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ABSTRACT Photoelectrochemical (PEC) water splitting is an effective strategy to convert solar 
energy into clean and renewable hydrogen energy. In order to carry out effective PEC conversion, 
researchers have conducted a lot of exploration and developed a variety of semiconductors suita-
ble for PEC water splitting. Among them, metal oxides stand out due to their higher stability. Com-
pared with traditional oxide semiconductors, ferrite-based photoelectrodes have the advantages of 
low cost, small band gap, and good stability. Interestingly, due to the unique characteristics of fer-
rite, most of them have various tunable features, which will be more conducive to the development 
of efficient PEC electrode. However, this complex metal oxide is also troubled by severe charge 
recombination and low carrier transport efficiency, resulting in lower conversion efficiency com-
pared to theoretical value. Based on this, this article reviews the structure, preparation methods, 
characteristics and modification strategies of various common ferrites. In addition, we analyzed the 
future research direction of ferrite for PEC water splitting, and looked forward to the development 
of more efficient catalysts. 
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n INTRODUNTION 
With the continuous development of society, the dual pressure of 
energy and environment makes people have to pay attention to 
the use of clean energy. Solar energy is a huge clean energy 
source that can be used to convert some of the earth's rich sub-
stances, such as CO2,[1,2] H2O,[3-5] N2

[6,7] etc, into high-value-
added product.[8-10] Among them, photoelectrochemical (PEC) 
water splitting has become one of the most promising methods to 
convert solar energy into clean and renewable hydrogen energy 
since it was discovered by Fujishima and Honda in 1972.[11-13] In 
the PEC water splitting, semiconductor absorbs light to generate 
electron-hole pairs, which then separate and transport to the elec-
trode surface to undergo reduction and oxidation reactions, re-
spectively.[14,15] Therefore, the development of high-efficiency 
semiconductors is a key part of improving the efficiency of PEC 
water splitting. There are two types of photoelectrodes that can 
be used for PEC water splitting. N-type semiconductors are com-
monly used for photoanodes. For example, ZnO,[16,17] BiVO4,[18-21] 
TiO2,[2,22] Fe2O3,[23,24] WO3,[25-28] etc. P-type semiconductors such 
as CuFe2O4,[29] CuO,[30] BiFeO3

[31,32] and so on are used for the 
photocathode. Generally speaking, an efficient PEC water split-
ting system can include both a photoanode and a photocathode 
(Figure 1c).[33] However, due to many factors that need to be con-
sidered in series electrodes, the most researched PEC water split-
ting system is a single photoanode or photocathode. In this sys-
tem, the photoanode undergoes oxidation reaction and the pho-
tocathode undergoes reduction reaction. When the semiconduc-
tor electrode is immersed in the electrolyte, the system will cause 
the energy band of the semiconductor to be bent in order to main-
tain the electrostatic balance. The schematic diagrams of the p-
type photocathode and n-type photoanode in the electrolyte are 

shown in Figure 1a and 1b. 
Previous studies have found that semiconductors that can 

achieve unassisted PEC water splitting should have the following 
characteristics: (1) Appropriate band gap energy.[34] Due to the ac-
tivation barrier between the catalyst and water molecules, the 
band gap energy of the semiconductor must be greater than the 
dissociation energy of water (1.23 eV). (2) The conduction band 
and valence band of the semiconductor should cross the redox 
potential of water, that is, the conduction band position of semi-
conductor is more negative than the water reduction potential (0 
V vs. RHE), and the valence band position is more positive than 
the water oxidation potential (1.23 V vs. RHE). (3) Efficient charge 
mobility and long carrier diffusion length. (4) Good stability, abun-
dant earth reserves, and low cost. Oxide-based photoelectrodes 
stand out among many photoelectrode semiconductors used for 
PEC water splitting due to their suitable band gap, good stability 
in electrolytes, and low cost, which has attracted wide attention 
from researchers.[35-37] However, early research on oxide semi-
conductors focused on simple binary oxides, such as TiO2,[38] 

Fe2O3,[39] ZnO,[16] CuO,[30] WO3
[26,27] and so on. In recent studies, 

people have found that the ternary oxide formed by the combina-
tion of two metal ions has many unique structural properties, such 
as ferroelectricity, superconductivity, phase change, etc., which 
make the ferrite more promising for PEC water splitting. In the 
comprehensive evaluation of excellent photoelectric catalytic 
semiconductors, it is not only necessary to have high photoelec-
tric conversion efficiency, but also to consider the cost of large-
scale application. Generally speaking, the preparation cost of fer-
rite materials is low. It has a suitable band gap that is conducive 
to more visible light absorption, and has good stability to various 
alkaline or acidic media in the water decomposition process. In 
addition, ferrite materials can also be used as auxiliary catalysts 
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to improve the PEC performance of other semiconductors. The 
multi-functionality and tunable structure of ferrite materials pro-
vide many opportunities for designing high-efficiency water split-
ting catalysts. However, ferrite still exhibits low photoelectric con-
version efficiency when applied to photoelectrodes, which is due 
to the severe sintering of ferrite and rapid charge recombination. 
Therefore, various strategies have been developed to optimize 
ferrites.  

This article reviews the structure, preparation and modification 
strategies of common n-type and p-type ferrites, analyzes the bot-
tleneck of ferrite used in PEC water splitting, and looks forward to 
its future research directions (Figure 2). 

n THE STRUCTURE OF FERRITE  
Ferrite is a kind of magnetic oxide with iron oxide (Fe3+

2O3) as the 
main component. It generally contains Fe3+ and at least another 
metal cation. According to their crystal structure, they can be 
roughly divided into six types: spinel type, perovskite type, garnet 
type, magnetoplumbite type, ilmenite type and tungsten bronze 
type. Spinel and garnet ferrite crystallize in cubic structure, while 
magnetoplumbite and perovskite types crystallize in hexagonal 
and square structures, respectively. The most commonly used fer-
rites in PEC water splitting are the first two types. 

Spinel Ferrite. Spinel ferrite is a compound with a general chem-
ical formula of MFe2O4, where M is a divalent metal cation, and its 
crystal structure is the same as that of the naturally occurring min-
eral spinel MgAl2O4 (AB2O4 is a general component).[35] The spinel 
crystal structure belongs to the cubic Fd3m space group. A unit 
cell of spinel ferrite has 56 ions, including 32 oxygen anions, 8 M2+ 

cations and 16 Fe3+ cations (Figure 3). Because oxygen ions are 
relatively large and metal ions are generally small, oxygen ions 
can be regarded as being arranged in a cubic close-packed form, 
and metal ions are filled in close-packed voids. Because there are 
two different valence cations (+2 and +3) available, there are two 
types of close-packed voids, namely octahedral voids and tetra-
hedral voids. The tetrahedral void is surrounded by four oxygen 
ions, called the "A" position, and the octahedral void is surrounded 
by six oxygen ions, called the "B" position.[40,41] In a spinel unit cell, 
there are 8 metal ions M occupying the A site (also called 8a) and 
16 metal ions Fe occupying the B site, and the remaining gaps 
are vacancies, which are affected by factors such as ion valence 
and balance. It is worth mentioning that this vacancy is conducive 
to the substitution of other metal ions, which also provides a fa-
vorable basis for the doping modification of ferrite, so that it can 
be widely used in different fields. 

Perovskite Type Ferrite. Perovskite originally refers to a mineral 
with the chemical formula CaTiO3, and later is used to refer to all 
ABX3 type substances. Its structure is shown in Figure 4. Metal 
ions with a relatively large ion radius are easier to occupy the A 
site, and they are located at the apex of the cube; the variable 
valence transition element Fe ion has a relatively small radius and 
is easier to occupy the B site. Oxygen ions are located in the cen-
ter of the six faces of the cube, and it forms an octahedron with 
Fe3+. Among them, the A and B sites can be fully or partially re-
placed by doping with ions close to their radius to change the orig-
inal element valence or change the number of oxygen vacancies 
contained in the crystal grains, thereby changing the properties of 
the material.[36] 

(a) (b) (c) 

Figure 1. (a) Principle of operation of PEC cells based on bias-assisted p-type semiconductor, (b) Bias-assisted n-type semiconductor, and (c) Bias-free 
tandem structure consisting of p-type and n-type photoelectrodes. Reproduced with permission from Ref.[33] 

Figure 2. Band positions of the most popular spinel ferrites in contact with 
aqueous solution referenced to normal hydrogen electrode (RHE) (right 
pH 0 and left pH 14) relative to the standard potentials for the oxidation 
and reduction of water. 

Figure 3. Spinel ferrite cell structure as reported by (a) Özgur et al. Repro-
duced with permission from Ref.[40], and (b) Amiri et al. Reproduced with 
permission from Ref.[42] 
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n PREPARATION METHOD 
The preparation method of a compound determines its perfor-
mance to a large extent. The structure, specific surface area, and 
particle size of the substances produced by different preparation 
methods are different, resulting in different properties of the sub-
stance.[43-46] There are many known preparation methods of ferrite. 
The commonly used methods are sol-gel method,[47] pulsed laser 
deposition,[48] hydrothermal method,[49] template method,[50] and 
the like.  

Spray Pyrolysis Method. The spray pyrolysis refers to spraying 
the metal salt solution into a high temperature atmosphere in the 
form of a mist, causing the evaporation of the solvent and the 
thermal decomposition of the metal salt, and then the solid phase 
is precipitated due to supersaturation, thereby directly obtaining 
the nano powder.[51,52] Although the equipment and process of the 
spray pyrolysis method are simple, it can also grow excellent films 
comparable to other methods, and is easy to achieve doping. It is 
a very economical film preparation method and is expected to 
achieve large-scale production. Li[53] et al. prepared a pure and 
Ti4+ doped ZnFe2O4 photoanode by a fast and effective spray py-
rolysis method. The phase composition of ZnFe2O4 was con-
firmed by XRD and transmission electron microscopy. This mate-
rial has excellent PEC stability in 1M NaOH. Chen[54] et al. briefly 
reviewed the use of flame spray pyrolysis to prepare various tran-
sition metal oxides and apply them to photoelectric catalytic water 
splitting. When the flame nozzle is adjusted to an appropriate an-
gle, the flame spray pyrolysis method can be used to directly pre-
pare various heterogeneous oxides. This method is expected to 
be an effective preparation method for complex ferrite photoelec-
tric thin films. 

Sol-gel Method. The sol-gel method is widely used to prepare 
ferrite.[47,55-57] The method requires mild preparation conditions, 
low processing temperature, and easy control of the reaction. It is 
an indispensable method for preparing thin film materials, which 
has been reported so far. The organic or inorganic salt is used as 
a precursor to dissolve in a certain amount of water or an organic 
solvent in proportion. A complexing agent is added to cause a 
complexation reaction to form a sol. Finally, the water or the or-
ganic solvent is removed by drying and calcining to obtain a crys-
talline state film.[47] 

Benaissa et al. synthesized nanoporous LaFeO3 powders using 
an ascorbic acid-assisted sol-gel method.[58] In order to verify 
whether the generation of porous structure can provide more 
reaction sites and improve photocatalytic activity, experiments 
demonstrated the use of ascorbic acid-assisted sol-gel technolo- 

gy does introduce high-density pores in nanoparticles, which wid-
ens the band gap energy of the nanoparticles, thus providing a 
large number of candidate materials for solar photocatalytic appli-
cations. Triyono et al. successfully obtained orthogonal single-
phase LaFe1-xMgxO3 (x = 0.1, 0.2 and 0.3) nanoparticles using the 
sol-gel method, and studied the effect of magnesium substitution 
on the Fe site of perovskite-type LaFeO3.[47] The characterization 
shows that the resulting compound has a high specific surface 
area, resulting in a powder size of 40–130 nm. 

Hydrothermal Method. Hydrothermal method refers to a method 
in which water is used as a solvent, a supersaturated solution of 
powder is added to a high-pressure reaction kettle, and the reac-
tion is performed under high temperature and pressure conditions, 
followed by separation, washing, and drying.[59-62] That used raw 
materials are usually lower cost while obtained product has good 
crystallinity, fine particle size, good dispersibility, and uniform 
size.[63] Dang et al. successfully prepared Ce-doped spinel 
CuFe2O4 powder by a hydrothermal method. The collected nano-
particles were observed and analyzed by basic characterization 
methods. The results show that the sample has a small particle 
size and a suitable band gap structure, good crystallinity and uni-
form growth.[64] 

Because the solvent used in the hydrothermal synthesis 
method is water, if the produced substance is a water-soluble 
compound, it will no longer be applicable, which limits the further 
development of this method. Therefore, a solvothermal synthesis 
method was developed later. It differs from the hydrothermal 
method in which the solvent used is an organic solvent instead of 
water. The process is relatively simple and easy to control, and it 
can effectively prevent toxic substances in a closed system. By 
volatilization and preparation of air-sensitive precursors, Li et al. 
successfully synthesized a novel p-n LaFeO3/g-C3N4 heterojunc-
tion photocatalyst by a simple solvothermal method.[65] Compared 
with the original LaFeO3 and g-C3N4, LaFeO3/g-C3N4 sample has 
more excellent photocatalytic activity and stability. 

Pulsed Laser Deposition. Pulsed laser deposition (PLD) is the 
use of a laser to bombard an object and then deposit the bom-
barded material on different substrates to obtain a precipitation or 
thin film.[48,50,66-69] Marschall et al. prepared phase-pure spinel 
ZnFe2O4 and MgFe2O4 thin film photoanodes through PLD.[70] The 
thin film structure prepared by this method is highly efficient and 
dense, non-nano-structured, so that it is not subject to surface ef-
fects when performing electronic and photoelectrochemical prop-
erties. The method can also be extended to the preparation of 
other complex metal semiconductors to study the transport char-
acteristics of carriers, light absorption and chemical stability. Choi 
et al. prepared a high specific surface area nanoporous LaFeO3 
photocathode by a nitrate reduction electrochemical co-deposi-
tion method and tested its photocatalytic water reduction and O2 
reduction performance.[71] The prepared LaFeO3 film has high 
crystallinity, uniform film formation, and good photo-corrosion re-
sistance. 

Template Method. Nanomaterials with special morphology 
sometimes need to be obtained during the material preparation 
process.[72-74] Generally, template synthesis is used to prepare the 
template. The method deposits relevant materials into the holes 
or surfaces of the template, and then removes the template by a 
certain method, so as to obtain nano-materials with the standardi- 

Figure 4. Two alternative settings of the cubic aristo type of the ABO3 
perovskite: (a) B-site cation at the center of the cell. (b) Corner-sharing 
(BO6) octahedra with A ions located in 12-coordinated interstices. Repro-
duced with permission from Ref.[36] 
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zed morphology and size of the template.[75-77]  
Marschall et al. used a simple, fast, one-step soft template 

method, self-assembly to synthesize pure phase NiFe2O4 powder 
for electrocatalytic oxygen generation.[78] Different pore diameters 
can be formed at different calcination temperatures, so that the 
NiFe2O4 nanostructure has adjustable surface area, pores and 
crystallinity, thereby affecting the electrocatalytic performance. 

Fu et al. successfully prepared nanometer LaFeO3 using mes-
oporous silica SBA-16 as a hard template.[79] After calcination at 
800 °C, it still has a larger surface area of 85 m2·g-1. The surface 
area of LaFeO3 prepared by the method is much larger, and it has 
higher visible activity after calcination at high temperature. Re-
cently, Jing et al. have successfully prepared egg yolk shell-type 
LaFeO3 nanospheres by the template method.[74] Compared with 
pure bare LaFeO3 nanoparticles, the visible light activity of yolk 
shell-type LaFeO3 microspheres for 2,4-DCP degradation is sig-
nificantly improved. This study provides a feasible strategy for the 
synthesis of morphology-based photocatalysts for environmental 
remediatio 

n FERRITE USED FOR PEC WATER SPLITTING 

Ferrite Photoanode for Water Oxidation 

ZnFe2O4. Spinel ZnFe2O4 is composed of environment-friendly 
and earth-rich elements. It has high photocatalytic activity and is 
sensitive to visible light. Its band gap is about 2.0 eV, and its 
narrow energy gap makes it excellent for visible light collection. 
The valence band maximum of ZnFe2O4 is slightly higher than the 
oxidation potential of water. This series of characteristics makes 
ZnFe2O4 thermodynamically more suitable for PEC water splitting. 
However, poor conductivity and slow water oxidation kinetics hin-
der its application to a large extent, making ZnFe2O4 as a single 
photoanode be rarely reported. So far, the photocurrent of 
ZnFe2O4 used for water splitting is still far below its theoretical 
value. Therefore, it is still a major challenge to develop effective 
modification methods to improve the PEC performance of spinel 
ZnFe2O4. Researchers have explored many methods to solve 
these limitations. For example, ion doping is used to improve the 
conductivity of ZnFe2O4, while heterostructures such as 
ZnFe2O4/ZnO and TiO2/ZnFe2O4 are constructed to enhance in-
terfacial charge transfer. As mentioned earlier in the article, the 
formation of spinel ferrite films generally requires stricter tempera-
ture control. Conventional high-temperature annealing may da-
mage the transparent conductive substrate. Lee and colleagues 

used a full-solution method to prepare one-dimensional ZnFe2O4 
nanorods on FTO substrates.[80] Different annealing conditions 
were used for comparison: conventional thermal annealing (CTA; 
550, 800 °C) and hybrid microwave annealing (HMA). The results 
show that external doping mainly promotes the increase of charge 
density and charge transport, thereby increasing the bulk charge 
separation efficiency. Sivula et al. synthesized spinel ZnFe2O4 by 
calcination at different temperatures to convert β-FeOOH on F-
doped tin oxide (FTO) glass substrate.[81] SEM (Figure 5a) and 
XRD tests proved the formation of ZnFe2O4 with different mor-
phologies and crystallinity at different temperatures (Figure 5c). 
The results show that ZnFe2O4 nanorod array photoelectrodes 
with different crystallinity exhibit significantly different PEC char-
acteristics, and the solar photocurrent can reach up to 1.0 
mA·cm−2 at 1.23 V vs. RHE (Figure 5b). The author also found 
that different synthesis temperatures will affect the crystallinity 
and cation disorder of the spinel structure, thus affecting the 
charge separation and injection characteristics of the electrode 
(Figure 5d).  

Recently, Sang et al. calcined ZnFe2O4 for different time at the 
same temperature and used NaH2PO2 for phosphating.[82] PEC 
performance tests and DOS calculations showed that the formed 
ZnFe2O4 had different crystallinity and oxygen vacancies. This im-
proved the ferromagnetism and intrinsic electronic structure en-
ergy. The formation of spin polarization in a specific magnetic field 
induces and inhibits the charge recombination. Ferromagnetism 
is a common feature of most ferrite materials. This research pro-
vides a new idea for other materials, which enhances the perfor-
mance of PEC by adjusting the internal electronic structure to en-
hance the polarization characteristics of the magnetic field. 

In the research of photoelectric catalysis, improving the con-
ductivity of the material is another effective measure to enhance 
its PEC performance. Qin and colleagues synthesized pure and 
titanium-doped ZnFe2O4 photoanode for the first time, and dis-
cussed the effect of different ion doping concentrations on the 
PEC performance of photoelectrode.[83] The results show that the 
material has excellent PEC stability in 1 M sodium hydroxide. In 
addition, titanium ion doping significantly increases the photocur-
rent, which can be attributed to the enhanced conductivity and 
carrier transport. 

In addition, because the photocurrent density of single ZnFe2O4 
is far lower than its theoretical value, there are few reports about 
single ZnFe2O4 as a photoanode, but it is used as an auxiliary-
catalyst to form heterojunctions with other materials, which bene- 

(a) (b) (d) (c) 

Figure 5. (a) Scanning electron microscopy images of the β-FeOOH nanorod array precursor films. (b) J-V curves. (c) XRD patterns of ZnFe2O4 nanorod 
array photoelectrodes prepared on FTO coated glass are shown with the reference pattern for ZFO. (d) Estimated charge separation efficiency, and 
minority charge carrier injection efficiency. Reproduced with permission from Ref.[81] 
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fits from the stable ZnFe2O4 characteristics and suitable band gap. 
Many studies have shown that combining ZnFe2O4 with other 
wide band gap semiconductors can effectively enhance visible 
light absorption. Chen et al. prepared a tightly arranged 
ZnFe2O4/TiO2 composite nanotube array.[84] The absorption of the 
composite nanotube array in the ultraviolet and visible regions is 
enhanced, and the formation of heterojunction enhances the sep-
aration of photogenerated electrons and holes. Wang and his col-
leagues synthesized ZnO/ ZnFe2O4 heterojunction, and used it as 
a photoanode for water splitting to produce hydrogen.[85] The load 

of corrugated ZnFe2O4 on the one hand provides a larger surface 
area, which increases the number of active sites and enhances 
the absorption of visible light. On the other hand, it forms a het-
erojunction with ZnO to promote the separation of electrons and 
holes. This research provides new ideas for using other ferrites 
with specific morphologies to modify photoelectrode materials. 

In summary, researchers have explored a variety of modifica-
tion strategies to continuously improve the PEC performance of 
ZnFe2O4 from various aspects such as controlling film formation 
conditions, improving charge transport, and improving water oxi-
dation kinetics. If the unique electromagnetic structure of the body 
is to be used as an effective photoanode, the key future research 
task should pay more attention to the exploration of structural 
characteristics and combine multiple modification methods. 

MgFe2O4. Spinel MgFe2O4 is an n-type oxide with low cost, envi-
ronmental friendliness, wide spectral response, good stability, and 
light corrosion resistance. Its band gap is 2.0–2.2 eV. The appro-
priate energy band position makes MgFe2O4 as a promising pho-
tocatalyst. However, there have been few studies on its perfor-
mance as a PEC water splitting photoanode so far. The main ob-
stacle is its poor electrical conductivity and fast charge carrier re-
combination. At present, researchers have adopted a variety of 
modification methods to improve the PEC water splitting perfor-
mance of MgFe2O4. First of all, the structure of MgFe2O4 is a 
twisted cubic spine, and the preparation process can greatly affect 
the degree of inversion. Bartlett et al. used a rapid microwave 
heating and annealing method to prepare nanocrystalline 
MgFe2O4.[86] The study found that the annealing temperature can 
affect the degree of reversal of the positions of Mg and Fe, thereby 
affecting the optics, electronics and composition of the nanoparti-
cles. 

In addition, the heterojunction structure has been extensively 
studied and can be used to accelerate electron and hole transport 
and inhibit charge recombination.[87] As early as 2013, Feng and 
colleagues proposed a 3D branch heterojunction as a pho-
toanode for PEC water oxidation.[88] This 3D structure has a larger 
surface area, better charge transport and more effective light ab-
sorption characteristics (Figure 6e and f). The PEC performance 
test of 3D Co-Fe2O3-NA/MgFe2O4 heterojunction showed photo-
current density (3.34 mA·cm-2) higher than Co-Fe2O3-NA (1.71 
mA·cm-2) and pure MgFe2O4 (0.39 mA·cm-2) (Figure 6a and d). 

Figure 7. (a) Projected density of states (PDOS) for BiFeO3 with a single oxygen vacancy (VO) introduced into a 120-atom supercell. (b) Norm-squared 
wave function of the two electron-polarons (yellow regions surrounding Fe). Isosurface value is 1% of the maximum amplitude of the wave function. VO 
is indicated by a single empty red circle between the two electron-polarons. (c) J−V plots and (d) J−t plots at 0.8 V vs RHE for pristine BiFeO3 (red) and 
N2-treated BiFeO3 (blue) for sulfite oxidation. Reproduced with permission from Ref.[94] 

Figure 6. (a) Variation of photocurrent density versus applied voltage. (b) 
Mott-Schottky plots. (c) Photoconversion efficiency as a function of applied 
potential, and (d) transient photocurrent density versus time plotted for 
Fe2O3-NA (1,△), Co-Fe2O3-NA (2,○), and Co-Fe2O3-NA/MgFe2O4 hetero-
junction (3,□). HRTEM images of the Co-Fe2O3-NA/MgFe2O4 heterojunc-
tion (e and f). Reproduced with permission from Ref.[88] 
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The results show that the impurity level formed by the co-doping 
method promotes the charge transfer efficiency (Figure 6c). The  
formation of a heterojunction structure reduces the recombination 
of photogenerated electron-hole pairs. The effective separation of 
photogenerated electron-hole pairs is essential to enhance the 
PEC activity. So far, a variety of heterojunction structures have 
been studied and reported, such as Z-type MgFe2O4/Bi2MoO6 het-
erojunction[89] and MgFe2O4/MoS2 heterojunction.[90] 

Previous studies have proved that ion doping can actually en-
hance the conductivity of semiconductors. Batoo et al. prepared 
Cd2+ doped MgFe2O4 nano ferrites using citrate gel autooxidation 
technology.[91] The doping of Cd2+ ions increased the particle and 
lattice parameters. FTIR studies confirm that Cd2+ ions are more  
inclined to the (A) site of the tetrahedron. The doped MgFe2O4 has 
higher electrical conductivity, which is higher than that for other 
current nano ferrites. Ilanchezhiyan et al. prepared a new type of 
Zn ion doped MgFe2O4 nanospheres for the first time.[92] The re-
sults show that Zn doping can increase the conductivity of 
MgFe2O4 and accelerate the charge transfer. The doped MgFe2O4 
nanostructures show higher photocatalytic activity and enhanced 
photocurrent density than the original MgFe2O4. In short, due to 
the similar structural characteristics of ZnFe2O4 and MgFe2O4, the 
modification strategy of ZnFe2O4 mentioned above can still be 
used to modify MgFe2O4. The most noteworthy problem of 
MgFe2O4 is the serious charge recombination. Future research 
should focus on improving the surface and increasing the power 
of water oxidation. 

BiFeO3. Perovskite structure BiFeO3 has a large ferroelectric ef-
fect, and has been reported as a ferroelectric diode device, one 
of the most promising candidate devices for the PEC water split-
ting. The band gap of BiFeO3 is about 2.2 eV, which is conducive 
to visible light absorption. The minimum value of the conduction 
band (CBM) and the maximum value of the valence band (VBM) 

span the redox potential of the entire water splitting.[93] Interest-
ingly, in the absence of an external doping source, it is easy to 
form both n-type and p-type BiFeO3 by own vacancies, such as 
oxygen vacancies can lead to n-type BiFeO3, and Bi vacancies 
can cause p-type BiFeO3. Choi et al. prepared a highly uniform 
BiFeO3 photoanode by a simple electrodeposition method, and 
heat-treated it in a N2 atmosphere to make it rich in oxygen va-
cancies.[94] It is found that the formation of oxygen vacancies in-
creases the carrier concentration and photocurrent (Figure 7c and 
d). In addition, the author proved for the first time that an extra 
electron in BiFeO3 spontaneously locates on Fe3+ ion to form a 
small polaron. The formation of small polarons disturbs the va-
lence state and generates additional localized states above the 
VBM of the original BiFeO3 (Figure 7a and b). The results show 
that the main reason why oxygen vacancies can improve the per-
formance of PEC is that it can be used as a donor to increase the 
carrier concentration of BiFeO3. 

BiFeO3 is a typical ferroelectric material with large, stable and 
adjustable ferroelectric polarization, which can generate a depo-
larizing electric field inside the electrode and extend to the surface 
of the film, so that the photogenerated electrons and holes are 
effectively separated.[95] In 2013, Yao and colleagues used a sim-
ple sputtering deposition method to synthesize BiFeO3 films with 
ferroelectric effects.[96] Studies find that when it is used in water 
splitting photoanodes, significant anode photocurrent is observed, 
which can realize unassisted PEC water splitting. In addition, the 
authors find that film thickness and iron polarization in different 
directions will affect the PEC performance. Thinner film and the 
negative charge on the film surface will cause the negative shift 
of the starting potential. 

In addition, the existence of the ferroelectric domain makes 
BiFeO3 have adjustable internal field orientation and intensity. 
When different applied voltages are applied, in theory, a single 
ferroelectric photoelectrode can be regarded as a photoanode 

Table 1. Comparison of PEC Performance, Onset Potential and Preparation of Different Ferrite Photoanode for Water Oxidation 

Ferrite photoanode Electrolyte J (1.23 V vs RHE) V onset (VRHE) Preparation Reference 
Bare ZnFe2O4 1 M NaOH 0.56 mA·cm−2 0.9 hydrothermal [98] 
ZnFe2O4 1 M NaOH 0.01 mA·cm−2 1.0 all-solution method [99] 
ZnFe2O4 1 M NaOH 0.02 mA·cm−2 1.0 spin-coating method [83] 
(Zn1-xFex)Fe2O4-y 1 M NaOH 0.22 mA·cm−2 0.8 spin-coating method [83] 
ZnO/ZnFe2O4 0.25 M Na2SO3 and 

0.35 M Ns2S 
1.3 mA·cm−2 at 0 V vs Ag/AgCl –0.5 V vs 

Ag/AgCl 
electrodeposition [85] 

Cu,Sn-ZnFe2O4 0.5 M Na2SO4 0.46 mA·cm−2 0.85 hydrothermal method [43] 
ZnFe2O4 1 M NaOH 1.0 mA·cm−2 1.0 chemical bath deposition [81] 
Ti (6%) ZnFe2O4 1 M NaOH 0.35 mA·cm-2 0.95 spray pyrolysis method [53] 
MgFe2O4 1 M NaOH 26.1 mA·cm-2 at 1.5 V vs RHE 1.0 pulsed laser deposition [70] 
Co-Fe2O3-NA/ 
MgFe2O4 

0.01M Na2SO4 2.55 mA·cm-2 at 1.1 V vs RHE 0.43 hydrothermal deposition [88] 

MgFe2O4 1 M NaOH 4.3 µA·cm-2 0.7 solution method [100] 
WO3/BiFeO3 0.5 M Na2SO4 35.2 mA·cm-2 at 2 V vs Ag/AgCl 1.01 sol-gel spin coating [101] 
BiFeO3 0.1 M Na2SO4 0.23 mA·cm-2 at 1.0 V vs 

Ag/AgCl 
0.6 facile ultrasonic/hydrother-

mal 
[31] 

Ag:BiVO4/BiFeO3 0.1 M Na2SO4 0.72 mA·cm−2 0.6 spin coating [102] 
N2-treated BiFeO3 0.25 M H3BO3 and 

0.7 M Na2SO3 
440 µA·cm-2 0.38 electrodeposition [94] 

BiFeO3 1 M NaOH 28.75 mA·cm-2 at 1.5 V vs SCE 0.5 V vs SCE sol-gel process [103] 
WO3/BiVO4/ BiFeO3 0.5 M Na2SO4 46.9 mA·cm−2 at 2.53 V vs RHE 0.7 sol preparation [104] 
BiFeO3 0.5 M Na2SO4 0.08 mA·cm−2 at 0 V vs Ag/AgCl 0.38 solid-state reaction method [32] 
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and a photocathode respectively when different internal field ori-
entations are applied. Lei et al. used spin coating technology to 
prepare polycrystalline ferroelectric BiFeO3 photoelectrodes, and 
studied the influence of polarization pretreatment on the bend ori-
entation of the BiFeO3 band.[97] At 0 V vs. Ag/AgCl electrode, when 
the polarization bias of the pretreatment is changed from –8 V to 
+8 V, the photocurrent can be switched from 0 to 10 mA·cm-2, and 
the open circuit potential can be changed from 33 to 440 mV. The 
results show that the polarization pretreatment of BiFeO3 makes 
it possible to manipulate the photoelectrochemical reaction on a 
single ferroelectric photoelectric, and provides insights for the de-
sign of smart PEC systems. PEC performance of ferrite pho-
toanodes are compared in Table 1. 

Ferrite Photocathode for Water Reduction 

CuFe2O4. Spinel CuFe2O4 is used as an attractive p-type photo-
cathode in PEC water splitting. Theoretically, the maximum pho-
tocurrent density of CuFe2O4 that can be generated is 27 mA·cm-2, 
and the maximum solar-hydrogen conversion efficiency is 33%. 
CuFe2O4 has merit of narrow band gap (1.3–1.5 eV), low cost, 
high mechanical strength, easy synthesis, and good stability. Roy 
and colleagues prepared a highly porous CuFe2O4 nanoarray 

photocathode material using a low-temperature surfactant-as-
sisted solvent thermal phase change induced temperature-con-
trolled etching process.[29,105] After PEC measurement, the IPCE 
of the CuFe2O4 sample synthesized at 180 °C with δ = 0.77 was 
18.7%, which is higher than that of the photocathode with δ = 0.71. 
This study emphasizes the effect of phase and morphology con-
trol on PEC performance and proves the application of solvother-
mal etching in causing phase changes, which provides valuable 
references for other porous ferrites used in PEC water splitting 
research. 

Although CuFe2O4 has excellent photoelectric performance, the 
photocurrent is still very low when it is used solely as a photocath-
ode material. This is mainly due to the severe photogenerated 
electron-hole recombination of CuFe2O4 material, which greatly 
inhibits its photocatalytic performance. Researchers used various 
modification methods such as doping, introducing oxygen va-
cancy, and constructing of heterojunctions, to change the surface 
and interface structure of the material to improve the serious prob-
lem of photo-generated electron-hole recombination in CuFe2O4 
materials. Nadeem et al. reported the deposition of CuFe2O4/α-
Fe2O3 composite film on FTO glass.[106] Since the conduction 
band of CuFe2O4 is quite different from the redox potential of 
H2O/H2, the author combined it with n-type α-Fe2O3, which leads 
to light excited electrons flow from the conduction band of α-Fe2O3 
to the valence band of CuFe2O4, and promote the separation of 
photogenerated electrons and hole pairs through the Z-type path.  
Another reason for the poor PEC performance of the CuFe2O4 
photocathode is the contact between the CuFe2O4 film and the 
FTO conductive glass. The crystallization temperature of 
CuFe2O4 is generally 800−1000 °C, while the glass transition 
temperature of FTO is about 564 °C. The annealing in the furnace  
 

Figure 8. (a) Illustration of the flame annealing conditions and the porous 
film structure of the flame-annealed CuFe2O4 on FTO. (b) UV-vis spectra 
and the corresponding Tauc plots for indirect bandgaps shown in insets. 
(c) Comparison of the energy band positions for CuFe2O4 annealed by 
furnace and flame in contact with aqueous electrolyte at pH 0. (d) XRD 
spectra of CuFe2O4 film on FTO annealed by flame (top) and furnace (mid-
dle). (e) J-V curves of CuFe2O4 photocathode measured in Ar purged 1 M 
NaOH. (f) IPCE of CuFe2O4 photocathode. Reproduced with permission 
from Ref.[107] 
  

Figure 9. (a) Current-potential curves in 0.1 M NaOH solution under 
chopped light illumination (500 W Xe lamp) for CaFe2O4 electrodes treated 
at 1200 and 1100 °C. (b) IPCE spectrum of CaFe2O4 electrodes treated at 
1200 °C with –0.8 V vs Ag/AgCl in 0.1 M NaOH and UV-vis absorption 
spectrum of CaFe2O4. Reproduced with permission from Ref.[114] (c) Ex-
perimental Nyquist plots in N2-purged 0.1 M Na2SO4 at a constant applied 
potential of 0 V vs. Ag/AgCl and different eΦ0, (d) Electron transport mech-
anism. Reproduced with permission from Ref.[110] 
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requires a long time, the contact between the film and the sub-
strate after sintering is not good, and the glass substrate is easily 
damaged under high temperature conditions. Therefore, it is nec-
essary to develop a new annealing method. Zheng et al. studied 
the potential of rapid flame annealing CuFe2O4 as a photocathode  
for PEC hydrogen production.[107] The sample prepared by this 
method has high crystallinity and good contact with the substrate, 
so it will not damage the substrate (Figure 8a and d). The SEM 
test observed that the flame-annealed CuFe2O4 film is thicker and 
has a porous structure, which leads to better light absorption and 
a larger surface area (Figure 8b and c). The photocurrent density 
of flame-annealed CuFe2O4 photocathode under 0.4 V vs. RHE is 
−1.82 mA·cm-2, which is 3.5 times that of the furnace-annealed 
CuFe2O4 (0.52 mA·cm-2) (Figure 8e and f). It is higher than the 
photocurrent density value of common copper-based ternary ox-
ides and other photocathode ferrites without load (see table 2). 
This rapid flame annealing can also be used for the preparation 
of other ferrite films. 
CaFe2O4. CaFe2O4 is one of the most studied water splitting ter-
nary oxide photocathodes. It has a relatively narrow band gap (1.9 
eV), can absorb visible light, and also has a band edge position 
suitable for water splitting. In 1987, Matsumoto et al. reported for 
the first time that CaFe2O4 was used as a photocathode material 
for PEC water splitting.[123] However, similar to the aforemen-
tioned CuFe2O4, due to the rapid charge recombination and the 

high temperature required for electrode preparation, high temper-
ature will cause severe sintering and damage the conductive sub-
strate, so its activity and practical application are greatly limited. 
Ida et al. prepared a (hk0)-oriented p-type CaFe2O4 photocathode, 
which showed relatively high PEC water splitting performance[114]. 
The PEC performance test showed that the electrode calcined at 
1200 °C showed a higher photocurrent density and IPCE value 
than 1100 °C calcined (Figure 9 a and b). This research provides 
a theoretical reference for improving the quality of other complex 
ferrite films. 

In addition to improving the contact surface between the film 
and the FTO conductive glass, efficient PEC water splitting also 
relies on effective charge transfer at the semiconductor/solution 
interface.[124] Gomez et al. prepared a thin-film CaFe2O4 electrode 
and studied the PEC mechanism of hydrogen production by elec-
trochemical impedance spectroscopy (EIS)[110] (Figure 9c). Inter-
estingly, the author concluded through theory and experiment that 
the existence of the surface state in CaFe2O4 is the center of elec-
tron capture and recombination, and electrons are directly trans-
ferred from the conduction band to water when hydrogen is pro-
duced (Figure 9d). This strategy of studying the mechanism of 
water splitting reaction through EIS can also provide an effective 
reference for the modification of other complex ferrites. 

Recently, Yamaguchi and colleagues synthesized the orthorho- 
mbic octahedral CaFe2O4, and tested it in an alkaline environment 

Table 2. Comparison of PEC Performance, Onset Potential and Preparation of Different Ferrite Photocathode for Water Reduction 

Ferrite photocathode Electrolyte J (1.23 V vs RHE) V onset (VRHE) Preparation Reference 
Ag-doped CaFe2O4 0.2 M K2SO4 1.2 mA·cm-2 at −0.6 V 

vs Ag/AgCl 
0.36 V vs 
Ag/AgCl 

radio frequency (RF) magne-
tron cosputtering 

[108] 

Co3O4 loaded 
CaFe2O4/α-Fe2O3 

1.0 M NaOH (pH = 13.6) 75 µA·cm-2  0.6 electrodeposition [109] 

CaFe2O4 0.1 M Na2SO4 (pH = 6) −0.38 mA·cm-2 at −0.2 
V vs Ag/AgCl 

0.4 V vs 
Ag/AgCl 

sol-gel method [110] 

p-CaFe2O4/n-Fe2O3 1.0 M NaOH 0.53 mA·cm-2  0.7 hydrothermal method [111] 
CaFe2O4/BiVO4 0.5 M Na2SO4 (Ph = 6.5) 0.96 mA·cm−2  0.38 electrophoretically deposited [112] 
CaFe2O4/TaON 0.5 M NaOH (pH = 13.7) 1.26 mA·cm−2 0.7 electrophoretic deposition [113] 
CaFe2O4 0.1 M NaOH −0.7 mA·cm−2 at −0.4 V 

vs Ag/AgCl 
0.3 V vs 
Ag/AgCl 

solution method  [114] 

CuFe2O4 1 M H2SO4 −2.57 mA·cm2 at −1 V 
vs RHE 

0.3 solvothermal etching [29] 

CuFe2O4 (flame) Ar purged 1 M NaOH −1.82 mA·cm−2 at 0.4 V 
vs RHE. 

1.0 high-temperature flame 
annealing 

[107] 

CuFe2O4/α-Fe2O3 1 M NaOH 1.22 mA·cm−2  0.95 ultrasonic spray pyrolysis  [106] 
CuFe2O4 N2 purged 0.1 M NaOH −0.04 mA·cm−2 at 0.4 V 

vs RHE. 
1.1 electrodeposition [115] 

CuFe2O4 0.2 M Na2SO4 −0.4 mA·cm−2 at 0.4 V 
vs RHE. 

0.5 hydrothermal method [116] 

p-NiFe2O4/n-Fe2O3 1 M NaOH 2.1 mA·cm−2  0.82 ultrasonic spray pyrolysis  [117] 
LaFeO3 0.1 M KOH 0.30 mA·cm−2 at 1 V vs. 

Ag/AgCl 
0.25 V vs 
Ag/AgCl 

sol-gel method [118] 

LaFe0.9Cu0.1O3 0.1 M KOH 0.99 mA·cm−2 at 1 V vs. 
Ag/AgCl 

0.25 V vs 
Ag/AgCl 

sol-gel method [118] 

BiVO4/LaFe0.5Co0.5O3 0.5 M KPi (pH = 7.0) 3.4 mA·cm−2  0.2 electrodeposition [119] 
Au/LaFeO3 0.1 M Na2SO4 −19.60 mA·cm−2 at 0.6 

V vs. RHE 
1.0 sol-gel method [120] 

Fe2O3/LaFeO3  1 M NaOH 0.97 mA·cm−2  0.95 aerosol spray pyrolysis 
method 

[121] 

k-LaFeO3 0.1 M KOH (pH = 13) −0.04 mA·cm−2  1.2 electrodeposition [122] 
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to prove its efficient and stable electrocatalytic OER performance. 
DFT calculations showed that the oxygen intermediates in 
CaFe2O4 directly form O–O bonds and are adsorbed in the Fe 
active sites. This is an important reason for the improvement of its 
OER performance.[125] 

Similar to other p-type ferrites, CaFe2O4 has lower photoelectric 
conversion efficiency when used as a single photocatalytic cath-
ode. Therefore, researchers mostly combine CaFe2O4 with other 
bandgap-matched semiconductors to construct heterojunc-
tions.[126] For example, Parida et al. prepared p-CaFe2O4@n-
ZnFe2O4 heterojunction and studied its photocatalytic perfor-
mance.[127] Wang and colleagues prepared a-Fe2O3/CaFe2O4 p-n 
heterojunction for the photodegradation of organic matter.[128] Lee 
et al. uniformly load CaFe2O4 on TaON film by electrophoretic 
deposition to form a heterojunction (Figure 10b).[113] PEC test re-
sults show that enhanced light absorption leads to a substantial 
increase in IPCE (Figure 10a). The nearly 5-fold increase in pho-
tocurrent density (Figure 10c) is attributed to reduced carrier 
transport resistance and enhanced charge separation efficiency. 

Similarly, Lee et al. successfully loaded CaFe2O4 on a BiVO3 

film and formed a staggered type II heterojunction structure[112] 
(Figure 10e and f). Under the simulated sunlight of 100 mW·cm−2, 
the composite photoelectrode shows a higher photocurrent and 
stability, and the enhanced light absorption makes the IPCE value 
as high as 23% (Figure 10d). The formation of heterojunction re-
duces the charge recombination on the electrode surface and en-
hances the transfer efficiency of photo-generated holes.  

Metal doping has also been studied as an effective strategy for 
adjusting energy bands and enhancing light absorption. Morikawa 
et al. used radio frequency magnetron sputtering to prepare p-
type CaFe2O4 semiconductors doped with CuO, Au and Ag.[108] 
Studies have found that the doping of CuO and Au can broaden 
the light absorption range and generate plasmon resonance to in-
crease the photocurrent density. However, it can be seen from the 
XRD test that doping reduces the symmetry of the structure and 
the crystallinity of CaFe2O4 (Figure 11a and b). Interestingly, Ag 
doping changes the twisted crystal structure of CaFe2O4, thus 
causing a red shift in light absorption and resulting in a nearly 23-
fold increase in photocurrent (Figure 11c). 

Figure 10. (a) IPCE of TaON-treated electrode (triangle) and TaON-as deposited/CaFe2O4 electrode (diamond). The inset shows interface between 
TaON and CaFe2O4 layers. (b) Energy diagram and expected charge flow of heterojunction photoanode. Reproduced with permission from Ref.[113] (c)
Photocurrent density in 0.5 M NaOH under chopped light irradiation (λ > 420 nm). (d) IPCE of a) BiVO4 and b) CaFe2O4/BiVO4 electrodes and their 
absorption spectra. Inset shows the energy diagram and expected charge flow of CaFe2O4/BiVO4 heterojunction photoanode. Schematic diagrams 
illustrate the reaction at the surface of (e) BiVO4 and (f) CaFe2O4/BiVO4 photoanodes. Reproduced with permission from Ref.[112] 

Figure 11. (a) Crystal structure of CaFe2O4 (Ca, blue; Fe, brown; O, red), (b) XRD patterns, (c) Current-potential curves measured in O2-saturated 0.2 
M K2SO4 solution under chopped light irradiation (300−800 nm) for Ag (35 W)-CaFe2O4 (red line). The electrodes were post annealed at 927 K, and the 
film thickness was fixed at ca.180 nm. Reproduced with permission from Ref.[108] 
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LaFeO3. Lanthanum ferrite (LaFeO3) is a typical rare earth com-
posite metal oxide with a perovskite (ABO3) structure. Due to its 
stable crystal structure, non-toxicity, suitable band gap energy, 
unique catalysis and gas sensitivity, it is widely used in magnetic 
sensors,[129] electrical,[130] and industrial catalysis.[131] With the de-
velopment of society and high and new technology, thin film ma-
terials have become an important branch in the field of materials 
science with their unique properties. LaFeO3 films are an im-
portant class of functional thin film materials in typical ABO3 com-
posite structures.  

The redox reactions involved in the perovskite-type thermo-
chemical cycle are as follows: 

ABO3 → ABO3-δ + (δ/2)O2 (g) (1) 
ABO3-δ + δH2O (g) → ABO3 + δH2 (g) (2) 
ABO3-δ + δCO2 (g) → ABO3 + δCO (g) (3) 

Due to its suitable conduction and valence band positions across 
the entire water redox potential, abundant storage capacity, and 
stable photo-corrosion resistance, LaFeO3 stands out in a series 
of p-type semiconductor materials. The main limitation of LaFeO3 
photocathode is the considerable bulk electron-hole recombina-
tion. Elemental doping can effectively increase the majority carrier 
density and improve its catalytic performance. In practical appli-
cations, various aspects of materials are generally improved by 
doping various elements.[48,132,133] 

Choi and colleagues combined theoretical and experimental 
studies to explore the effect of K-doped La site in LaFeO3 on its 

catalytic performance.[122] Theoretical and experimental studies 
have shown that K-doping produces shallower acceptor levels 
above the VBM of LaFeO3, and can effectively increase the den-
sity of most carriers, reduce the recombination rate of electrons 
and holes, and enhance its charge transmission performance and 
stable photocurrent.  

Recently, Ge et al. synthesized LaFeO3, BiVO4/LaFeO3 and 
BiVO4/LaFe0.5Co0.5O3 using a simple electrochemical deposition 
method.[119] Co-substituted LaFeO3 as a co-catalyst significantly 
improved water splitting performance. Compared with pure BiVO4, 
the water oxidation photocurrent of BiVO4/Co-LaFeO3 composite 
photoanode is 3.4 mA·cm-2 at 1.23 V vs. RHE, which is about 4 
times higher than that of pure BiVO4, accompanied by a signifi-
cant cathodic potential shift of 300 mV (Figure 12a). Combined 
with optical and electrochemical characterization, the addition of 
co-LaFeO3 can significantly improve the electrolyte charge trans-
fer efficiency of BiVO4 (Figure 12b). From the study of intensity-
modulated photocurrent spectroscopy on the surface dynamics of 
carriers, it is observed that the surface recombination rate con-
stant is suppressed (Figure 12c–f), which can attribute the en-
hancement of its PEC water splitting performance. 

In summary, LaFeO3's excellent stability and suitable band gap 
position make it widely used in photocatalysis. It has been found 
that doping with metal elements can increase the carrier concen-
tration. Future research should start from controlling the doping 
concentration, and using the band gap advantage to form compo-
site materials with other semiconductors, combining multiple 
modification strategies to effectively improve PEC water decom-
position performance. 

n CONCLUSIONS AND OUTLOOK 
In short, due to its unique crystal structure, excellent electromag-
netic, catalytic and gas sensitivity advantages, ferrite has gradu-
ally become a hot research material at home and abroad. With 
the continuous progress of thin film preparation technology, the 
application field of ferrite is also continuously expanded, and its 
preparation and modification methods are also continuously im-
proved. On the whole, the material is still in the stage of continu-
ous research and development, and the amount of relevant sci-
entific literature is still relatively small. This article summarized 
some shortcomings of ferrite itself and corresponding improve-
ment strategies: (1) The sintering situation is serious when used 
for photocatalysis. Researchers have developed many modifica-
tion strategies to improve their PEC activity, such as controlling 
the formation and nano-morphology of thin-film materials as men-
tioned in the article. Since most complex ferrites need to be cal-
cined in a high temperature environment, and the degree of con-
tact between the film material and the conductive glass substrate 
will affect its photoelectric catalytic performance. Future research 
in this area should be devoted to the development of more effi-
cient and energy-saving calcining methods, improve the contact 
between the film material and the conductive substrate without 
destroying the conductive substrate. The size effect, surface ef-
fect and other characteristics of nanomaterials require us to more 
accurately control the morphology of thin film materials, and to 
develop more accurate test instruments for characterization. (2) 
The visible light response is weak. Ferrite materials have poor 
electrical conductivity and low light absorption efficiency. At pre-
sent, doping is mainly used to control the carrier concentration 
and increase the electrical conductivity. However, the mechanism 

Figure 12. (a) J-V curves of BiVO4 and BiVO4/LaFe0.5Co0.5O3 photoanodes 
(0.5 M KPi buffer solution, pH = 7.0) under chopped AM 1.5G illumination. 
(b) Charge transfer efficiencies of bare BiVO4 and BiVO4/LaFe0.5Co0.5O3. 
(c) IMPS spectra of BiVO4. (d) IMPS spectra of BiVO4/LaFe0.5Co0.5O3. (e) 
Charge transfer rate constant and (f) Recombination rate constant for 
BiVO4 and BiVO4/LaFe0.5Co0.5O3. Reproduced with permission from 
Ref.[119] 
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of the energy band change caused by doping to broaden the light 
absorption is still unclear. Future research should focus on regu-
lating the doping concentration, conducting in-depth analysis of 
structural changes caused by different changes, and proposing 
possible theoretical mechanisms. (3) The recombination of pho-
togenerated electrons and holes is serious. Surface modification 
and construction of heterojunctions to improve the efficiency of 
charge transfer have been studied to improve the catalytic perfor-
mance of ferrites. Due to the adjustable electronic structure of fer-
rites and suitable band gaps, they can be combined with other 
semiconductors. On one hand, the surface can be modified, and 
on the other hand, the charge separation can be increased. The 
photoelectric catalytic water splitting catalysts developed at pre-
sent all have low conversion efficiency. In the future, more efficient 
and low-cost catalysts should be developed. These need to be 
further explored by researchers. 
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