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Owing to their remarkable success in photocatalytic applications, multiferroic BiFeO  and its derivatives have gained a

highly promising position as electrode materials for future developments of efficient catalysts. In addition to their

appropriate band gaps, these materials exhibit inherent intrinsic polarizations enabling efficient charge carrier separation

and their high mobility without the need for additional co-catalysts.
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1. Introduction

The global energy crisis and climate change are driven by the continuously growing world population and industrialization,

which are heavily weighing on the future of human well-being and safety . Nowadays, although fossil fuels represent

more than 80% of the world’s energy consumption , an increased consciousness among policymakers and the

population is emerging for taking urgent measures and actions to cope with CO  footprints. Alternative clean energy

sources hold strong potential to overcome environmental issues by limiting the use of fossil fuels. Hydrogen (H ) is a

promising energy carrier and green fuel source capable of replacing the energy generated from non-renewable resources

such as oil, coal, and natural gas . H  is produced using a variety of methods, including water

thermolysis, electrolysis, methane-steam reforming, biofuel reforming, gasification, plasma arc decomposition, and the

thermochemical conversion of biomass . Recently, water splitting using solar irradiation has emerged as a

promising process for H  production, attracting considerable interest in the scientific and industrial communities. Solar-

induced water splitting (WS) techniques that are classified include photocatalysis (PC), photoelectrochemical (PEC), and

photovoltaic-photoelectrochemical (PV-PEC) systems . PC systems correspond to a simple and low-cost process

in which photocatalyst particles are dispersed in water for H  production under light irradiation. Nevertheless, PC systems

exhibit very low solar-to-H  efficiency (STH), requiring highly selective materials for separating the produced H  and O

gases . PV-PEC systems are very effective for WS owing to their high overall efficiency . However, their

high cost and the need for advanced technical expertise constitute two major drawbacks . PEC systems are the most

promising techniques for producing H  in an easy, affordable, and sustainable way . A typical PEC WS system is

composed of semiconducting photoelectrodes, an electrolyte, a counter electrode, and a light source . It features the

combination of solar energy and water electrolysis in a single reactor with an STH efficiency of up to 12.4%. In addition, a

PEC system does not require gas separation since H  and O  are already produced in two spatially distinct compartments

. It is worth noting that three essential criteria must be established for an effective and sustainable PEC. First, the

semiconductor electrode material must exhibit a suitable band gap (~1.8 eV) , which is essential for achieving good

band edge alignment concerning water redox potentials. Unfortunately, the best known good WS photocatalyst has a wide

band gap energy that restricts light absorption, thus leading to weak photocatalytic performance . Second, the

semiconductor must be photo-corrosion resistant during its exposure to aqueous solutions and irradiation to avoid the

formation of defects and the alteration of its photocatalytic properties while in use, which can lead to lower efficiency and a

shorter lifespan . Third, the charge transfer and separation in the semiconductor must be favorable and not hindered

by the semiconductor’s surface overpotential. Recall that free electrons generated in the conduction band (CB) of the

semiconductor (photoanode) will travel to the photocathode to drive the water reduction and hydrogen evolution reaction

(HER). Holes generated in the valence band (VB) of the photoanodes will induce an oxygen evolution reaction (OER).

Therefore, the ease of charge transfer and the separation of electron holes in the semiconductor material are crucial for

improving the overall efficiency of the PEC WS process . To date, several metal oxides have been used as

semiconductors in PEC cells for WS, such as TiO , ZnO, α-Fe O , and WO  . TiO  is among the most widely

used materials owing to its advantageous properties, including high stability and wide band gap (~3.2 eV) . However,

its high electron–hole recombination rate, high cost, and low visible light absorption limit its use in PEC-WS cells .

Recently, oxide perovskite materials (PMs) have attracted great attention for their use in PEC WS owing to their high

photocatalytic properties, broadband absorption, low cost, facile synthesis, and well-controlled composition and
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morphology . Moreover, their ferroelectric properties could promote their photocatalytic activity  as the intrinsic

polarization in ferroelectric materials significantly contributes to reducing losses due to electron–hole recombination and

back reactions in the system, which will increase the STH efficiency . Additionally, the use of ferroelectric materials with

a high dielectric constant can lead to a further increase in the charge separation efficiency, notably enhancing the

photocatalytic activity . However, more research is needed to fully understand the relationship between ferroelectric

properties and photocatalytic activity.

Nowadays, the increasing global need for water resources coupled with their dwindling availability has emerged as a

significant global concern . While recycling wastewater has been suggested as a solution to address water scarcity, the

presence of harmful organic substances like pesticides, phenols, and organic dyes in wastewater has raised multiple

concerns regarding its environmental impact . Practical solutions and strategies have been adopted to achieve more

sustainable water resources. Since solar energy is one of the most accessible renewable energy sources, it makes sense

to use it in combating waste degradation by synthesizing materials that can be put to direct use . The development of

an innovative technology, known as waste degradation through photocatalysis, is currently underway to address the issue

of harmful pollutants. This process involves harnessing the power of light to initiate a chemical reaction in a photocatalyst

material resulting in the conversion of these pollutants into less toxic or non-toxic substances. When exposed to light,

electron–hole pairs are generated by the photocatalyst, which can serve as potent oxidizing or reducing agents. These

electron–hole pairs can subsequently undergo reactions with water or oxygen molecules, leading to the creation of highly

reactive oxygen species (ROS) such as hydroxyl radicals (•OH), superoxide radicals (•O ), and hydrogen peroxide

(H O ) . These ROS can be employed to facilitate the breakdown of organic and inorganic pollutants in waste

materials, ultimately transforming them into simpler and less harmful compounds. Nonetheless, a recent development has

sparked significant interest in a novel set of materials categorized within the perovskite structure class, particularly for

their potential applications in photodegradation .

For instance, PbTiO  is regarded as a potential material for photocatalytic applications due to its promising properties

since its internal electric field could ensure an effective charge separation and prevent electron–hole recombination .

However, lead is a toxic element with known environmental effects . In this sense, lead-free BiFeO  (BFO) could be

considered a potential multiferroic material with a high spontaneous polarization value of P~90 μC·cm  . BFO has

been widely used in various applications, including organics degradation, air purification, and H  production (i.e., as a

photoanode) . In addition, BFO exhibits a high absorption coefficient in the visible region and relative stability

under photocatalytic conditions . Yet, the band alignment of BFO needs to be tuned to the water redox potentials to

increase the STH . To enhance the photocatalytic activity of BFO, several strategies were employed, such as

doping/co-doping, size control, surface modification, co-catalysts, and heterostructures .

2. BFO-Based Materials Photocatalytic Applications

2.1. Degradation of Organic Pollutants

Recently, TiO  and ZnO have been extensively exploited for their various photocatalytic applications. However, their ability

to absorb in the UV region (which comprises only 10% of the total sun radiation) and the challenge of their removal after

treatment have hindered their usage as photocatalysts . Therefore, developing a suitable catalyst working in the visible

region is a currently pressing need. BFO, a room-temperature multiferroic material, constitutes an attractive candidate

owing to its activity in the visible region and its magnetic behavior favoring an easy removal of the photocatalyst after

treatment. In addition, its photocatalytic activity under visible light becomes prominent due to its narrow band gap of 2.1–

2.7 eV, which is particularly important because visible light energy occupies about 48% of the total solar energy .

A large majority of earth metals, such as Gd, La, Nd, Dy, Er, and Sm, have been introduced as dopants into BFO

nanostructures to investigate their photocatalytic properties . This route has proved to be relatively more

successful due to the 4f electron configurations of rare earth metals that facilitate the abruption of photogenerated

electron–hole pairs. The band gap of some bismuth photocatalysts has been shown to decrease with rare earth element

doping, which might increase the photocatalytic activities. It should be noted that substituting Bi  cations with rare earth

ions that have smaller ionic radii than Bi  (1.03 Å), such as Dy  (0.912 Å), Gd  (0.938 Å), or Sm  (0.958 Å), is requisite

in order to cause significant structural distortions in the BFO lattice for improved photocatalytic properties. The

photocatalytic activities of Gd-doped (10%) BFO were found to considerably enhance its photocatalytic performance

under simulated solar irradiation. Findings show that 10% Gd BFO photocatalyst degradation rates reach 80% and 79%

for ciprofloxacin and levofloxacin, respectively . Similar results reported the degradation activity of Gd-doped BFO

photocatalysts for decomposing methylene blue and rhodamine B under visible light irradiation. It was found that Gd-

doped (10%) BFO photocatalysts exhibit much higher photocatalytic activity than pure BFO. Gd-doped BFO decomposes
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94% of methylene blue after 240 min and 94% of rhodamine B after 120 min . The distinctive photocatalytic efficiency

of Gd-doped (10%) BFO can be largely attributed to its excellent morphology and good crystallinity that facilitate improved

light absorption and the effective separation of photogenerated charge carriers. These results illustrate the excellent

photocatalytic activity of Gd-doped (10%) BFO, which can be employed in various applications related to environmental

remediation. Considerably enhanced photocatalytic activity was also obtained by adding La doping to BFO nanoparticles

. In this case, approximately 87% higher degradation of the methylene blue was observed after 70 min under visible-

light illumination. La-doped BFO presents better photocatalytic activity compared to undoped BFO nanoparticles, which

could be ascribed to the increase in the recombination rate of holes and electrons in doped samples or to band gap

variations. In a recent study, Dy-doped BFO was found to induce a high photocatalytic degradation of methylene blue

(92%) achieved after 240 min under visible-light irradiation , which could be attributed to the reduced band gap energy

and ferroelectric properties. Increasing Dy concentrations up to 15% mediated a charge transfer process through band

bending in this composition that was associated with enhanced electrical domains. Likewise, Er-doped BFO was used as

a photocatalyst for the photocatalytic removal of tetracycline hydrochloride (TC) under visible light . The photocatalytic

activities of Er-doped BFO for TC removal were much higher than those for BFO, where Er-3%-doped BFO samples

achieved the highest photocatalytic TC-degradation efficiency of 75.8% after 180 min (~2.8 times higher than that of the

BFO samples). The Er-3%-doped BFO photoelectrode manifested higher photocurrent intensity compared with BFO

photoelectrodes, implying a much more efficient charge separation and a transfer with a longer charge lifespan of the

photoinduced carriers, thus improving the photocatalytic performance. Notably, Er is a popular rare earth element for

doping semiconductor photocatalysts owing to its unique transitions of Er intra-f electrons that to the sensitization of the

photocatalyst to visible light. Chen et al. reported an enhancement in photocatalytic activity of Nd-doped BFO with the

increase in Nd-doping concentrations when x = 0.2 (59% after 120 min) . However, the photocatalytic activity was

found to decrease with the further increase of the Nd-dopant concentration. The maximum photocatalytic activity of x = 0.2

was ascribed to the anomalously high dielectric constant at the morphotropic phase boundary, enlarging the width of the

space-charge region. This phenomenon results from the increase in the defect sites in the lattice, which enhances the

charge separation and reduces electron/hole–pair recombination rates. Nonetheless, higher doping concentrations

produce more defect sites that convert to recombination centers. Another study shows that the photocatalytic activity of

Sm-doped BFO was significantly affected by the Sm-doping content . Compared to pure BFO, the Sm-doped BFO

samples exhibited much higher photocatalytic activity, which was attributed to the enhanced visible-light absorption and

the efficient separation of photogenerated electrons and holes derived from Sm-dopant trapping level. Moreover, the

visible-light photodegradation of organic dyes using BFO doped with Ba, Mn, Co and Pb metal ions was studied. Soltani

and Lee reported a complete photocatalytic degradation of toluene and benzene with 91% and 81% reductions after 50

min under visible-light irradiation for Ba-doped BFO . The BFO nanoparticles doped with Ba exhibited a low band gap

energy, high specific surface area, and high ferromagnetic properties, all contributing to the improvement of the

photocatalytic performance. The findings showed that Ba-doped BFO exhibits a decreasing band gap energy with

reduced O  vacancies, which is related to the lattice distortion of the Ba-doped BFO nanoparticles. In fact, the growth of

the particles is restricted, leading to an increasing specific surface area and a significant improvement of the

photocatalytic activity.

Photocatalysis has been reported for the degradation of AR-85 under visible-light irradiation using Mn-doped (10%) BFO

photocatalysts . The photocatalytic activity was demonstrated at 100% degradation of the dye in only 50 min after light

exposure, whereas the degradation time required for the undoped bismuth ferrite was much longer. Mn-doped (10%) BFO

led to a decrease in particle size, while the band gap gradually decreased from 2.2 eV to 1.97 eV with an increasing Mn

content. The greater photocatalytic activity in Mn-doped BFO compared with pristine BFO is associated with the efficient

separation and migration of photogenerated charge carriers and the decreased recombination probability of electron/hole

pairs derived from the Mn ion doping. In another study, the effect of co-doping on the B-site of BFO was investigated .

A remarkable photocatalytic performance was observed for co-doped BFO with a degradation rate of 93.79% after 2 h

under light exposure. The results indicate that co-doping promoted the effective charge separation of the catalyst to

enhance photocatalytic behavior, which was attributed to the reduction in the crystal size and the creation of O  vacancies

in the system due to co-doping. Hence, co-doping improves the position of BFO as a promising candidate for

environmental remediation applications. Jaffari et al. reported the effect of a Pd-doped BFO catalyst for the degradation of

malachite green dye and phenol from waste water . Particularly, the 2 wt% Pd-BFO exhibited the best photoactivity

(95.7% degradation) compared with pure BFO (72.3% degradation). The enhanced photoactivity could be credited to the

appropriate Pd contents that enhanced the e -trapping capacity, which was helpful in the generation and transmission of

e /h  pairs. The charge carrier generation and separation/transfer are key factors in the photocatalytic process.

Furthermore, the separation/transfer of e /h  pairs using Pd-doped BFO photocatalysts were investigated under the on/off

circulation of 105 W of visible light using transient photocurrent measurements. Pd-BFO possessed the highest current

intensity of 2.59 μA, which was 1.6 times higher than that of pure BFO. These results explicitly revealed that the loaded
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metallic Pd on the BFO surface would highly expedite the generation and separation/transfer of charge carriers, which

validated the improved photocatalytic ability of Pd-doped BFO to degrade organic pollutants.

Meanwhile, the co-substitution of the BFO structure in both the A- and B-sites with (La, Se), (Ce, Ni), (Nd, Ni), and (Ba,

Ca) have been used to improve the photocatalytic activity and visible light response of the material compared with the

bulk BFO material. The substitution of elements at the A-site can help suppress bismuth volatilization, while the

substitution of transition metals at the B-site can reduce the Fe valence fluctuations. These changes in the elemental

composition and oxidation state can result in improved photocatalytic activity, greater stability, and longer lifespan for BFO

photocatalysts. These doping strategies have been widely investigated, offering great potential for developing even more

efficient BFO photocatalysts. In this context, the co-substitution of La in place of Bi as well as Se in place of Fe was

studied to control the recombination and enhance the number of delocalized electrons . The photodegradation activity

of La- and Se-co-doped BFO was investigated under visible-light irradiation using Congo red as a model dye in an

aqueous solution. The developed material exhibited excellent photocatalytic activities for model dye, catalyzing more than

90% of the dye in the first 30 min of exposure to visible light. Higher dye degradation activities for La- and Se-co-doped

BFO can be attributed to the complete phase transition from rhombohedral to orthorhombic, which provides a favorable

band gap (1.77 eV) and binding energies for the enhanced catalysis of dye species. The lower band gap provided easy

electron availability upon exposure to incident radiation, while the sheet-type morphology ensured larger contact between

the surface of the catalyst and the adsorbing species, resulting in an enhanced synergistic response and higher catalytic

activities.

It was reported that the co-substitution of Ce and Ni enormously impacts the photocatalytic efficiency of undoped BFO ,

which is maximized with the increase of co-doping levels. The best photocatalytic methylene blue and rhodamine B

degradation efficiency were estimated at 93.29% and 96.05% after 90 min for Ce- and Ni-co-substitution BFO. The results

suggest that the photocatalyst activity depends on the quantity of photon energy absorbed by the catalyst and the extent

of the pollutant’s adsorption on the photocatalyst’s surface. The bandgap of Ce- and Ni-co-doped BFO is smaller than

pristine bismuth ferrite, which helps absorb more energy than pure BFO. Meanwhile, the adsorption of pollutants on the

photocatalyst surface is high for Ce–Ni-co-substitution BFO due to its larger porosity and raised surface area, which

reveals a remarkable photocatalytic activity. The bandgap of undoped bismuth ferrite would be effectively reduced from

2.10 eV to 1.85 eV, which provides large photocatalytic efficiency under irradiation using various wavelengths of light.

Depending on these experimental findings, the enhanced photocatalytic efficiency of Ce–Ni-co-substitution BFO would be

ascribed to the raised optical absorption, the successful separation, and then the migration of photo-produced charge

carriers with the reduced recombination feasibility of electron–hole pair findings from the co-substitution influence .

Photocatalytic activities of (Nd, Ni)-co-doped BFO nanoparticles are determined through the degradation of methylene

blue dye under visible light and H O  . After 90 min reaction time, the degradation of MB is improved for (Nd, Ni)-co-

doped BFO (93% degradation). A similar result was found for (Ba and Ca)-co-doped BFO . Its photodegradation

efficiency was found to be 93% after 90 min performed in the conditions of pH value 2 and with the addition of 0.5 mL

H O . Basically, the efficiency of the photocatalysts depends on the nature of doping, which affects factors like the

crystallite size, morphology, surface area, band gap (Figure 1a), and photo-induced electron–hole separation efficiency of

the catalyst. Figure 1b summarizes the degradation time and efficiency of the BFO-doped elements.

Figure 1. (a) Photocatalytic degradation of dye using doped BFO catalyst and (b) its degradation time and degradation

efficiency.

The crucial process of removing harmful pollutants from the environment is facilitated by the photodegradation of organic

dyes. A vital role in this process is played by BFO-based heterostructures due to their unique properties, such as high

photocatalytic activity and excellent stability. Visible light is effectively absorbed through these heterostructures and the

electrons generated during the process react with the dye molecules, leading to their degradation. Furthermore, the

synthesis of BFO-based heterostructures can be easily accomplished using simple methods, making them a cost-effective

and sustainable solution for environmental remediation. The photodegradation of organic dyes using BFO-based
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heterojunctions has been studied extensively in recent years; various organic dyes have been subjected to this process,

including methylene blue or orange, rhodamine B, and Congo red. Several factors should be considered when selecting

an organic dye for photodegradation with a BFO heterostructure. These include the properties of the dye itself, such as its

absorption spectrum and chemical stability, as well as the specific conditions of the photodegradation process, such as

the light source and the presence of any co-catalysts. Ultimately, the choice of dye will depend on balancing these factors

to achieve optimal performance and efficiency in the photodegradation process.

Nanocomposites of BiFeO -GdFeO  (BFO-GFO) heterostructures were synthesized for the first time utilizing the sol–gel

technique and investigated for dye degradation . According to Tauc plots, the band gap energies of BiFeO -GdFeO

were found to be 1.8 eV, while 2.0 eV and 2.3 eV were determined for BFO and GdFeO , respectively . The findings

showed that when methylene blue was exposed to pure GdFeO  for 9 h, its degradation was limited, indicating that

GdFeO  has a restricted photocatalytic activity under visible light. On the one hand, the decreased photodegradation

efficiency of GdFeO  was linked to its high band gap potential, inadequate absorption in the UV light range, and less-than-

optimal photoelectric conversion. On the other hand, BFO was able to break down as much as 76% of the methylene blue

after 9 h of irradiation. Remarkably, a high photodegradation efficiency of 98% for methylene blue was achieved for the

BiFeO -GdFeO  composite after 9 h of irradiation. The improved photocatalytic performance of the BiFeO -GdFeO

composite could potentially be attributed to the formation of a heterojunction, hypothesized to induce the generation of

photogenerated electron–hole pairs, resulting in an elevation in photocatalytic activity. Furthermore, the lowering of band

gap values has been instrumental in enhancing its photodegradation efficiency by allowing improved visible-light

absorption . Xu et al. reported the rational design of Ag/BiFeO  fibrous heterostructures using an electrospinning

process, as illustrated in Figure 2a, with the aim of coupling piezoelectric and plasmonic effects (Figure 2b) to modulate

the separation and migration of photogenerated charge carriers. It was demonstrated through PFM testing that the

piezoelectric feature of 29.3 pm at −7.53 V was exhibited using the Ag /BFO hybrid. Furthermore, when the ultrasound

was introduced, the photocatalytic degradation rate of MO and MB over Ag /BFO reached 96% and 95% within 100 min,

respectively. The significant improvement in the photocatalytic activity was attributed to the synergistic effect of the

piezoelectricity and LSPR, wherein the piezoelectric field within the BFO was found to further promote the directional

migration and separation of photogenerated charge carriers induced through the LSPR effect of Ag NPs on the surface

. Through a combination of hydrothermal and post-impregnation techniques, the CuO/BFO composite with a p–n

heterojunction structure was fabricated. In the context of the photocatalytic evaluation of methylorange degradation under

visible light, it was observed that an optimal photocatalytic degradation efficiency of up to 50% was attained when the

loading content of CuO was set at 15%, surpassing that of pure BFO and CuO by more than threefold. Furthermore,

following five cycles of photodegradation of methyl orange, no significant loss of photocatalytic activity in CuO/BFO was

observed, confirming its stability and long-term reusability . In another piece of research, a BFO/MoS  nanocomposite

was successfully synthesized using a combination of the sol–gel procedure for BFO and the hydrothermal method for

MoS  . The as-prepared BFO/MoS  nanocomposite demonstrated a remarkable performance in the visible-light photo-

decolorization of RhB. The photocatalytic experiments indicated that an impressive removal rate of approximately 89% of

rhodamine B is achieved through the nanocomposite (50% BFO/50% MoS  Wt) within 200 min. under visible-light

irradiation. This exceptional photocatalytic activity can be ascribed to the highly efficient separation of photogenerated

electron–hole pairs. Furthermore, the high activity is maintained by the BFO/MoS  nanocomposite, even after undergoing

three photoreaction cycles, and can be easily separated and collected using an external magnetic field . In another

study, a facile ultrasonic/hydrothermal route was employed to synthesize the BFO/BVO p–n junction, resulting in a

significant improvement in the performance of n-type BVO and p-type BFO for the photocatalytic degradation of

tetracycline (TC) and the photoelectrochemical (PEC) water splitting process . Notably, the photodegradation of TC

using BVO and BFO was found highly dependent on the pH level, while that using BFO/BVO exhibited pH-independent

behavior. The introduction of BFO/BVO p–n junction nanostructures led to a significant improvement in TC photocatalytic

degradation, achieving removal rates of 84% and 95% at pH 6.7 and 9.5, respectively, as compared with 31% and 22%

with BFO alone. Moreover, an increase from 37% with BVO to 84% with the BFO/BVO p–n junction at pH  =  2.5 was

demonstrated .

3 3
[84]

3 3

3
[84]

3

3

3

3 3 3 3

[84]
3

2

2

[85]

[86]
2

2
[87]

2

2

2
[87]

[88]

[88]



Figure 2. (a) Illustration of the synthesis procedure of the pure BFO nanofibers and Ag/BFO composites. (b) Schematic

illustration of the synergy of plasmonic and piezotronic effects. (c) SEM image of BiFeO -Ns. (d) SEM image of

BiFeO /Bi Fe O  nanospheres. (e) S-scheme of the BiFeO /Bi Fe O  heterojunction hollow nanospheres with an Fe–O

channel for enhancing charge separation to achieve high-efficiency photocatalytic o-chlorophenol degradation.

To enhance visible-light adsorption and photocatalytic activity, a modified BFO/rGO nanocomposite was fabricated via

sol–gel process by controlling heat treatment parameters and rGO% . When compared with BFO, BGO exhibits a

narrower band gap energy of 1.8 eV, a lower rate of charge carrier recombination, and stronger magnetic characteristics.

The highest photocatalytic activity at the optimum concentration was demonstrated by BGO with 1 wt% rGO in the range

of photocatalysts prepared (1, 5, 10, and 20 wt% rGO), leading to MB degradation under visible light of up to 98% after 5

h . Wang et al. reported a sonocatalytic removal of tetracycline using an S-scheme Cu O/BFO heterojunction. BFO was

synthesized through a simple solvothermal method, while Cu O/BFO was fabricated through a co-precipitation method.

The formation of heterojunctions between BFO and Cu O was proved using photoluminescence (PL) spectroscopy,

showing a low intensity in the case of BFO/Cu O compared with pure BFO, which effectively inhibits the carrier

recombination and improves the charge transfer efficiency. Superior sonocatalytic oxidation of TET is exhibited through

CBF-3, with a degradation efficiency of TET reaching 98.0% under optimal conditions, such as a 1 g·L  of CBF-3

composite, a 20 mg·L  TET solution, a US irradiation power of 500 W, and a US irradiation time of 5 h .

2.2. Solar Water Splitting

The photocatalytic water splitting process is the conversion of solar energy into chemical energy used to drive the

production of H  and O . This process is achieved when the photocatalyst absorbs natural solar light (i.e., sunlight) while

dispersed in water and then electron–hole pairs migrate to the surface of the photocatalyst to generate and produce H

and O  . The photocatalytic dissociation of water has many advantages, such as being suited to splitting water of a

nearly neutral pH in a one-step process without the need for an applied external bias. However, unassisted overall water

splitting under a single-absorber photocatalytic process must achieve the following two conditions: (1) the valence and

conduction gap edges of this photocatalyst must astride across the water oxidation (redox) and proton reduction and

potentials; (2) this photocatalyst must possess an adequate narrow bandgap to absorb a majority of the solar spectrum

. Considering the potential of water splitting, the lowest energy of the absorbed photon must be larger than 1.23 eV to

trigger this reaction. In view of the energy requirements set by H O reduction and oxidation potentials of the conduction

band and valence band levels, the optimal band gap of the semiconductor for efficient H  production is about 2.0 eV .

Therefore, developing a new photocatalytic material with an adequate band gap that can directly split water into H  under

visible-light irradiation is essential for H  production. BFO is an interesting multiferroic material for energy-related

applications, especially H  generation, through photocatalytic water splitting due to its small band gap (~2.2 eV) , good

carrier transport properties, and large absorption of visible light extending up to 750 nm.

Through the systemic investigation of the Sr-doping level of BFO, it is found that the HER enhancement originates from

the improvement of ferromagnetism of Sr-doped BFO without the obvious scarification of ferroelectricity at room

temperature . The H  evolution of Sm-5%-doped BFO has also been elucidated recently . The rate of H  production

has been found to be 6.54 μmol·h ·cm . The improved photocatalytic activity of Sm-5%-doped BFO has been explained

based on the effect of doping, better solar spectral response, hindering the recombination loss of photo-generated charge

carriers, and fast and facile charge transport.

To enhance the photocatalytic dissociation of water splitting, a new perovskite material has been reported by doping Gd in

place of Bi and Co in place of Fe for H  production through the photoelectrochemical splitting of water . The doping
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levels lead to the band gap engineering from 2.23 eV to 1.77 eV, as shown in Figure 3. This band gap lowering improves

the photocatalytic response of the resulting materials. The highest H  production rate of 74.57 mmol·h ·cm  has been

found for Gd- and Co-co-doped BFO possessing the lowest band gap of 1.77 eV, with a maximum photo-conversion

efficiency of 2.29%. Thus, the higher rate of H  production and better photo-conversion efficiency of Co-co-doped BFO is

due to its better solar spectral response.

Figure 3. Band gap positions with respect to valence and conduction band at pH = 7 of pure BFO, Sm-doped BFO, Cr-

doped BFO, Ti-doped BFO, Ca-doped BFO, Nd-doped BFO, Ga- and Co-co-doped BFO.

The construction of heterojunctions is deemed a prospective methodology for the development of innovative

photocatalysts for solar water splitting with outstanding performance. It involves combining different semiconductor

materials with unequal band structures and suitable band alignment to form a junction interface that can promote the

separation of photogenerated electron–hole pairs, leading to enhanced photocatalytic activity. WO /BiFeO  n-p

heterojunction films were prepared using the sol–gel spin coating method . Using 2-methoxyethanol as a solvent and

DEA as an additive, the best BFO phase has been obtained with regard to impurity phases, micro-structural morphology,

and photocurrents. The photocurrent exhibited through the WO /BFO n-p heterojunction (35.2 mA⋅cm ) shows a

significant improvement over the photocurrents of neat WO  (6.5 mA⋅cm ) and BFO (17.5 mA⋅cm ) thin films (Figure
4a) . In another study, a facile ultrasonic/hydrothermal route was employed to synthesize the BFO/BVO p–n junction,

resulting in a significant improvement in the performance of n-type BVO and p-type BFO for the photoelectrochemical

(PEC) water splitting process . The BFO/BVO nanostructures exhibited a favorable photocurrent density of 0.36 

mA⋅cm  under UV–vis light and 0.23 mA⋅cm  under visible light at 1.0 V vs. Ag/AgCl . In addition, a simple sol–gel

process was used to synthesize a single-phase BFO film on a TiO  photoanode to enhance photoelectrochemical (PEC)

water splitting efficiency. The controllable thickness of the BFO films facilitated the induction of a significant ferroelectric

polarization under bias voltage, thereby effectively adjusting the electric band bending at the BFO/TiO  interface. As a

result of this approach, the photocurrent density achieved using the BFO-5/TiO  photoanode reached an impressive value

of 11.25 mA⋅cm , surpassing that of bare TiO  by over 20-fold. Furthermore, when the BFO-5/TiO  photoanode was

positively poled, it demonstrated a remarkable photocurrent density of 28.75 mA⋅cm  at 1.5 V vs. SCE under AM 1.5G

illumination .

Figure 4. (a) LSV curves of WO , BFO, and WO /BFO photoanodes. (b) Stable hydrogen evolution from water using

BiFeO , Bi Fe O , and BiFeO Bi Fe O  heterojunction nanofibers under visible-light irradiation (λ > 420 nm). (c)

Photoelectrochemical impedance spectra (PEIS) of BFO, Bi O , and Bi O /BFO films. (d) Comparative H  generation

data after 2 h visible-light irradiation using the catalysts of BFO nanosheets (BFO-Ns), a BFO octahedron (BFO-Oct), a

cylindrical-shaped BFO (BFO-Cyl), and their heterostructures as Au/BFO-Ns, Au/BFO-Oct, and Au/BFO-Cyl. (e) Effect of

internal electrical field of the BFO on charge separation in CdS. (f) UV–vis absorption spectra of WO , BVO, BFO,

WO /BVO, and WO /BVO/BFO photoanodes.
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Zhang et al. fabricated BiFeO /Bi Fe O  heterojunction nanofibers through a facile wet chemical process followed by an

electro-spinning technique. The inclusion of Bi Fe O  within the BFO matrix resulted in a red-shift of its absorption edge,

thereby enabling the enhanced absorption of visible light and improved efficiency in the separation of photogenerated

carriers. Furthermore, the synthesized BiFeO /Bi Fe O  nanofibers exhibited heightened photocatalytic activity in the

generation of H  from water under visible-light irradiation conditions. Notably, the BiFeO /Bi Fe O  (BB02) sample

demonstrated H  evolution rates (~800 μmol·g ) approximately 2.7 times and 2.0 times higher than those observed for

pure BiFeO  and pure Bi Fe O  samples, respectively (Figure 4b). It was observed that the photocurrent density of the

BB02 sample reached 1.8 μA⋅cm , far exceeding those achieved through pure BiFeO  (0.6 μA⋅cm ) and pure Bi Fe O

(0.9 μA⋅cm ) samples, respectively. Notably, the order of variation in photocurrent density was identified as follows: BB02

> BB03 > BB01 > BB04 > Bi Fe O  > BFO . More recently, high-quality Bi O , BFO, Bi O /BFO films on indium tin

oxide (ITO) were produced using pulse laser deposition (PLD). It was observed that the BFO film exhibited both cathodic

and anodic photocurrents in the potential range of −0.7–0.2 V compared with the Ag/AgCl reference electrode. Notably,

the photocathodic current was significantly higher, indicating pronounced p-type photocathodic behavior suitable for

potential photoelectrochemical (PEC) applications. In particular, the BFO film exhibited an onset potential of around −0.10

V versus the Ag/AgCl reference electrode, with a photocurrent density of −40.1 μA⋅cm  obtained at −0.68 V versus the

Ag/AgCl reference electrode. Remarkably, the cathodic photocurrent density showed a significant increase in the

Bi O /BFO heterojunction film compared with the BFO film, reaching a value as high as −84.07 μA⋅cm  at −0.68 V

compared with the Ag/AgCl reference electrode. This clear improvement represents a doubling of the corresponding value

obtained for the BFO film at the same potential, with an onset potential of 0.14 V relative to the Ag/AgCl reference

electrode. In addition, the effect of Bi O  overlayer thickness was explored, showing that the maximum photocurrent is

achieved for 4 nm Bi O /BFO. Moreover, electrochemical impedance spectroscopy (EIS) results illustrated interfacial

charge transfer processes on the photoelectrodes. The equivalent circuit utilized in the analysis comprises an electrolyte

resistor (R ), a ground resistor (R ), a charge transfer resistor (R ), and two constant-phase elements (CPE  and CPE ).

As shown in Figure 4c, the findings indicate a significant reduction in the low-frequency arc when transitioning from Bi O

to BFO and Bi O /BFO heterojunction films. The charge transfer resistance, denoted as R , in the Bi O /BFO film

measures approximately 10 kΩ, a value lower than the approximate 18 kΩ observed in the BFO film. Thus, a more rapid

charge separation process can be achieved by adding a Bi O  overlayer onto BFO film .
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