlight. Its primary
advantage is that there is no possibility of byproduct forma-
tion, making it an attractive process for hydrogen generation
[64]. Dincer et al, conducted a comparison of various
hydrogen production techniques and concluded that photo-
catalytic water splitting is the most cost-effective and envi-
ronmentally friendly method. However, despite its
advantages, the efficiency of photocatalytic water splitting for
hydrogen generation is still sub-optimal levels. To improve
the efficiency, materials tailored specifically for photocatalytic

Please cite this article as: Saddique Z et al., Bismuth-based nanomaterials-assisted photocatalytic water splitting for sustainable
hydrogen production, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.05.047



https://doi.org/10.1016/j.ijhydene.2023.05.047
http://mostwiedzy.pl

A\ MOST

4 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

o, (um,._—]_ i
Water _—l Permeable pipe =

supply .
'
'
l » 41— Oxygen A 7
1 ; i H, (out) 1——| ' /Catalyst
s
' 1
L @ (ot
Water S ° s o | W
° - ’-1
® L) ° — °
Circulation Pump o o
o e
Q.. .'Q —
0'4;&'.8 % Q9 \C = e ] )
Hydrogen Hydrogen
Tank Permeable
Pipe

Fig. 2 — Schematic illustration of photocatalytic water
splitting for hydrogen production. Reprinted from Ref. [17]
with permission from Materials Research Society.
Copyright © 2011, Materials Research Society.

water splitting are required, as the efficiency of the process is
dependent on the characteristics of the photocatalyst mate-
rial used [64]. A schematic illustration of semiconductor based
photocatalytic water splitting for hydrogen production is
presented in Fig. 2.

Photocatalytic water splitting involves the acceleration of
oxidation and reduction processes at separate sites, resulting
in two distinct stoichiometric products. This process directly
converts solar energy into hydrogen energy by utilizing a
semi-conductor photocatalyst [65]. The photocatalyst possess
a valence band and a conduction band separated by a band
gap energy, which determines the photocatalytic properties of
the material [66]. Based on the number of steps involved,
photocatalytic water splitting is categorized into two mecha-
nisms: one-step photo-excitation mechanism and two-step
photo-excitation. The one-step photo-excitation mechanism
is a single step process in which a photocatalyst with enough
potential to split water into hydrogen and oxygen when the
catalysis is exposed to visible light to convert solar energy into
chemical energy. Favorable conditions for the one-step
mechanism include a narrow band gap of photocatalysis to
generate photons, operational environmental and thermody-
namic stabilities [67]. Fig. 3 illustrates one-step photo-excita-
tion mechanism of photocatalytic water splitting.

Lee et al,, and Maeda et al, highlighted the challenges in
achieving the desired properties in materials for a one-step
photo-excitation mechanism, leading to limitations in its
application [69,70]. However, the two-step photo-excitation
mechanism, also known as the Z-scheme mechanism, has
addressed the issues related to the one step photo-excitation
mechanism. This mechanism resembles natural photosyn-
thesis and facilitates hydrogen and oxygen production through
two distinct steps. In the first step, water is oxidized to produce
oxygen, while in the second step, hydrogen cations are reduced
to form hydrogen molecules. Metal complexes with flexible
oxidation states serve as intermediaries to connect these two
steps. Compared to the one-step mechanism, the two-step Z-
scheme mechanism is much more practical, since it can utilize
a wider range of visible light and has a higher likelihood of
achieving stoichiometric hydrogen and oxygen [71,72].

Fig. 3 — General illustration of one step photo-excitation
mechanism for photocatalytic water splitting (i) Solar light
absorption, (ii) charge separation and charge transfer, (iii)
oxidation-reduction reaction. OEC: O, evolving catalyst;
HEG: H, evolving catalyst. Reprinted from Ref. [68] with
permission from American Chemical Society. Copyright ©
2019, American Chemical Society.

The process of the two-step photo-excitation mechanism
for photocatalytic water splitting is illustrated in Fig. 4. In the
first step, when photons from the sun interact with the pho-
tocatalyst at an energy level equal to or greater than the
photocatalyst's band gap, charge carriers including electron/
hole (e -h") pairs are produced. The second step involves the
separation of these photo-excited charge carriers, which is
crucial to avoid recombination of the electron-hole pairs
leading to energy dissipation in the form of heat in nanosec-
onds. These separated photo-excited electron-hole pairs are
then transported to the photocatalyst surface to react with
water, resulting in the dissociation of water into stoichio-
metric hydrogen and oxygen. The surface electrons of the
photocatalyst are responsible for reducing water to produce
hydrogen, whilst the surface holes oxidize water to produce
oxygen [74,75]. Eq. (1) and Eq. (2) represent the photo oxidation
and reduction reactions occurring during the photocatalytic
water splitting process, respectively.

Photo — oxidation : 2H,0+hv —» O, +4 H" 4+ 4e~ (1)

Photo — reduction : 2H,0 +2e~ +hv — H, + 20H™ 2

Photocatalysis is determined by various factors from a
mechanistic perspective. These include the density of light
absorption, the generation of electron-hole pair, the rate of
recombination of charge carriers, and the efficient trans-
portation of electron-hole pairs for water oxidation and
reduction. The more light absorbed, the greater the produc-
tion of electron-hole pairs and the faster the photocatalysis
process [76].
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Understanding thermodynamics of photocatalytic water
splitting is also essential. Li et al., expressed the reaction as an
‘uphill’ reaction thermodynamically since it requires amount
of energy equivalent to the standard Gibbs free energy change
(AG = 237 kJ/mol) to initial water splitting into stoichiometric
hydrogen and oxygen.

H,0 - H, +%OAG°: +237KJmol™"; E=1.23eV 3)
2H"+2e — H, E=0¢eV reduction (4)
2H,0 — 4H" +4e” +0, E°=1.23 eV oxidation (5)
Ecs =E2; (pH=0) — 0.059 pH ()

Eq. (3) describes the complete redox process of water
splitting, in which a Gibbs free energy of 237 kj/mol is
required to initiate the reaction by overcoming the energy
barrier of 1.23 eV. Eq. (4) indicates that no Gibbs free energy is
required for the reduction process, whilst Eq. (5) reveals that
overcoming the energy barrier of 1.23eV is necessary for the
oxidation process, which is the actual energy barrier for the
entire water splitting reaction [77]. Eq. (6) provides the rela-
tionship between the band edges of semi-conductor photo-
catalyst and the pH. In conclusion, a thermodynamically
non-spontaneous photocatalytic water splitting can be ach-
ieved by adding extra photons to the photocatalyst, providing
enough energy to overcome the energy barrier of 1.23 eV, and
convert water into hydrogen and oxygen. An ideal photo-
catalyst should have a band gap greater than 1.23 eV to
initiate water splitting. Additionally, to achieve this level of
energy, wavelength of the light must be between 400 and
1000 nm otherwise less energy will be generated. These are
the prerequisites for generating electron-hole pairs followed
by their separation, while for the third step of photocatalytic
water splitting (photo-oxidation and photo-reduction), the
redox potential of water and band position of photocatalyst
should matched. Fig. 5 illustrates the thermodynamics
involved in photocatalytic water splitting. To drive the
reduction process, the photocatalyst's conduction should be
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Fig. 5 — Schematic illustration of thermodynamic
principles of photocatalytic water splitting. CB; Condcution
band, VB; Valence band, Eg; Band gap. Reprinted from
Ref. [80] with permission from American Chemical Society.
Copyright © 2018, American Chemical Society.

negative relative to the H*/H, (0 eV) redox potential versus
the normal hydrogen electrode (NHE) at pH = 0. In the case of
oxidation, the photocatalyst's valence band should be more
positive than the O,/H,0 (1.23 eV) oxidation potential relative
to NHE at pH = 0. Both the band edges of the photocatalyst
and the redox potential of water are pH dependent, with a
slope of 0.059 V/pH as shown in Equation (6), Consequently,
the overpotential of photo-excited charge carriers has no
effect on the redox potential of water at different pH values
[75,77-79).

Features of photocatalyst for photocatalytic
water splitting

The efficiency of photocatalytic hydrogen production from
water is greatly influenced by the electrical and structural
properties of photocatalyst. The generation and migration of
electron-hole pair in photocatalyst rely on these charged
carrier, and the optimization of the electrical and structural
characteristics of photocatalyst can impact the efficiency of
the process. The introduction of defects and co-catalyst can
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Fig. 6 — Desirable properties of an ideal photocatalyst for
hydrogen production form water.

influence the photocatalyst's performance. The presence of
defects in the crystal structure of the photocatalyst reduces
photocatalytic efficiency since these defects act as sites for the
recombination of electron-hole pairs, dissipating energy as
heat. It is widely known that hydrogen activation requires a
large surface area, which is often absent in most photo-
catalysts. This limitation can be addressed by adding a co-
catalyst to the photocatalyst surface with a size smaller than
50 nm, which provides active sites and initiates hydrogen
evolution. The other desired properties for efficient photo-
catalytic water splitting for hydrogen production are sum-
marized in Fig. 6 [81—-83].

Bismuth based materials are highly regarded for their po-
tential in photocatalytic water splitting for hydrogen produc-
tion due to their unique electronic structure, narrow band gap,
non-toxic nature, good reusability, cost effectiveness and
good quantum yield [84]. Moreover, bismuth based nano-
material exhibit exceptionally photostability in addition to
their stability in water, thereby addressing a technical chal-
lenge faced by semiconductor photocatalysts for hydrogen
evolution [85]. Traditional photocatalysts tend to degrade
under sunlight due to self-oxidation from photogenerated
holes. However, in bismuth base materials, particularly
halogen oxides, the elevated 2p band of oxygen dominate the
valence band of the photocatalyst, ensuring long term pho-
tostability and preventing self-oxidation whilst maintaining
suitable band levels [86,87]. Bismuth is particularly effective in
photocatalytic water splitting due to the presence of a 6s
orbital in the valence bands of bismuth-based materials. The
well-dispersed 6s orbital allows for efficient electron-hole pair
mobility and reduced band gap. As a result, most of the pre-
vious reports on bismuth-based materials have a band gap
less than 3 eV, enabling efficient energy harvesting for
hydrogen production [88,89]. Additionally, the 6s orbital's
delocalization provides exceptional stability to bismuth-based
photocatalysts. Several studies have demonstrated that
bismuth-based photocatalysts do not require surface modifi-
cation, as they are photostable, and after repeated application
cycles, there is no change in their chemical or physical
structure or signs of self-decomposition. The extended life-
span of bismuth-based photocatalysts is a distinguishing
factor among various semiconductor-based photocatalysts
[86,90,91].

Synthesis of bismuth based materials

Various types of bismuth based materials, including nano-
materials [92], composites [93], compounds [46], hybrids [94]
and doped materials [74] have been utilized for photo-
catalytic water splitting for hydrogen generation. The syn-
thesis of bismuth-based materials
techniques, such as solvothermal, hydrothermal, sol-gel,
solid-state reaction, and sonochemical methods In the sol-
vothermal method, the precursors are dispersed in solvents
such as ethylene glycol and glycerol and placed in a mild
temperature ranging from 80 to 180 °C for 12—24 h in an
autoclave. Pressure is buildup in the autoclave due to the
elevated temperature, and the reaction occurs due to the
increased pressure [95]. In the hydrothermal method, water
is used as the solvent, while the remaining procedure is
similar to the solvothermal method [96]. In sol-gel method of
semiconductor synthesis, a gel of suitable material is pre-
pared as a precursor, and the precursor is reduced into a
semiconductor inside of the gel. This method allows for easy
separation of the as-produced material [74]. In the solid-state
reaction, the reactants are ground and heated at high tem-
peratures (over 1000 °C). However, the need for such a high
temperature makes this method unfavorable and expensive
[97]. Among these methods, the hydrothermal method is
favorable due to its yield, tunability of morphology and size
of the crystalline phase through varying solvents, and cost-
effectiveness. However, issues related to by-product forma-
tion need to be addressed for practical applications. This
section provides an overview of different synthesis methods
for various classes of bismuth-based materials.

involves several

Bismuth-based nanomaterials

Wang et al. utilized the exceptional photocatalytic properties
of bismuth nanoparticles to synthesize BizNbO; nano-
particles. They employed a hydrothermal method combined
with the assistance of a polymerization complex. To achieve
this, niobic acid was dissolved in oxalic acid and bismuth ni-
trate pentahydrate was added until a white milky suspension
formed. The mixture was then heated at 120 °C in an auto-
clave for 12 h. The resulting product was washed with
deionized water and alcohol to remove impurities before
being dried. This product was then used as a photocatalyst in
photocatalytic water splitting without any further treatment
[96]. Another study prepared BiVO, nanocrystals using a so-
lution combustion technique This involved reacting bismuth
nitrate pentahydrate and ammonium vanadate in the pres-
ence of nitric acid and maleic acid, followed by heating up to
500 °C [98]. To synthesize quantum BiVO, a hydrothermal
method was adopted. The reactants were dispersed in
deionized water and heated at 100 °C for 12 h, resulting in a
tube-like morphology with an estimated diameter of 5 nm, as
shown in Fig. 7 [99].

Bismuth nanomaterials containing tungsten oxide have
been identified as promising photocatalysts for the process of
water splitting. Various morphologies of Bi,iWO¢ have been
successfully synthesized through hydrothermal methods,
including monolayer Bi,WO¢ [100] and flower like Bi,WOg
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Fig. 7 — (a) TEM images and (b) XRD pattern of BiVO,. Reprinted from Ref. [99] with permission from American Chemical

Society. Copyright © 2014, American Chemical Society.

[101], for use in photocatalytic water splitting. Li et al. have
reported the successful synthesis of bismuth oxychloride
nanosheets through sonication-assisted hydrothermal
methods, using bismuth nitrate and potassium chloride as the
main precursors. Hydrothermally synthesized NiOx using
nickel nitrate as a precursor was used as a co-catalyst for
hydrogen production [102]. Using a solvothermal method, Ye
et al. synthesized ultrathin nanosheets of bismuth oxy chlo-
ride nanosheets with increased spacing. They dissolved bis-
muth and chloride precursors separately in glycerol, and
added a KCl solution to the bismuth nitrate solution. After
transferring the suspension to an autoclave and maintaining
itat 160 °C for 16 h, they obtained a black bismuth oxy chloride
product which was then purified through centrifugation and
washing with ethanol to remove impurities [95]. Similarly,
Zhang et al. prepared BiOCI ultrathin nanosheets measuring
3.6 nm in size, and doped them with NiOx to produce
hydrogen through water splitting. The hydrogen evolution
rates of both doped and undoped photocatalysts were
compared, and it was observed that the simple BiOCl ultrathin
nanosheets demonstrated improved performance [103]. One
study utilized a reverse micelle-based method without a
template to synthesize Bi,Ti,O; nanorods with a diameter of
40—-50 nm for photocatalytic water splitting. Bismuth hy-
droxide and titanium hydroxide were prepared by reverse
micelle method, and the resulting product was calcined at
500 °C to produce 20 nm spherical nanoparticles. Further
calcination at temperature of 650C caused the nanoparticles
to rearrange into nanorods of Bi,Ti,O7 [104]. In another study,
BiOIO; nanoplates with a diameter of 25 nm were synthesized
using a hydrothermal method. Bi (NOs);-5H,0 was dissolved
in deionized water, and NalOs; was added to the solution. The
reaction mixture was then heated in a stainless steel auto-
clave lined with Teflon at 160 °C for 5 h [105]. Yang et al.
synthesized BiFeO3 through a sol-gel process and doped with
Gd. Bismuth nitrate and ferric nitrate were used as precursors
for synthesis of BiFeO5; whilst gadolinium nitrate was used as
a doping agent. The doped bismuth ferrite exhibited better
stability and performance than the simple bismuth ferrite, as
the doped product yielded three times the rate of hydrogen
production [74]. Bismuth-based photocatalysts for water

splitting have been synthesized using combustion, sol-gel,
solvothermal, and hydrothermal methods. The hydrother-
mal approach reportedly provided higher conversion effi-
ciency, was less time-consuming, and did not require
additional reagents.

Bismuth-based composites

Bismuth-based composite materials prepared with other ma-
terials such as metals, metal oxides, carbon quantum dots,
graphitic carbon nitrides, have demonstrated further
enhanced efficiency in photocatalytic hydrogen production.
The BiOCl/CuPc composite, for example, was synthesized
usinga solvothermal method thatinvolved dissolving bismuth
nitrate in ethylene glycol and preparing a CuPc solution using
methoxyethanol. The two solutions were then mixed and
heated at 120 °C for an hour to produce the blue-colored BiOCl/
CuPc composite, which was used for hydrogen production
[106]. Another example of a composite material for photo-
catalytic water splitting is the BiOCl/Au/MnOx composite,
which was synthesized by photo-depositing gold and manga-
nese oxide onto hydrothermally synthesized BiOCl nano-
sheets. This composite material was also used for hydrogen
production, as reported by Zhang et al. [107]. Nd/Bi,O3 com-
posite photocatalysis was synthesized by Al. Namasha et al. for
hydrogen production. They added Bi,O; nanosheets to neo-
dymium nitrate solution and exposed the mixture to visible
light for 24 h. Excess ethanol was then removed by vacuum
heating at 333K for 10 h [108]. Li et al. developed MoS,/
Bi;,017C), bi-layer nanocomposite for photocatalytic hydrogen
evolution. Firstly, Bi;»0,,C1, was synthesized by mixing and
stirring of bismuth trichloride with ethanol to form yellow
precipitates, followed by adding a few drops of sodium hy-
droxide. Yellow crystals were calcined at 450 °C to obtain
Bi;»,017C1; nanosheets. Secondly, MoS, nanosheets were pre-
pared by mixing (NH)¢Mo0,0,4-4H,0 and thiourea, followed by
autoclaving at 200 °C for 24 h under autogenous pressure. The
resulting MoS, nanosheets were washed with ethanol/deion-
ized water. After preparing monolayers of MoS, and Bi;,047Cy,,
the layers were assembled into a bi-layer nanocomposite using
a sonicator under argon gas for deoxygenation. The mixture
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was then refluxed at 80 °C and washed with a water-ethanol
solution to obtain the final product [109]. Reduced graphene
oxide, also known as monolayer graphite, is attracting signif-
icant attention for its unique electronic properties, 2D struc-
ture, increased surface area, and excellent electron transport
capabilities [110]. These properties make graphene oxide an
attractive material for the creation of bismuth composites
used in photocatalytic water splitting. One such example is the
hydrothermal synthesis of a BiPO,/rGO, in which graphite
oxide and bismuth phosphate were dispersed in water and
heated to 60 °C [111]. Another composite Another composite
was synthesized through an electrospinning method, in which
bismuth molybdate was combined with graphene oxide [112].
Sun et al., developed nanocomposites of Bi,WOg on graphene
oxide for photocatalytic hydrogen production. To produce
these nanoparticles, Bi(NOs);-5H,0 was dissolved in water and
treated with HNO3, followed by the addition of graphene oxide.
The resulting mixture was heated at 450 °C for 3 h to form black
crystalline Bi,WOg/GO [113]. Various composites based on
Bi,WOg have been synthesized through hydrothermal and
electrospinning calcination methods, including BP/Bi,WOg
[114], TiO,/Bi,WOg [115], Bi,0,C04/Bi,WOg [116] and CdS/
Bi,WOg [117]. Other materials used for photocatalytic water
splitting, such as Bi,WOe/GO [118] and Bi;,WOg¢/BiO [119], have
been synthesized using solvothermal and hydrothermal
methods in which the precursor materials are dissolved in a
suitable solvent and heated at an appropriate temperature for
a specific duration. BiVO, based composites have also been
reported as photocatalyst for water splitting, including
ZnIn,S,/BiVO, [120], NiO/CDs/BiVO, [121], SrTiOs:La,Rh/Au/
BiVO4:Mo [122], Cdo.5Zno.5S/BiVO, [123] and BP/BiVO, [124], all
synthesized using a facile hydrothermal method. Due to its
narrow band gap (2.7 eV) and structural stability, graphitic
carbon nitride has been utilized for photocatalytic hydrogen
production through its composite formation with metal oxides
[125]. For example, Bi,MoOe/g-C3N, was synthesized via a sol-
vothermal process in which the precursors were dissolved in
ethanoland heated in an autoclave at 160°C for 5h [126]. Zhang
et al., reported a one-step hydrothermal method for synthe-
sizing CQDs/Bi;MoOg, in which metal precursors were dis-
solved in deionized water and heated at 160 °C for 24 h. The

resulting composites were used in photocatalytic hydrogen
production [127]. Recently, solvothermally synthesized
BiMoO, was utilized to produce Bi,03/Bi,M0oOg through an al-
kali treatment method followed by air calcination for the
photocatalytic hydrogen production [128]. However, the
methods reported in the literature for synthesizing bismuth-
based photocatalysts have limitations in terms of uncontrol-
lable morphology and structure. These methods require harsh
conditions and technicalities that limit the tunability of pro-
cess parameters. There is a need to develop a method for
tailoring desirable deatures for hydrogen production at an in-
dustrial scale. Fig. 8 illustrates the two steps involved in the
synthesis of Bi;O3/Bi,M00Qe.

Bismuth-based compounds

Various techniques have been utilized to synthesize bismuth
compounds that have been reported as photocatalysts for
water splitting. Lee et al. recently reported the synthesis of
bismuth oxyhalides BiOX (X = Cl, Br, I) via a microwave
assisted solvothermal method to produce a hierarchical
microsphere product with a flower-like morphology. The
synthesized bismuth composites were employed for water
splitting to produce hydrogen. It was discoverd that BiOI dis-
played the highest photocatalytic activity among all BiOX,
owing to its low bandgap of 2.04 eV [38]. Shang et al. utilized a
chemical precipitation method to synthesize Biy4O31Brig
powders using two solutions, one acidic and the other alka-
line. The acidic solution was prepared by dissolving Bi
(NO3)3-5H,0 in dilute HNOs, while the alkaline solution was
prepared by dissolving hexadecyl trimethyl ammonium bro-
mide (CTAB) in an aqueous NaOH solution. The alkaline so-
lution was added dropwise to the acidic solution while it was
being stirred on a magnetic stirrer, resulting in the formation
of yellow-green precipitates. The precipitates were filtered,
washed, and subjected to heating at different temperatures to
obtain the desired powder [129]. Kudo et al. developed eight
distinct bismuth-based compounds for photocatalytic water
splitting purposes. These photocatalysts, including Bi,W,0,,
Bi,WOg, Bi;4W,0,7, Bi, Ti,05, BisTiNbOs, BisTis01,, BiM0Og and
BaBisTisO15, were synthesized via solid-state reactions
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American Chemical Society.

utilizing Bi,O3, TiO,, Nb,Os WO3; and BaCOs as starting mate-
rials at different calcination temperatures [130]. Of these
compounds, only two were capable of splitting water but
could solely generate stoichiometric oxygen rather than
hydrogen. Consequently, these compounds were not suitable
for hydrogen production. Bismuth compounds combined with
other metal oxides have also been created for photocatalytic
water splitting. Among the compounds, PbBi,Nb,Oq is a re-
ported compound that was synthesized via solid-state reac-
tion using PbO, Bi,O; and Nb,Os as starting materials. The
resulting powder was then calcined at temperatures ranging
from 1273 to 1473 K for 48 h [131,132]. Liu et al., synthesized
BiYWOg via a solid state reaction, using WOs, Y,03, and Bi,Os.
The reaction mixture was then calcined at 1323—1373 K for
24 h. The resulting product was used in water splitting for
hydrogen production [97]. It has been discovered that the
presence of the 2p orbital of oxygen in photocatalysts, such as
BisNbOgCl, lead to high dispersion, narrow band gap, and
relatively higher stability, which are two of the most advan-
tageous qualities in an ideal photocatalyst. BiyNbOgCl was

synthesized through a solid-state reaction between Bi,Os,
BiOCl and Nb,Os, by heating reactants at 1173K for 20 h (as
illustrated in Fig. 9) [86]. An alternative synthesis method is
the citrate polymeric approach, which utilizes citric acid as a
chelating agent and ethylene glycol as the reaction solvent.
BiNDb(Ta)O, is an example of such a photocatalyst synthesized
using citric acid [133]. However, the production of bismuth-
based bulk compounds through these methods can require
expensive reagents and harsh conditions, resulting in cost
ineffective photocatalysts that may not be suitable for large-
scale industrial applications. Additionally, unknown byprod-
ucts may compromise the purity of the photocatalyst.

Non-stoichiometric compounds of bismuth

A scheelite type compound that contains non-stoichiometric
bismuth has been synthesized for hydrogen production from
water splitting. The synthesis was achieved through solid-
state methods using oxide and carbonate starting materials
at various calcination temperatures. The products consist of

(f)

Fig. 10 — FESEM images of Sr;_,Bi,Ti; xFe;03 having different morphology with varying value of x (a) x = 0, (b) x = 0.1, (c)
x = 0.2, (d) x = 0.3, (¢) x = 0.4 and (f) images of product in powder form. Reprinted from Ref. [135] with permission from

Elsevier. License Number: 5453600639286.
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bismuth in non-stoichiometric form [134]. Similarly, Lu et al.
utilized the conventional technique of solid state reaction to
synthesize Srq.9Big.1Tip.oF€0.103 and Sro.eBio.4Tio.cF€0.403 as
photocatalyst in water splitting for hydrogen production
[135,136]. Fig. 10 displays the morphological characteristics of
various compositions of Sr; 4BixTi;.xFexOs.

A sol-gel synthetic technique was used to prepare non-
stoichiometric nano-crystallites of Bi,Gase¢Fep.40s, Whereby
Fe(NOs)3-6H,0, Bi,O3 and Ga,03 were dissolved in a mixture of
nitric and citric acid. The reaction mixture was then heated at
670 °C to obtain a pure product [93]. Wang et al. synthesized
the non-stoichiometric compound Biy.sNag.sTiO3 to enhance
photocatalytic hydrogen production from water splitting by
harnessing the band gap narrowing effect of Bi** in the for-
mation of metal oxides containing bismuth. To synthesize the
photocatalyst, Bi (NOs)3-5H,0, Ti (OC4Ho)s and NaOH as pre-
cursors through a hydrothermal method [137]. Kanhare et al.
also sued solid-state reaction method to dope NaTaO; with
bismuth (Bi**) for developing a photocatalyst for hydrogen
production [138]. The presence of non-stoichiometric bismuth
in photocatalytic materials can enhance their photocatalytic
activity. As such, a study was conducted on Na(Big.0gTa0.92)O3,
to explore this feature in which bismuth was used to enhance
photocatalytic activity of the material. The photocatalyst was
synthesized hydrothermally using Ta,Os, NaOH and NaBiO3;
via a typical procedure and heated at 240 °C for 24 h [139].
Transition metals possess the ability to exhibit multiple
oxidation states. Additionally, their non-stoichiometric pres-
ence in a photocatalyst can enhance its photocatalytic activ-
ity. For example, BiyTi; ¢Cro.4012 nanosheets were
synthesized by using typical hydrothermal and sol-gel
methods [140,141]. A solid solution of BipsDyosVO, was also
prepared using a solid state reaction with Bi,Os, Dy,05; and
NH,VO; as starting materials, calcined at 1073—1123 K for 24 h
[142,143]. Liu et al. synthesized a series of solid solutions
having non-stoichiometric photocatalyst Bi,Y;.xVO,4 through
hydrothermal and solid state reactions for photocatalytic
water splitting [144—148]. Wang et al. prepared a bismuth
based multi-metal oxide solid solution with a similar non-
stoichiometric composition of BipsSmgsVOs through solid
state reactions. They replaced yttrium with samarium to
produce a photocatalyst for water splitting [149]. Solid state
reactions require extremely high temperature to convert re-
actants into the final product. However, controlling the non-
stoichiometric components of the photocatalyst is a chal-
lenging task, which is currently one of the most significant
issues.

Band gap engineering of bismuth-based
materials

Various techniques for engineering the band gap of bismuth-
based photocatalytic materials have been described in the
literature, including photosensitization, elemental doping, the
bismuth-rich approach, and heterojunction formation.
Photosensitization involves using light-sensitive materials
such as carbon dots, porphyrins, and phthalocyanine to
improve sunlight absorption, especially in the visible range.
This results in more hydrogen generation and acts as an

additional energy source for the photocatalyst [150,151]. Car-
bon dots, for example, were employed to sensitize bismuth
vanadate, which led to increased water splitting and hydrogen
production. This technique was shown to be highly effective
in enhancing hydrogen production [152]. Doping refers to the
introduction of elements into a photocatalyst to enhance its
performance, with transition metals being the most
commonly used dopants. For instance, tungsten doping in
BiVO, narrows the band gap of photocatalyst by elevating its
Fermi level, resulting in enhanced production of hydrogen. In
addition, dopant materials increase the redox potential of
charge carriers by promoting their separation and reducing
recombination [153]. Copper was also used as a dopant in a
similar example, with only 20% of Cu doped into MoS,/Bi,S3
leading to improved photocatalytic performance and
increased hydrogen production compared to the pristine
photocatalyst [154]. The level of conduction band and band
gap in a photocatalyst material depends on the amount of
bismuth present. Bismuth-rich strategies are used to “tune”
the band gap of the photocatalyst, thereby increasing
hydrogen production. Multiple studies have shown that the
bismuth-rich approach is a promising method for modulating
the band gap for photocatalytic water splitting [19,155,156]. To
further enhance the photocatalytic activity of semiconductor
materials, they are often coupled with other semiconductors
with narrower band gaps, resulting in the formation of a
heterojunction with a modulated band gap. For instance,
ZnRh,04/Ag/p-BisV,011 heterojunction was synthesized to
increase photocatalytic water splitting for hydrogen produc-
tion and the results indicated that the resulting catalyst has
potential for practical applications. In addition to modulating
the band gap, heterojunction composites can also reduce
recombination by introducing charge trapping sites and
increasing the surface area for sunlight absorption [157]. The
average lifetime of a photogenerated electron-hole pair is
typically only a few hundred picoseconds [158,159]. However,
trap sites in the photocatalyst can restrict the recombination
of charges, prolonging their lifetime for the target reaction of
hydrogen production. These trap sites also play a role in
controlling the diffusion coefficients of photoexcited charges
[160,161]. Photosensitization does not significantly alter the
band gap, whereas doping and bismuth-rich strategies merely
modulate the band gap. On the other hand, composite for-
mation not only modulates the band gap to a desirable level
but also provides the additional benefits of increased surface
area and reduced charge recombination. Conclusively, heter-
ojunction formation is a highly effective technique for
enhancing photocatalytic water splitting.

Bismuth-based materials for water splitting

A variety of bismuth-based photocatalysts have been syn-
thesized and used for water splitting to produce hydrogen as
an alternative fuel. The hydrogen yield depends on two fac-
tors: the band gap and band edge position of the photo-
catalyst. A narrow band gap facilitates maximum sunlight
absorption, while a suitable band edge position is necessary to
prevent recombination of the electron-hole pair and initiate
the water splitting reaction. However, literature surveys have
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indicated that a single photocatalyst cannot provide the
optimal band gap and band position to achieve maximum
hydrogen yield. Therefore, multi-metal component systems
are ideal for water splitting because they efficiently fulfill the
aforementioned conditions for photocatalytic water splitting.
There are numerous studies where bismuth compounds have
been utilized for this purpose either alone or in combination
with different types of materials to obtain the maximum
benefits. The following paragraphs discuss the influence of
band gap and band position on hydrogen yield in bismuth-
based nanomaterials, composites, compounds, and non-
stoichiometric compounds. For instance, BiVO, has a narrow
band gap of 2.52 eV and produced the highest hydrogen yield
of 195.5 ymol h™* under a xenon lamp. Its band gap indicates
strong absorption of the porous nano powder in visible light
region [98]. Several studies have explored the impact of band
gap and band position on hydrogen yield in bismuth-based
photocatalytic materials. For example, coupling bismuth
with the higher band gap photocatalyst TiO, to modulate its
band gap for water splitting resulted in a doubling of hydrogen
production compared to pristine TiO,, highlighting the
importance of band gap modulation While the narrow band
gap of nanomaterials is a determining factor, the influence of
band structure cannot be ignored. The band structure has a
significant impact on hydrogen yield, as demonstrated by
BiOIO; [105], which has a slightly lower yield than BiVO,
nanoparticles, despite having a band difference of only
0.68 eV. Although several nanomaterials, such as BisNbO; [96],
Bi,Ti,O7 [104], have a narrow band gap, they have obtained
low yield of hydrogen. It can be concluded that while band gap
is an important factor in nanomaterials for photocatalytic
water splitting, band position also plays a significant role in
efficiency. To achieve suitable band structures in bismuth-
based materials, composites are synthesized. Composite ma-
terials have the unique ability to delay rapid recombination of
electrons and holes, enhancing the efficiency of the photo-
catalytic process. In composites, the influence of band gap is
negligible, and band structure becomes the determining fac-
tor. For example, in ZnIn,S,/BiVO,, reactive sites are precisely
regulated for photocatalytic water splitting, resulting in a high
yield of 5944 ymol h~* g~ of hydrogen [120]. Hetero-interfaces
are utilized in bismuth-based materials to accelerate the
separation and migration of charge carriers, which enhances
the ability of holes to oxidize and electrons to reduce. These
changes in band structure result in better hydrogen produc-
tion compared to other composites, such as Bi,0,C05/Bi,WOg
[116], CdS/Bi,WOg [117] andTiO,/Bi,WOe [115]. Composites
also offer the benefit of surface modification for better per-
formance. Surface modification reduces electron-hole
recombination and increases hydrogen production with
increased quantum yield. This phenomenon was observed in
SrTiOs:La,Rh/Au/BiVO4Mo, where hydrogen production
reached at 4750 pmol g~* h™* with conversion efficiency of
1.1% and quantum yield exceeding 30% [122]. In bulk bismuth-
based compounds, the impact of band gap on photocatalytic
performance is either negligible or non-existent. Instead,
band structure modification has been shown to enhance
photo-induced charge generation and migration rates, leading
to improved hydrogen production. For example, Bi,Y,NbOgCl

exhibited a maximum yield of hydrogen of 113 umol h~* due to
its modified structure [162]. Another important factor influ-
encing photocatalytic water splitting is the molecular struc-
ture of the material. BisTiNbOy, with its slabs like layered
structure, exhibited increased surface area, resulting in higher
hydrogen generation of 33 umol g~* h™* [130]. Narrowing the
band gap of a photocatalyst material can be achieved through
the production of non-stoichiometric compounds, as shown
in Table 1 where almost all bismuth-based compounds have a
band gap of less than 3 eV. In non-stoichiometric bismuth
based photocatalysts, both band gap and band structure play a
significant role in determining photocatalytic efficiency,
although the balance tilts slightly towards band structure,
which has a greater influence than the band gap. Among the
non-stoichiometric photocatalysts, Bip.sYo.5VOs demon-
strated the highest photocatalytic performance, producing
402 pmol h™?! of hydrogen while having band gap of 3.02 eV
[144]. The influence of band structure on the photocatalytic
properties of photocatalysts is more significant than band gap,
as demonstrated by comparison of Bip.5Y(.sVO, [144] and
Big.sNag.sTiO5 [137]. Despite having a similar band gap, their
band structure is completely different, Bip.sY.5VO,4 performs
better due to its more suitable band structure. Another
example supporting the significance of band structure is the
increased hydrogen production by non-stoichiometric com-
pound Bip sSmg sVO,4, which has band gap of more than 3 eV
but a more stable band structure, resulting in hydrogen pro-
duction of 188.25 umol g~* h™? [149]. Table 1 summarizes
recently synthesized bismuth-based photocatalyst material
used for photocatalytic water splitting Upon comparing their
photocatalytic performance, it becomes clear that bismuth-
based composites are superior photocatalysts for hydrogen
production through water splitting. Notably, ZnIn,S,/BiVO,
has demonstrated the highest yield of 5944 ymol h™! indi-
cating excellent photocatalytic performance [120]. Band
structure appears to be more important for photocatalytic
water splitting than band gap, as supported by the data pre-
sented in Table 1. However, there are several challenges hin-
dering the industrial-scale up-scaling of water splitting, such
as low sunlight absorption, poor light-to-chemical energy
conversion, low charge separation, and high recombination
rates, expensive synthetic methods, and difficulties in
manipulating the mechanism for higher hydrogen produc-
tion. Despite this, composites have shown excellent perfor-
mance due to their modulated band gap, low charge
recombination, and larger interfacial surface area. Addressing
the challenges in synthesis methods and focusing on positive
manipulation of the water-splitting mechanism can revolu-
tionize the field and enable this process to meet the hydrogen
demand at an industrial scale.

Current challenges and future recommendations

Currently, photocatalytic water splitting faces two significant
challenges: the synthesis of photocatalysts and the photo-
catalytic mechanism (as shown in Fig. 11). The synthesis of
photocatalysts is often expensive and time consuming
requiring high processing temperatures in some cases.

Please cite this article as: Saddique Z et al., Bismuth-based nanomaterials-assisted photocatalytic water splitting for sustainable
hydrogen production, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.05.047



https://doi.org/10.1016/j.ijhydene.2023.05.047
http://mostwiedzy.pl

12 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XX‘X}Q XXX

Table 1 — Bismuth-based material employed for photocatalytic hydrogen production from water splitting.

Sr. No. Bismuth-based materials Band Gap Hydrogen production Light source Ref.

Bismuth-based Nanomaterials as a photocatalyst for hydrogen production

1 BisNbO, 2.72 eV 110.7 mmol g * h* Xenon lamp [96]
A > 420 nm

2 BiVO, 2.52 eV 195.6 pmol h™* Hg—Xe lamp [98]

3 Q-BiVO, 2.72 eV 0.2 ymol h™* Xenon lamp [99]

4 monolayer Bi,WOg 2.7 eV 1.6 umolh™* g™t Hg Lamp [100]
A > 420 nm

5 Flower Like Bi,WOg 2.81 eV 7.40 mmol h~t g™ Xenon lamp [101]
A > 420 nm

6 Bi, Ti, 05 2.88 eV 140 ml UV-—vis light [104]

7 BiOIOs 3.2eV 133 ymol g ' h? Xenon Lamp [105]

8 NaTaOs5:Bi*" 2.64 eV 0.86 pmol g *h* Xenon lamp [138]
A > 390 nm

9 BiFeO; 2.28 eV 21.9 pmol cm 2 h~? Sunlight [74]

10 BiFe05:Gd>* 2.17 eV 67.6 pmol cm 2 h?! Sunlight [74]

11 BiOCl 3.20 eV 0.35 pmol h™* Xenon lamp [103]

12 NiOx-BiOCl = 0.10 pmol h* Xenon lamp [103]

13 BiOCl - 2.51 pmol h™* Xenon lamp [95]
A > 420 nm

14 NiO,-BiOCLC - 0.42 mmol g~*h™* Xenon Lamp [102]

Bismuth-based composites as a photocatalyst for hydrogen production

15 BiOCl/Pt = 0.18 pmol h™* Xenon lamp [95]
A > 420 nm

16 BiOCI/Pt - 3.96 pmol h™* Xenon lamp [95]
A > 420 nm

17 BiOCl/Au/MnOy - 1.7 x 10 >mmol g *h? Xenon lamp [107]

18 BiOCl/CuPc - 16 pmol g=* h* Xenon Lamp [106]

19 Nd/Bi,05 1.95 eV 250 pmol g* Xenon lamp [108]
A > 420 nm

20 MoS,/Bi12017C12 - 33mmol g *h™* Xenon lamp [109]
A > 420 nm

21 BiPO4/RGO = 30.8 pmol h™* Hg—Xe lamp [111]

222 BiMo0O./RGO 2.61 eV 794.72 pmol h™?* Xenon lamp [112]
A > 420 nm

23 Bi,WOs/GO - 159.5 pmol h™* Xenon lamp [113]
A > 420 nm

24 Black Phosphorus/Bi,WOe - 350 pmol h~* 2> 420 nm [114]

25 TiO,/Bi,WOe 2.70 eV 11.58 mmol g~ * h~* Xenon Lamp [115]
A > 420 nm

26 Bi,0,C03/Bi,WOe - 664.5 umol g ' h™* Xenon Lamp [116]
A > 420 nm

27 CdS/Bi,WOs 2.11 eV 1223 ymol h g ? Xenon Lamp [117]
A > 420 nm

28 Bi,WO4/GO 2.48 eV 78 umol h~* g* Hg Lamp [118]

29 Bi,WOg/BiO 2.44 eV 73 umolh*g? Xenon lamp [119]

30 ZnIn,S,/BiVO, - 5944 ymol h~' g~? Xenon Lamp [120]
A > 420 nm

31 NiO/CDs/BiVO, 2.76 eV 1.21 pmol h™* Xenon Lamp [121]
A > 420 nm

32 SrTiOs:La,Rh/Au/BiVO,:Mo - 4750 ymol h~* g ? Xenon Lamp [122]
A > 420 nm

33 Cdy.5Zng.5S/BiVO, - 2350 pmol h~* g~* Xenon Lamp [123]
A > 420 nm

34 BP/BiVO, - 160 pmol h™* g=* A > 420 nm [124]

35 Bi,M0Og/g-C3sNy - 563.4 pmol h™" g™* Xenon lamp [126]
A > 420 nm

36 CQDs/Bi,MoOg — 49 ymol h™? Xenon lamp [127]

37 Bi,04/Bi,M0Og - 52 ymol g~ * Xenon lamp [128]
A > 420 nm

38 BisNbOgCl/Nb,Os — 169 pmol h™? Xenon lamp [162]
A > 300 nm

39 BiOI 2.04 eV 1316.9 umol g *h* Xenon lamp [38]
A > 400 nm
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Table 1 — (continued)

Sr. No. Bismuth-based materials Band Gap Hydrogen production Light source Ref.

Bismuth-based bulk compounds as a photocatalyst for hydrogen production

40 Biys031Bryo - 3.3 ymol h™? Xenon lamp [129]
A > 400 nm

41 Bi,WOg 2.8 eV 1.6 ymol g *h™* Mercury lamp [130]
A > 420 nm

42 BiOCl - 0.12 pmol h™* Xenon lamp [95]
A > 420 nm

43 Bi,W,0q 3.0eV 18 pmol g~ * h™* Mercury lamp [130]
A > 420 nm

44 BisTiz01 3.1eVv 0.6 pmol g ' h™* Mercury lamp [130]
A > 420 nm

45 BisTiNbO, 3.1eV 33umolg ' h™* Mercury lamp [130]
A > 420 nm

46 BiMoOg 3.0eV 0.01 pmol g *h? Mercury lamp [130]
A > 420 nm

47 BaBisTisO1s 33eV 82pumolg 'h™* Mercury lamp [130]
A>420 nm

48 PbBi,Nb,0q 2.88 eV 7.6 ymol h* Tungsten lamp [131]
A > 420 nm

49 PbBi,Nb,0q 2.88 eV 3.2 umol h™* Xenon lamp [132]
A > 420 nm

50 PbBisTi4O15 3.02 eV 11.2 pmol h™* Xenon lamp [132]
A > 420 nm

51 BisNbOgCl 2.39 eV 0.1 pmol h™? A > 420 [86]

52 BiYWOe 2.71 eV 4.1 pmol h™? Xenon lamp [97]
A > 420

53 Bi,GasOs 2.93 eV 19.3 ymol g *h* Hg Lamp [93]
A > 400 nm

54 Bi, Y,NbOgCl - 113 pmol h* Xenon lamp A > 380 nm [162]

55 BiNb(Ta)04:Cr - 7umolg *h? Xe—Hg Lamp [133]
A > 418

Bismuth-based non-stoichiometric compounds as a photocatalyst for hydrogen production

56 Bi,Gas ¢Fep.40o 2.2eV 415 umol g *h? Hg Lamp [93]
A > 400 nm

57 STIo.oBio.1Tig.oF€0.103 2.2 eV 180 pmol h™? Xenon lamp [135]
A > 250 nm

58 Sro.¢Big.4Tio.cFeo.403 2.7 eV 50 pmol h™* Xenon lamp [136]
A > 250 nm

59 (Na Bi)o.sM0oO, 3.1ev 0.6 pmol h* Xenon Lamp [134]

60 (Na Bi)o.sWO4 3.5eV 7.0 ymol h* Xenon Lamp [134]

61 (Ag Bi)g.sWO, 3.2eV 0.1 pmol h™? Xenon Lamp [134]

62 Biy.sNag.sTiOs 2.92 eV 3254 ymol g *h? Xenon Lamp [137]

63 Na(Bio.0sTa0.92)03 2.88 eV 59.48 ymol g *h* Xenon Lamp [139]
A > 400 nm

64 NiOy-BisTi;.6Cro.4012 2.42 eV 98 ymol h? Xenon lamp [141]
A > 400 nm

65 BisTiy.6Cro.4012 2.42 eV 117 ymol g *h* Xenon lamp [140]
A > 420 nm

66 BigsDyosVOs 2.76 eV 58.62 pmol h™? Xenon Lamp [142,143]
A > 420 nm

67 Big.5Y(.5VO, 3.02 eV 402 pmol h? Mercury lamp [144]
A> 300 nm

68 Big.sSmgo VO, 3.06 eV 188.25 ymol g *h™* Xenon Lamp [149]
A> 300 nm

Additionally, some photocatalysts require costly and noble co-
catalysts to catalyze water splitting. Furthermore, an unsuit-
able band structure or band positions in a photocatalyst can
lead to low efficiency or even complete inactivation.
Regarding the photocatalytic mechanism, challenges include
photo-corrosion, poor stability, limited light-harvesting ca-
pacity, and rapid electron-hole recombination, resulting in

low energy efficiency and hindering industrial-scale up-
gradation of the process. Charge trapping and minimization of
energy loss are two interrelated phenomena in photocatalysis.
Energy loss occurs due to the recombination of photo-
generated electron/hole pairs, which can be mitigated by the
introduction of trap sites in the semiconductor photocatalyst.
These trap sites are responsible for impeding charge
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Current Challenges and Possible Pathways

Synthetic Challenges

* Expensive

* Time consuming

* Require harsh conditions

Possible Pathways

* Less expensive materials

* Development of new methods

* Optimization of various
parameters

Mechanism Challenges

* Less charge separation
* Inefficient conversion
* Low quantum yield

Possible Pathways

* Charge trapping

* Minimize energy loss

* Enhance redox potential of
charges

Fig. 11 — Current challenges and possible pathways for application of bismuth-based materials for photocatalytic water

splitting.

recombination, which leads to the minimization of energy
loss and an increase in hydrogen production. To achieve
efficient and scalable hydrogen production through photo-
catalytic water splitting, there is a need to develop photo-
catalysts with suitable band structures and stability, as well as
one-step photocatalytic water splitting processes. Band engi-
neering and optimization of the photocatalytic mechanism
should also be pursued to eliminate the need for expensive co-
catalysts while maintaining high performance. Additionally,
optimizing operating conditions such as pH and temperature
is essential for scaling up hydrogen generation to meet the
growing demand.

Conclusion

This article presents a comprehensive summary of recent
literature on photocatalytic hydrogen production, discussing
the energy demands that are leading to an impending energy
crisis and the potential of hydrogen as a renewable and
alternative fuel.

Based on recent reports, we elaborate on the synthesis of
bismuth-based photocatalysts including nanomaterials,
composites, bulk compounds and non-stoichiometric com-
pounds, highlighting their promising efficiency for photo-
catalytic hydrogen production via several bismuth-based
materials. The literature suggests that band structure is more
critical factor than band gap for photocatalytic performance in
hydrogen evolution. In addition, this review highlights the
limitations in the field and suggests potential solutions. The
technical information presented in this review is intended to
provide guidance to experts in the field to advance photo-
catalytic hydrogen production and upscale to meet the global
energy demands. It is hoped that this review will inspire
further research to develop advanced photocatalysts with
optimized photocatalytic mechanisms.
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