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The Role of Point Defects in Heterojunction Photocatalysts:

Perspectives and Outlooks
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Yuen Hong Tsang,* and Haitao Huang*

1. Introduction

The development of efficient photocatalysts is a mainstay for the advancement

of photocatalytic technology. Heterojunction photocatalysts can overcome the
inherent limitations of single photocatalysts, integrating the advantages of each
component, and achieving efficient separation of photogenerated charges,
making them a research focus in the field of photocatalysis. The role of point
defects in photocatalytic reactions is diverse and can significantly influence
the performance of photocatalysts. This review comprehensively summarizes
the latest advancements in point defect engineering for the modulation of
heterojunction photocatalysts. First, the types of point defects and their impact
on photocatalytic processes are introduced. Subsequently, the common

types of heterojunction photocatalysts are presented. Then, in accordance
with recent research progress, the regulatory mechanisms of point defects
within heterojunction photocatalysts are outlined, with a particular focus on
their functions on surfacefinterfacial properties and photogenerated charge
transfer processes. Finally, the challenges faced by point defect engineering

in optimizing heterojunction photocatalysts and promising solutions are
proposed. This review provides an in-depth understanding of the role of point
defect engineering in heterojunction photocatalysts, with the expectation of
offering insights into the development of highly active photocatalytic materials.
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Photocatalysis is a technology of har-
nessing inexhaustible solar energy, and
converting it into chemical energy through
the interaction between solar energy and
photocatalysts.!] Tt has the advantages of
cost-effectiveness, environmental friend-
liness, mild reaction conditions, and no
secondary pollution.?l. Moreover, photo-
catalysis has a very wide field of applications
that includes environmental purification,!*!
industrial raw material synthesis,¥l H,
production,’] CO, reduction,!® organic
synthesis,[’l and pollutant degradation,!®!
etc. Despite these advantages of photo-
catalytic reactions, due to the intrinsic
limitations of photocatalyst band structure
and rapid recombination of photogener-
ated carriers,’! the photocatalytic efficiency
is still very low, which is a bottleneck
for their further developments and in-
dustrial applications.['®)  For instance,
to achieve commercial applications, the
solar-to-hydrogen conversion efficiency
(STH) of photocatalytic water splitting
should be higher than 10%. Nevertheless, most current photocat-
alytic systems struggle to attain this efficiency level.['!]

The selection of photocatalysts should meet both thermody-
namic as well as kinetic requirements of photocatalytic reactions.
Thermodynamically, photogenerated carriers should have suffi-
cient redox capacity to participate in the surface reaction;!'?! ki-
netically, effective separation and migration of photogenerated
electron-hole pairs should be realized to improve photocatalytic
activity.’*] A single semiconductor photocatalyst is expected to
possess a narrow bandgap to achieve a broader range of light ab-
sorption and enhance the utilization of solar energy. Paradoxi-
cally, a narrow bandgap reduces the redox capacity of photogen-
erated electrons and holes, which makes the photocatalytic reac-
tions unfavorable.'*]

Heterojunction photocatalysts can be used to break the limita-
tion of the inherent band structure of a single semiconductor.['!
Heterojunction photocatalysts composite multiple materials to-
gether, which can not only break the thermodynamic and ki-
netic limitations of single photocatalysts but also realize effi-
cient photogenerated charge separation.'®! This represents a
pivotal direction in the current development of photocatalysts.
In addition, the construction of heterojunctions also meets
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the performance requirements for applications in the field of
photoelectrocatalysis.['7]

In order to enhance photocatalytic efficiency, numerous strate-
gies have been developed to modify photocatalysts. Among them,
point defect engineering stands out as an effective modulation
strategy.['®] The second law of thermodynamics indicates that
point defects in crystalline materials are indispensable. Histor-
ically, point defects are called “centers,” such as color centers
or F-centers in luminescent materials. Nowadays, the engineer-
ing of point defects has evolved from early-stage fundamental re-
search to a modern technique widely used in the field of photo-
catalysis for the tuning of electronic structures of photocatalysts.
Point defects induce imperfections in the lattice structure, adjust-
ing the surface morphology along with electronic structure,!**!
and further optimizing the physical as well as chemical prop-
erties of materials.?! The alteration of geometrical structure
and electronic arrangement by point defects can change the sur-
face structure,?!l energy band arrangement,[??! charge separa-
tion transfer kinetics,?*! surface adsorption, and other proper-
ties related to photocatalysts,[** which positively affect the pho-
tocatalytic process and significantly enhance the photocatalytic
efficiency.

Considering the potential that point defect engineering has
demonstrated in the field of photocatalysis, introducing it into
highly promising heterojunction photocatalysts is a significant
research idea to guide the development of highly active photo-
catalysts. However, till now there has been a lack of systematic
compilation and summarization of research work in this area.
For example, the role of point defects in the thermodynamic and
kinetic processes of the reaction when they exist in heterojunc-
tion photocatalysts, the effect of point defects on key parame-
ters such as band structure matching, interfacial characteristics,
built-in electric fields, and charge transfer kinetics of heterojunc-
tions, and the possibilities of triggering unique phenomena in
photocatalytic reaction processes by the combination of point de-
fects with heterojunctions are still not well summarized. There-
fore, it is very important to generalize the regulation laws of
point defects on the structure and performance of heterojunction
photocatalysts for leading the design of efficient heterojunction
photocatalysts.

In this review, first, the types of point defects, and their influ-
ence laws governing the photocatalytic reaction process are sum-
marized; second, the classification of photocatalyst heterojunc-
tions are discussed; third, the roles of point defects in hetero-
junction photocatalysts including their effects on band structure,
interfacial contacts, built-in electric fields, charge transfers, redox
reactions on the surfaces, etc. are discussed; and finally, the chal-
lenges and prospects of exploring point defects in heterojunction
photocatalysts are put forward. This review aims to pave the way
for employing point defects engineering to develop highly active
photocatalysts and provide new ideas for solving the key prob-
lems in this field.

2. Basic Principles of Photocatalysis

As shown in Figure 1, semiconductor materials have a unique
band structure, with the highest occupied molecular orbitals in-
teracting to form the valence band (VB), the lowest unoccupied
molecular orbitals interacting to form the conduction band (CB).
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Figure 1. Schematic diagram for the photocatalytic process.

The intermediate region between the CB and VB known as the
forbidden band, and the value of the forbidden band is denoted as
E, .51 The reaction process of semiconductor photocatalysts is di-
vided into three steps: 1) when the photocatalyst absorbs photons
with energy (hv) greater than or equal to E,, the electrons leap
from VB to CB, which are known as photogenerated electrons,
with the ability of reduction. Meanwhile, the holes left within
VB are referred to as photogenerated holes, with the ability to
oxidize. Photogenerated electrons and holes are also referred to
as photogenerated carriers; 2) subsequently, the photogenerated
electrons and holes migrate to the surface under the action of an
electric field or by diffusion. During this process, a large number
of photogenerated carriers recombine and the energy is released
in the form of thermal or optical energy; and 3) finally, the photo-
generated holes and electrons that migrate to the catalyst surface
undergo oxidation and reduction reactions, respectively, with the
surface adsorbed substances.?%!

The efficiencies of these three processes together determine
the overall efficiency of photocatalysis,!?”) which can be expressed
by the following equation:

Mot = Mabs X Mes X Mred (1)

Nor: Total photocatalytic efficiency; #,,: Light absorption effi-
ciency; #.: Charge separation efficiency; #,.4: Efficiency of sur-
face redox chemical reactions.

The overall efficiency of the photocatalytic process remains low
till now due to the limitations of the inherent properties of pho-
tocatalysts.

3. Types of Point Defects

Point defects refer to the local deviations from perfect periodicity
in the arrangement of atoms within the lattice structure of crys-
talline materials. These deviations can be caused by the absence
or replacement of individual or multiple atoms. They are small in
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O Vacancy

Figure 2. Schematic illustration of point defects. a) Vacancy. b) Substitutional doping (including antisite substitution). c) Interstitial doping.

all 3D scales and do not exceed a few atomic diameters.[?®! Point
defects are ubiquitous in semiconductors and can affect atomic
arrangement and electronic bonding,[?] thereby regulating the
optical,?% electrical,**) magnetic,*? and thermall*}] properties of
semiconductor materials.

Point defects can be categorized into two forms: vacancies
and dopants.**] Vacancies refer to the absence of original atoms
or ions in the lattice, leaving empty sites (Figure 2a). This
type of defect can create local disordered structures in the lat-
tice, causing local charge imbalance in the crystal, and may
change the valence state of ions adjacent to vacancy sites.[**] Dop-
ing foreign elements in the semiconductor host represent an-
other significant type of point defect.*®! These dopant ions or
atoms can be placed within the host lattice by replacing exist-
ing ions or atoms, known as substitutional doping (Figure 2b)
or foreign elements can occupy interstitial positions in the lat-
tice, defined as interstitial doping (Figure 2c). Substitutional
doping may also include antisite substitution, where different
atoms just exchange their atomic positions in an ordered com-
pound. The introduction of doping often leads to lattice dis-
tortion and can regulate the composition of semiconductor
photocatalysts.[>’]

4. Effects of Point Defects on Photocatalytic
Processes

4.1. Optical Absorption

The light absorption properties of semiconductors are directly re-
lated to their band alignment. However, for large bandgap semi-
conductors, their optical absorption is limited to the ultraviolet
(A < 380 nm) region, which accounts for only 7% of the energy
of the entire solar spectrum.[38 Therefore, there is a need to ex-
plore ways to utilize light from the visible (50%) to the infrared
(43%) regions, which account for the majority of the solar spec-
trum’s energy.3]

Point defects can alter the periodic potential field generated by
the periodic arrangement of atoms, disrupting the original band
structure by introducing new energy levels, which have a decisive
influence on the properties of semiconductors.!*’! This approach
is widely utilized for adjusting the band alignment of a single
semiconductor.*!]

The impurity energy levels introduced by point defects can be
classified as acceptor levels and donor levels, which are typically
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® substitutional doping

¢ Interstitial doping

located within the bandgap of the semiconductor.*?! Donor lev-
els are situated close to the conduction band minimum (CBM),
while acceptor levels are near the valence band maximum (VBM).
Under the irradiation of photons with appropriate energy, the
electrons and holes bound by the impurity levels can also un-
dergo optical transitions. The absorption of photons can cause
electrons at a neutral donor level to transit from the ground state
to an excited state or to the CB, and holes at a neutral acceptor
level can transit from the ground state to an excited state or to
the VB.[’l Therefore, photon energy less than E, can be absorbed
by the impurity energy level, which broadens the range of light
absorption.[*4]

4.2. Photogenerated Charge Separation and Transfer

The kinetic process of charge separation and transfer in photo-
catalytic reactions is quite complex. Photogenerated charge sepa-
ration and migration occur over a wide range of time periods (ps-
ps), undergo multiple processes (such as relaxation, migration,
diffusion, and defect state trapping), and are highly susceptible to
recombination.[*] As a result, the photogenerated electrons and
holes have very short lifetimes on the order of ps to ns, and the
amount of photogenerated charges that can eventually transfer to
the semiconductor surface to participate in chemical reactions is
very limited, which is the biggest bottleneck that constraints the
efficiency of photocatalytic reactions.[“¢]

Point defects play an important role in the photogenerated
carrier separation process. The appropriate concentration and
type of point defects add additional defect states inside the
semiconductor energy bandgaps, and the defect states selec-
tively trap the photogenerated carriers, providing additional paths
for photogenerated charge transfer and facilitating space charge
separation.!*’] However, defect states sometimes become the re-
combination centers of photogenerated charge carriers, which
reduces the charge separation efficiency and is detrimental to
photocatalytic reactions.[*®! Point defects also affect the charge
transport properties, and the defect states can change the acceler-
ation vector of free carriers and create potential barriers or energy
channels.[*]

In addition to modulating the charge transfer path, point de-
fects can also provide the driving force for charge separation.
Photogenerated electrons and holes need to be separated from
the interior of micro and nano-scale particles, where the required
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Figure 3. Schematic diagram for different types of heterojunction photocatalysts. a) Type I. b) Type II. ¢) Type Ill. d) Z-Scheme. e) S-Scheme. f) Schottky

junction.

driving force is insufficient due to the small physical scale. Point
defects can induce an imbalance in charge distribution, creating
a built-in electric field that effectively promotes photogenerated
charge separation.l*! Given the multiple roles of point defects
and the complex charge separation process, it is essential to de-
sign point defects in a rational manner.

4.3. Surface Redox Reactions

Redox reactions occur on the surface of photocatalysts, involv-
ing the transfer of photogenerated charges at the adsorbed
species/photocatalyst interface.[??] High overpotentials and low
kinetic rates are detrimental to the surface redox reactions and
may increase the chance of surface charge recombination of pho-
togenerated electron-hole pairs.[>!]

From the thermodynamic perspective, point defects can mod-
ulate the positions of CBM and VBM. Accordingly, the redox
capacity of photogenerated carriers reaching the surface of the
photocatalyst can be altered, impacting the surface reaction. In
terms of kinetics, point defects can regulate the active sites on
the photocatalyst surface and the adsorption characteristics of
the reacting molecules. The modulation of reaction kinetics by
point defects can be classified into the following categories. i) Cat-
alytic activity: The introduction of point defects generates ther-
modynamically unstable ligand-unsaturated metal atoms and
surface dangling bonds. The ligand-unsaturated metal atoms
can lead to local charge accumulation, which polarizes the ad-
sorbed molecules, facilitating the activation of molecules.['?] ii)
Surface charge transport: Point defects at the surface of pho-
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tocatalysts can act as trapping centers for photogenerated car-
riers, providing charged sites to promote electrostatic adsorp-
tion of molecules and polarization of bonds,52! and further af-
fect the transfer of photogenerated electrons from semiconduc-
tor to surface-adsorbed molecules.?*! iii) Surface mass transport:
Point defects can also alter the surface hydrophilicity of photo-
catalysts and affect the mass transport of reactants and reaction
products.>?!

5. Types of Heterojunction Photocatalysts

In single photocatalysts, the overall energy conversion efficiency
remains low due to poor light absorption, large recombina-
tion of photogenerated electrons and holes, and slow kinet-
ics of the redox reaction process. Among them, achieving ef-
ficient photogenerated charge separation and transfer is the
core challenge for photocatalysis.?’] Heterojunction structures
are proven to be extremely efficient for the preparation of
advanced photocatalysts due to their feasibility and effective-
ness in spatial separation of the photogenerated electron-hole
pairs.l>#

Heterojunction photocatalysts refer to the combination of two
or more different photocatalysts, by which not only the separation
of photogenerated carriers can be effectively enhanced, but also
the redox ability of photogenerated charges can be fine-tuned.
Typically, the following types of heterojunction photocatalysts ex-
ist: ) Type 1, ii) Type II, iii) Type III, iv) Z-scheme, v) S-scheme
and vi) Schottky junction, which are depicted in Figure 3 and de-
scribed in the following sections.
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5.1. Type |

As shown in Figure 3a, in type I heterojunction, the bandgap
of one semiconductor (semiconductor II in this case) is com-
pletely located within the forbidden band of the other semicon-
ductor. Upon exposure to light, the photogenerated electrons will
be transferred from CB of I to CB of I1, driven by the potential dif-
ference, and at the same time the photogenerated holes will also
be transferred from VB of I to VB of I1. The photogenerated holes
and electrons in semiconductor II will take part in the photocat-
alytic redox reaction.l>* Through this charge transfer method, the
photogenerated charges may have a longer lifetime,*®! however,
they are not spatially separated. Moreover, the photogenerated
charge carriers that ultimately participate in the redox reaction
have a lower potential, making the redox process thermodynam-
ically unfavorable.

5.2. Type Il

The CBM and VBM positions of the two semiconductors in Type
IT heterojunction are interleaved (Figure 3b). Under light excita-
tion, the photogenerated electrons migrate from semiconductor I
with a relatively higher CBM position to semiconductor II, while
the photogenerated holes transfer from semiconductor II with a
relatively lower VBM position to semiconductor 1.17] This charge
transfer mechanism can effectively realize the spatial separation
of photogenerated electron-hole pairs. However, similar to Type I
heterojunction, this charge transfer mechanism imparts a lower
redox potential to the photogenerated carriers involved in the
reaction.

5.3. Type lll

In Type III heterojunction photocatalysts, the difference in the
band structure between the two semiconductors is extremely sig-
nificant (Figure 3c), with no overlapped bandgaps of the two
semiconductors.*®! Consequently, this distinctive feature im-
pedes the effective separation and migration of photo-induced
charge carriers at the interfacial region, rendering this type of het-
erojunction less attractive for photocatalytic applications. Hence,
research in this area is relatively scarce. If an appropriate conduc-
tive medium can overcome the high energy barrier for charge
transfer, allowing the photogenerated holes in VB of semicon-
ductor I to combine with the photogenerated electrons in CB
of II, there is the possibility to unlock the potential of Type III
heterojunction.

5.4. Z-Scheme

Z-Scheme is one of the optimal heterojunction structures for
enhancing photocatalytic activity, inspired by the electron trans-
fer pathways in the natural photosynthesis system of green
plants, following the shape of a “Z”.1°>l As shown in Figure 3d,
an all-solid-state Z-Scheme system involves direct contact be-
tween two semiconductor photocatalysts (I and II) with stag-
gered band structure.[®)) Under illumination, the photogener-
ated electrons in CB of I will transfer to the interface and re-
combine with the holes in VB of II due to strong electrostatic
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attraction, thereby retaining electrons with stronger reducibility
in CB of II and holes with stronger oxidizing power in VB of
1.[61] The matched band structure and close contact (physical or
chemical bonding) between the two semiconductors are crucial
in this structure (sometimes with a redox mediator) to promote
direct electron transfer and reduce the transfer distance of charge
carriers.[®?] Another all-solid-state Z-Scheme system involves the
formation of an ohmic connection between I and II by a conduc-
tive medium, thereby reducing the resistance to charge separa-
tion and transfer.®*]

5.5. S-Scheme

S-Scheme (Step-Scheme) heterojunction is a refinement of the
direct Z-Scheme and is a more accurate model of this type of
heterojunction.[®*) As depicted in Figure 3e, it consists of two
semiconductors, oxidized photocatalyst (OP) with a more pos-
itive VBM and reduced photocatalyst (RP) with a more nega-
tive CBM. Upon contact, due to the difference in work func-
tion (WF), electrons are transferred from RP with lower WF
to OP with higher WF. In this way, a built-in electric field is
formed at the interface.l®! Upon light irradiation, through the
synergistic effects of the built-in electric field, band bending, and
electrostatic interactions, the photogenerated electrons at CB of
OP merge with the photogenerated holes located at VB of RP,
which promotes the separation of photogenerated carriers. No-
tably, photogenerated carriers with stronger redox capacity are
retained and participate in the photocatalytic reaction.!®! In this
way, S-Scheme photocatalysts can simultaneously achieve effi-
cient space charge separation and high redox potentials for pho-
togenerated carriers.

5.6. Schottky Junction

Schottky junction represents a heterojunction formed by a semi-
conductor and a conductor (Figure 3f). The difference in WF
serves as a driving force for the interfacial charge exchange.l’]
Taking the example of an n-type semiconductor-conductor Schot-
tky junction, when the WF of the semiconductor is lower than
that of the conductor, electrons migrate from the n-type semi-
conductor to the conductor until the Fermi levels (Ey) of both are
aligned. Consequently, a space charge layer forms at the inter-
face, resulting in the formation of a Schottky barrier between the
conductor and the semiconductor. Under light excitation, photo-
generated electrons in the semiconductor are transferred to the
conductor, which is also known as an electron sink.[®®) The es-
tablishment of the Schottky barrier facilitates the continuous mi-
gration of photogenerated electrons, enhances the separation of
photogenerated charges, and is beneficial for the participation of
holes in reactions, thereby improving photocatalytic activity.

6. Regulatory Mechanisms of Point Defects in
Heterojunction Photocatalysts

Rationally constructed heterojunctions can overcome the lim-
itations of single photocatalysts, broaden the light absorption
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Figure 4. Schematic illustration of the role of point defects in heterojunction photocatalyst.

range, accelerate the effective separation of photogenerated car-
riers, and improve the photocatalytic reaction efficiency.*®] How-
ever, heterojunction photocatalysts face the limitations of un-
favorable factors such as high interfacial energy barriers,!”"
small range of action of the built-in electric field,”!! and in-
sufficient exposure of active sites on the surface,['* which im-
pede their developments toward practical applications. Previ-
ous studies have incorporated point defects into heterojunctions
to overcome the limitations of unfavorable factors and investi-
gated the point defect modulation mechanisms. This section de-
tails the regulatory mechanisms of point defects for the key pa-
rameters of heterojunction materials (Figure 4), aiming to pave
the way for the optimum design of point defect heterojunction
photocatalysts.

6.1. Band Structure

The matching of band structure is a prerequisite for the con-
struction of effective heterojunction photocatalysts.l’2) The pho-
tocatalytic reaction has a certain requirement for the band struc-
ture of the material. According to the effect of point defects on
the band structure of a single semiconductor, for heterojunction
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photocatalysts, the band structure can be regulated by modulat-
ing the type and concentration of point defects, which provides
a flexible and controllable way to match the energy bands of the
heterojunction.!”?!

For example, Zhao et al. introduced both B dopant and N va-
cancy into 2D g-C;N, nanosheets (BDCNN, ) using NaBH, ther-
mal reduction.”* The pristine 2D g-C;N, nanosheets (CNN)
is an H, evolution photocatalyst, and by tailoring the concen-
tration of B dopants and N vacancies, the VBM and CBM of
CNN can be tuned continuously, resulting in a series of H,
and O, evolution photocatalysts (Figure 5a). The combination
of the H, and O, evolution photocatalysts through electrostatic
self-assembly results in large interfacial contact and efficient
charge transfer (Figure 5b). Among these self-assembled het-
erostructures, BDCNN;;,/BDCNN,,; exhibits the highest pho-
tocatalytic activity with the STH reaching 1.16% (Figure 5c). A
series of experimental characterizations and theoretical calcula-
tions demonstrate that B dopant and N vacancy can modulate
band structure, which endows the heterostructure with enough
driving force for the water redox reactions and facilitates charge
separation and transfer in a direct Z-scheme pathway, thereby
(Figure 5d), resulting in excellent photocatalytic overall water
splitting.
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6.2. Interfacial Binding

In heterojunction photocatalysts, the interface provides channels
for charge transfer.”>! Large interfacial contacts and tight inter-
facial binding are two important parametric indicators for pho-
tocatalyst interfaces.[’®l Large interfacial contacts can generate
abundant charge transfer and trapping channels. A tight inter-
facial contact can promote the flow and migration of photogen-
erated carriers, while poor interfacial contact is like erecting a
“wall” between two heterojunctions, which severely hinders the
charge flow.l””]

Vacancies can result in coordination unsaturation, while in-
terstitial and substitutional defects disturb the local coordination
environment.[”®! Furthermore, point defects can produce local-
ized state electrons. These alterations can modulate interfacial
contacts at the atomic level.l'®] Point defects act as anchoring
sites for binding to other semiconductors and can create unique
interfacial structures.[”®! By modulating the type and number of
point defects, the area, shape, and binding force of the interface
can be adjusted to construct compact interfaces with large contact
areas and low resistance.”" This in turn shortens the transport
distance of photogenerated carriers.

Wang et al. prepared Z-scheme photocatalysts consisting of S
vacancy-rich ZnIn,S, (S,-ZnIn,S,) and MoSe,.®%] The abundant
coordinated unsaturated S atoms can act as anchoring sites for
Mo atoms, promoting the formation of Mo-S bonds and the in

Adv. Funct. Mater. 2024, 34, 2408213 2408213 (7 of 16)

situ growth of MoSe, on the surface of S,-ZnIn,S, (Figure 6a).
The density functional theory (DFT) calculations indicate the
tight chemical bonding between Mo and S, and the electron
transfer from S,-ZnIn,S, to MoSe, at the tight heterointerface
(Figure 6b,c). The Mo—S bonds generated at the interface pro-
vide a fast channel for charge transfer from MoSe, to S,-ZnlIn,S,,
which further accelerates the rapid separation of photogenerated
charges in this Z-scheme photocatalyst (Figure 6d). Therefore,
the photocatalyst exhibits an apparent quantum yield of 76.48%
and a high H, production rate of 63.21 mmol g~ h=! under
420 nm monochromatic light.

6.3. Built-in Electric Fields

Photogenerated electrons and holes need to be separated from
the inside of photocatalysts and then transferred to the surface
(over a distance in the range of nanometer to micrometer) to
participate in the redox reaction.l®!l A built-in electric field can
provide the driving force to facilitate the efficient separation and
transfer of photogenerated charges.[*® For heterojunction pho-
tocatalysts, due to the difference in Fermi energies (Ej) of the
semiconductors, during the equilibrium process, electron migra-
tion occurs at the heterojunction interface until E; of the two
semiconductors are the same. At this point, a built-in electric
field is established and the interfacial energy band bends. The
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formation of the built-in electric field modulates the carrier mi-
gration behavior at the interface, which in turn affects the effi-
ciency of photogenerated charge separation and transfer.[®?! Dif-
ferences in E; between heterojunctions tend to influence the
strength and direction of the interfacial electric field, driving
charge transfer across the interfaces.[")

By definition, E; refers to the highest energy level filled with
electrons in the energy band of a solid at absolute zero tempera-
ture, and E; exhibits a positive correlation with the concentration
of carriers,!®] as described in Equation (2):34]

N,
E = E + kTln 22 @)
n.

1

where E, is approximated as the intrinsic E; (located at the center
of the bandgap), k is Boltzmann constant, T is temperature, Ny,
is the donor impurity concentration, and n;, is the intrinsic carrier
concentration (a constant at a specific temperature). It can be de-
duced that E; rises in the direction of CB if additional electron
donors are present. Therefore, the introduction of point defects
provides a way to modulate the interfacial E; and thus manipulate
the interfacial charge migration.

Based on this rationale, researchers have carried out a series
of explorations, which have confirmed that the introduction of
dopants can controllably regulate E; and thus change the strength
of the built-in electric field. Zhang et al. reported that by optimiz-
ing the doping concentration of V in In,S; and the size of CdTe
quantum dots, E; difference between the two can be achieved
continuously (Figure 7a).®°! The calculated electrostatic poten-
tial difference confirms that the difference of E; between V-In, S,
and CdTe becomes gradually significant with the increasing V
doping, thereby enhancing the built-in electric field intensity
(Figure 7b). Electron transfer takes place from V-In,S; to CdTe
until E; reaches equilibrium, accompanied by the formation of

Adv. Funct. Mater. 2024, 34, 2408213 2408213 (8 of 16)

a space charge region (Figure 7c,d). The internal quantum effi-
ciency is 114% at 350 nm and the STH reaches as high as 1.31%
in the optimal sample (CdTe-4.2/V-In, S;-3) for photocatalytic H,
production (Figure 7e).

After the formation of conventional heterojunction, the photo-
generated electrons and holes tend to flow to the side with lower
thermodynamic CB and VB energies, which weakens the reduc-
tion and oxidation efficiency of photogenerated electrons and
holes. The construction of a Z-scheme heterojunction can effec-
tively solve this problem. However, it is challenging to precisely
control the directional migration of photogenerated charges at
the interface of Z-scheme heterojunction. It has been shown that
the strategy of modulating WF (The value of WF is equal to the
difference between the vacuum energy level and E;) by using
vacancy defects can switch the photogenerated charge transfer
path to the Z-scheme type. Sun et al. reported that the WF value
of BiVO, can be altered by controlling the concentration of O
vacancies.[®*®! When the O vacancy content in BiVO, is reduced
from 8.9% to 3.8%, its WF can be altered from less than poly-
meric carbon nitride (PCN) to greater than PCN. As a result, the
direction of interfacial energy band bending in the space charge
region is reversed, and the type of the heterojunction changes
from type II to Z-scheme. The common Type II BiVO,/PCN can-
not undergo water decomposition, whereas the solar-driven pure
water decomposition is successfully realized in the Z-scheme
BiVO,-100/PCN photocatalyst.

6.4. Interfacial Charge Transfer Kinetics

Interfacial charge transfer kinetics is a critically important micro-
scopic process.I¥”] The charge transfer kinetic behavior of hetero-
junction interfaces is closely related to the band structure, inter-
face structure, doping, and other properties.[*’] In recent years,
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Figure 7. a) A schematic illustration of the changes in the energy band structure resulting from dopant engineering and the quantum effect. b) The
calculated electrostatic potential difference for CdTe/V-In,S; hybrids with different V doping (inset images: configuration of CdTe/V-In,S; hybrids). Z
is the position along the z-axis. c) Schematic illustration of the energy band structure of CdTe and V-In,S; before contact. d) Schematic illustration
of the energy band structure of CdTe and V-In,S; hybrids in contact. e) The photocatalytic H, generation performance and absorption spectrum of
CdTe-4.2/V-In,S;-3 hybrids. Reproduced with permission.[33] Copyright 2023, Springer Nature.

researchers have conducted studies on the charge transfer pro-
cess of interfaces containing point defects, uncovering their fun-
damental principles. These insights provide important theoreti-
cal support for improving the electron-hole separation and pho-
toconversion efficiency of heterojunction interfaces.

Xu et al. found that the defect states in TiO, /Ce, S; heterojunc-
tion play an important role in the charge transfer process.®8] Af-
ter illumination, the photogenerated electrons that are excited to
the CB of TiO, may subsequently enter into the impurity energy
level via decay. The photogenerated electrons trapped in the im-
purity state will then be slowly released to recombine with the
photogenerated holes left in the VB in Ce, S;. In this way, the life-
time of the charge carriers can be prolonged. The rapid electron
trapping and timely charge separation inside TiO,/Ce,S; effec-
tively suppress the electron-hole recombination, and it also sup-
ports the formation of an S-scheme heterojunction structure be-
tween TiO, and Ce,S;.

Wei et al. revealed the role of O vacancies in the photocatalytic
oxygen evolution (OER) reaction in WO,-Pt Schottky junction
photocatalysts using ultrafast transient absorption spectroscopy
(fs-TAS).1®] It was found that the electron-trapping states gen-
erated by O vacancies play an important role in charge transfer.
The trap states are easier to form due to the presence of O va-
cancies, which trap a portion of the photogenerated electrons ex-
cited into the CB of WO, and inhibit the direct recombination of

Adv. Funct. Mater. 2024, 34, 2408213 2408213 (9 of 16)

photogenerated carriers in WO,. Subsequently, the photogener-
ated electrons trapped in the defect state are transferred to the co-
catalyst Pt. Through this charge transfer way, the carrier lifetime
can be extended and the activity of photocatalytic OER reaction is
enhanced.

Li et al. successfully realized the modulation of the charge
transfer path by using point defects.[*®! By introducing abundant
W34 low-valent metal defect sites at the WO, ,/GdCrO, inter-
face, the type of this heterojunction can be successfully trans-
formed from type III to bridged type III (bridged by an interfa-
cial defect band). Point defect sites introduced in the interface
can serve as a bridge for thermally induced charge storage, sec-
ondary excitation, and interband transfer, thus realizing the ef-
fective separation of photogenerated charges under photother-
mal conditions. The heterojunction demonstrates excellent per-
formance in photothermal catalyzed volatile organic compounds
purification and CO, reduction.

6.5. Redox Reactions on Surfaces

In heterojunction photocatalysts, chemical interactions between
interfacial atoms can modulate the charge density around the ac-
tive sites and regulate the redox reactions on the surface.[*®! Point
defects in heterojunctions help tailor interface characteristics at

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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with permission.[®!] Copyright 2019, National Academy of Sciences.

the atomic level and can also participate in the reaction as ac-
tive sites. Additionally, heterostructures containing point defects
can address the issue of the metastability of defect structures.[18
The combination of point defects and heterojunctions can en-
hance the transport of surface photogenerated carriers, promote
the effective separation of photogenerated carriers, enhance the
number of surface active sites, and regulate the surface reac-
tion kinetics, thus realizing efficient photocatalytic surface redox
reactions.

Point defect engineering can modulate the photocatalytic sur-
face reaction pathways. For example, Zhou et al. obtained a high
concentration of O vacancies at the Pt-TiO, interface by a simple
photo-deposition method (Figure 8a,b).°! High concentrations
of O vacancies at the Pt-TiO, interface can lower the Schottky
barrier height to improve the electron injection (Figure 8c). As a
result, electrons are easier to be trapped by the Pt, while holes are
attracted toward the perimeter of the Pt nanoparticles at the same
time (Figure 8d). The presence of O vacancies facilitates the CO
oxidation reaction of photogenerated holes at the Pt-TiO, inter-
face, alleviating the blockage of adsorbed CO to the active sites
on Pt, which leads to the continuous decomposition of alcohols
on Ptinto CO,, and H, (Figure 8e). O vacancies trigger unusual
reaction paths, allowing alcohols to no longer act as sacrificial
reagents but rather as promising substances for H, storage.

Point defect doping can directly introduce active sites. Chao
et al. ingeniously designed a series of In,0,-Znln, Se, Z-scheme
nanosheet photocatalysts, which greatly enhanced the rate of
photocatalytic H, production.®”! By adding Mo atoms (in the
form of Mo—Se bond) to the Z-scheme In,0;-Znln,Se, photo-
catalysts, In,0;-Znln,Se,-Mo was obtained which could achieve
further optimization of the photocatalytic performance. Under
visible light, the H, production rate of In,0;-Znln,Se,-Mo can
be as high as 6.95 mmol g™' h~!, which is 21.7 and 232.6 times
higher than that of the In,0;-ZnIn,Se, nanosheets and In,0,
nanosheets, respectively. This study combined elemental doping

Adv. Funct. Mater. 2024, 34, 2408213 2408213 (10 of 16)

with controllable surface engineering to achieve synergistic mod-
ulation of active sites and surface adsorption properties, which
led to the realization of efficient photocatalytic H, production
performance.

6.6. Point Defects Induced Unique Physical Properties
6.6.1. Defects Induced Localized Surface Plasmon Resonance (LSPR)

LSPR is an optical property in nanoparticles, which refers to the
collective oscillation of free carriers driven by incident light. At
a certain frequency, the oscillations of free carriers resonate with
the incident light.[®* Plasmonic photocatalysts with large absorp-
tion cross sections and strong localized field enhancement, as
well as the ability to generate hot electrons and hot holes, show at-
tractive prospects for improving photocatalytic efficiency.®* Con-
ventional metal plasma materials such as Au, Ag, and other noble
metals have inherent limitations that lead to the underutilization
of hot electrons and difficulties with the recombination of hot
charge carriers.[””! With further studies, researchers have found
that doped semiconductor nanoparticles with suitable concentra-
tions of free carriers also have the LSPR effect, such as Cu,S,[*!
MoO, "l and WO, )] semiconductors with high densities of
free charge carriers. Semiconductor plasmonic materials have
tunable properties, and their carrier densities can be easily tuned
by changing the doping concentration for enhanced utilization of
hot electrons and improved photocatalytic performance.*”]

Lu et al. compounded ZnlIn,S, nanosheets on hierarchical
W04 micro flowers (WO/ZIS), which possessed excellent H,
production performance, with the H, yield reaching 902.57 umol
in 3 h under simulated sunlight.'%! The Z-scheme hetero-
junction was constructed and the separation of electron-hole
pairs was accelerated. More importantly, O-deficient W40,
with LSPR effect plays an important role in enhancing the
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Figure 9. Pseudocolor fs-TAS plots of (a) ZnIn,S, and (b) WO/ZIS under 360 nm irradiation. c) TA dynamics of ZnIn,S, and WO/ZIS under 360 nm
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Reproduced with permission.l'%] Copyright 2022, John Wiley & Sons.

performance of the photocatalyst. fs-TAS was conducted under
360 nm irradiation (Figure 9a—c), confirming that the compos-
ite exhibits a Z-scheme charge transfer mechanism (Figure 9d).
Charge transfer kinetics of WO/ZIS show a difference under
400 nm irradiation according to fs-TAS (Figure 9e—g). In this
excitation process, W;30,, undergoes the LSPR effect, during
which high-energy hot electrons are transferred to the CB of
Znln,S,. This process induced by LSPR extends the light absorp-
tion range and increases the concentration of photogenerated
carriers (Figure 9h).

6.6.2. Photothermal Effect

Thermocatalysis is a process in which the entire reaction sys-
tem is heated, and the reaction is initiated when the system tem-
perature reaches the thermodynamic activation energy for the
reaction.['!l By integrating the reaction characteristics of pho-
tocatalysis and thermocatalysis, and utilizing the absorption of
the full solar spectrum, the coupling of thermochemical and
photochemical processes can be triggered to surpass the activ-
ity of a single photocatalysis or thermocatalysis alone, which is
an effective strategy for upgrading photocatalysis.['%?] The con-
version of solar energy into photothermochemical reactions has
also become a research focus for a new generation of solar
photocatalysis.

Converting light into heat is one of the main meth-
ods to achieve efficient photothermal catalysis.l'®®! Generally,
metals,[1%! semiconductors,'®! and carbon materials!*®! are
used as photothermal conversion materials due to their ability
to convert light energy partially or completely into heat energy,
which is widely used in the fields of photothermal CO, reduc-
tion, H, production, and photothermal cancer therapy.

Adv. Funct. Mater. 2024, 34, 2408213 2408213 (11 of 16)

Due to the limitation of the intrinsic band structure,
pure semiconductor photocatalysts have low absorption in
the near-infrared (NIR) region, and it has been demon-
strated that point defects can enhance the light absorption
property of semiconductors and improve their photothermal
performance.!'”’] For example, hydrogenated black TiO, and S-
doped TiO, have excellent absorption in the NIR region and have
shown excellent application outcomes in photothermal cancer
therapy.l18]

Tang et al. designed 1T-WS, (with S vacancies) as a pho-
tothermal catalyst, which was composited with CdS to form a
heterojunction, demonstrating an outstanding H, production
rate.!® Tt was found that S vacancy was both an adsorption
site for *H and a trapping site for photogenerated electrons,
which could rapidly reduce the adsorbed *H to H,. More im-
portantly, the introduction of S vacancy in 1T-WS, not only
enlarged the photo-response range, but also promoted the re-
action kinetics, and accelerated the directional migration of
electrons from CdS to S vacancy by inducing a photothermal
effect.

7. Challenges and Perspectives

The combination of point defects and heterojunction engi-
neering has demonstrated the potential to realize efficient
solar energy utilization. Point defect structures, such as va-
cancies and doping, have important effects on the proper-
ties of heterojunction photocatalysts, including energy band
modulation, interfacial bonding, and charge transfer pro-
cesses. This paper summarizes the contribution of point de-
fects to the photocatalytic performance of heterojunction pho-
tocatalysts and the underlying mechanisms. Although many
types of point defect heterojunction photocatalysts have been
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Figure 10. Future development paths for highly efficient point defects incorporated heterojunction photocatalysts.

developed, their efficiencies are still insufficient for practical ap-
plications. The fundamental study and rational utilization of
point defects is still in its infancy. Therefore, to further ad-
vance this field, some future perspectives are proposed below
(Figure 10).

7.1. Controllable Introduction of Point Defects and Investigations
of Interfacial Properties

Achieving precise regulation of point defects is the cornerstone of
their effective utilization in heterojunction photocatalysts. There-
fore, it is essential to compensate for the limitations of exist-
ing synthesis methods and develop multiple methods to realize
the precise control of the type, concentration, and distribution of
point defects.

After achieving controlled manipulation of point defects,
it is necessary to combine multiple characterization meth-
ods with improved detection resolution and accuracy to semi-
quantitatively or even quantitatively verify how different types
and numbers of defects exist and function at the interface.
Moreover, the influence of different forms of point defects
on the interfacial characteristics, band structure, built-in elec-
tric field, etc. should be investigated. Ultimately, more ef-
forts should be made to harness point defects for the strate-
gic synthesis of heterojunction photocatalysts to controllably

Adv. Funct. Mater. 2024, 34, 2408213 2408213 (12 of 16)

adjust the geometric configuration and electronic properties
of the interface, providing a strong driving force for charge
transfer.

7.2. Probing the Structure-Activity Relationship of Point Defect
Heterojunctions

The complexity of the heterojunction structure and the photo-
catalytic reaction process makes it quite challenging to deeply
cognize the mechanism of point defects in the reaction. Con-
sequently, it is imperative to employ advanced characterization
techniques. For instance, in situ observations with high spatial
and temporal resolutions can be employed to elucidate the struc-
tural evolution of point defects and the dynamics of the pho-
tocatalytic reaction. This will foster a deeper comprehension of
the structure-activity relationship between point defects in het-
erojunctions and photocatalytic reactions and thereby guide the
design of point defect heterojunctions for specific photocatalytic
reactions.

Additionally, for different photocatalytic reactions, specific
doped elements can provide reactive sites.[**!1% Therefore, point
defect engineering can be utilized to create catalytic active cen-
ters at the atomic scale. By leveraging the coupled effects of point
defects as active centers and their regulatory influence on fac-
tors such as band structure, charge separation, and transfer, a
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synergistic optimization of photocatalytic reactions in terms of
both thermodynamics and kinetics may be achieved.

7.3. Effective Utilization of Solar Spectrum by Point Defect
Broadened Heterojunction Photocatalysts

The energy of NIR light constitutes nearly half of the total solar
energy, and the effective capturing of this portion of light is es-
sential for the efficient utilization of solar energy. The presence of
point defects significantly broadens the solar energy absorption
range, yet, due to the lower energy photons in the NIR region,
they are incapable of directly engaging in redox reactions. Het-
erojunction photocatalysts containing point defects are undoubt-
edly a potential candidate for harvesting NIR light. Point defects
serve to extend the absorption range of the solar spectrum, while
the special photogenerated charge transfer pathway within the
S-scheme heterojunction can endow the photogenerated carriers
with sufficient redox ability, which can be regarded as a way to
kill two birds with one stone. Based on this, efficient and novel
NIR-responsive heterojunction photocatalysts should be investi-
gated. A potential strategy involves the introduction of point de-
fects to form a narrow bandgap semiconductor, which can be
coupled with a visible light-responsive semiconductor to create a
visible/NIR-responsive heterojunction. In addition, point defects
can also induce the LSPR effect in photocatalysts, which can ex-
ceptionally absorb and convert NIR light. Consequently, integrat-
ing photocatalysts with the LSPR effect with visible-responsive
photocatalysts can also be a feasible strategy for harvesting NIR
light.

7.4. Mechanisms of Point Defects on Charge Transfer Kinetics

The rapid recombination of photogenerated charges has always
been a key factor constraining the activity of photocatalytic reac-
tions. However, limited by the rapidity and complexity of the pro-
cess, its interpretation remains vague and inadequate. In particu-
lar, the dynamics of photogenerated carrier separation and trans-
port within the heterojunction, when point defects are present,
have yet to be thoroughly elucidated. If this process can be pro-
foundly interpreted, point defects can be utilized to precisely
steer the pathways of charge transfer. For example, modulating
Type II to S-scheme heterojunctions to obtain photogenerated
carriers with higher redox capabilities.

So far, fs-TAS,"" in situ light-illuminated X-ray photoelectron
spectroscopy!'?] and in situ scanning probe microscopy!'!*! have
successfully detected the photogenerated charge transfer mech-
anism of photocatalysts. However, there is still a lack of in-depth
understanding of the transient process and full-time evolution of
the photogenerated charges at the heterojunction interface, espe-
cially the role of point defects in the charge transfer process. In
the future, the focus will be on improving the spatial resolution
and sensitivity of the above detection techniques and combining
them with theoretical simulations to further enhance the under-
standing of the effect of point defects on the dynamics of photo-
generated charge transfer. This will bridge the gap between the
structure of the point defect heterojunctions and their photocat-
alytic activity.
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7.5. Unique Physicochemical Properties Induced by Point Defects

Point defects induce a series of unique physicochemical prop-
erties in semiconductors, such as the LSPR effect, which has
been extensively studied in single photocatalysts. Exploring the
creation and relaxation mechanism of hot electrons induced by
point defects in heterojunctions and improving the utilization ef-
ficiency of hot electrons will be more helpful for defects to partic-
ipate in photocatalytic reactions. Except this, it has been demon-
strated that different electronic spin polarization structures can
influence photocatalytic reactions.[''* The formation of metal va-
cancies can regulate spin polarization in semiconductors,!!*! en-
hancing the efficiency of photo-induced charge separation and
surface reactions.

The special physicochemical phenomena generated by point
defect engineering can motivate the introduction of its advan-
tages into heterojunction photocatalysts. This is aimed at enhanc-
ing charge utilization and inducing novel reaction mechanisms,
with the expectation of achieving excellent photocatalytic activity.

8. Conclusion

Overall, point defects have demonstrated distinctive benefits for
enhancing the performance of heterojunction photocatalysts,
with the light absorption capability, charge separation efficiency,
and surface reaction activity of photocatalysts being well regu-
lated. Additionally, notable advancements have been achieved in
the application and understanding of point defects. Nevertheless,
the development of efficient and stable heterojunction photocat-
alysts that incorporate point defects still faces many obstacles
which include precise controlling of the type and concentration
of point defects, unexplored regulatory patterns of point defects
on the interfacial properties of heterojunction photocatalysts, and
unexplored mechanisms of point defects in affecting the charge
separation and transport in heterojunction photocatalysts. This
review expects to elucidate the potential impact of incorporating
point defects in heterojunction photocatalysts, emphasizing their
crucial role in enhancing the performance of photocatalysts and
outlining future research directions in this field.
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