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Photocatalytic hydrogen evolution (PHE) is a promising route for the energy-renewable and eco-friendly
development of the future society, but the low activity and durability of photocatalysts seriously restrict
the development of this technology. In this case, passivation engineering may provide a feasible idea to
solve these problems, by which a relatively stable and mild environment can be formed to guarantee the
high separation and utilization of photogenerated charge carriers. Recently, passivation engineering has
been increasingly adopted for improving the activity and durability of photocatalysts, and thus,
a comprehensive review will help researchers understand and use this technology to construct high-
performance photocatalytic systems. Herein, firstly, the basic concept and the roles of the passivation
technique in PHE are discussed. Subsequently, we introduce the commonly utilized synthesis methods,
followed by the characterization techniques employed in passivation engineering. Thereafter, we review
the categories and mechanism of passivation engineering in PHE. Lastly, the challenges and perspectives
of passivation engineering for future practical applications are discussed. We hope that this review can
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1. Introduction

The development of sustainable energy is the focus of attention
worldwide. In this case, photocatalytic hydrogen evolution
(PHE) technology is capable of converting endless solar energy
into clean hydrogen and thus is promising for driving the
development and revolution of sustainable energy." The key to
the practical development and application of PHE technology is
to find ideal photocatalysts that can efficiently and stably
convert solar energy into hydrogen.>®* Many photocatalysts,
such as single-component semiconductors (ZnO, TiO,, CdS,
ZnS, MoS,, g-C3Ny, etc.”**) and hybrid systems consisting of two
or three semiconductors (TiO,@ZnO, CdS@g-C3N,4, CdS/MoS,,
etc.’**?) have been reported to date. However, their limited
photocatalytic activity and unsatisfactory stability are still the
most significant issues.'*™® The core task of developing high-
performance photocatalysts is to suppress the harmful recom-
bination of charge carriers, accelerate the surface reaction and
prevent photocorrosion.

Accordingly, massive efforts, including morphological and
structural design, ion doping, homojunction and hetero-
junction construction, and single atomic modification
strategies,”®?” have been devoted to improving the light
absorption, charge transfer and surface reaction of
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photocatalysts in the past decades. However, an unshakable fact
is that the use of each of the mentioned strategies often intro-
duces new problems while solving one problem, thus failing to
significantly improve the properties of the catalyst as expected.
For example, single-component semiconductor photocatalysts
suffer from serious charge recombination, which can be solved
through the construction of a heterostructure, but the inade-
quate interface contact between different semiconductors
results in harmful charge carrier recombination at the interface.
Another example is that increasing the specific surface area of
catalysts can undoubtedly provide more active sites for the
hydrogen evolution reaction, but the exposure of these
susceptible surfaces also results in more serious photo-
corrosion and more side reactions. Fortunately, this compen-
satory improvement in the performance of photocatalysts has
been noticed by researchers, and they are actively looking for
ways to establish a better balance to minimize potential nega-
tive impacts.

Among the numerous strategies, passivation technique may
provide one of the most ideal solutions to the mentioned
problems.?®?® The passivation technique can be used to reduce
the effect of photogenerated holes on the catalyst surface or
provide additional protection for sensitive catalyst surfaces.***>
In other reports, passivation techniques can also release the
stress between different semiconductors to guarantee the
formation of high-quality interfaces.>®** However, to the best of
our knowledge, there are scarce reviews thoroughly summa-
rizing the application of the passivation technique in PHE
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although this topic has been gaining continuous attention. This
was a positive incentive for us to provide a comprehensive
review to introduce the basic principle and recent progress in
the passivation technique, which may provide ideas and design
inspiration for researchers to further improve the activity and
stability of photocatalysts.

This review aims to provide a panorama of passivation
engineering over semiconductor-based composite photo-
catalysts and systematically summarize the progress in different
passivation strategies in recent years. Initially, we present
a brief introduction to the basic concept and the roles of
passivation technique in PHE. Subsequently, we introduce the
commonly utilized synthesis methods and characterization
methods in passivation engineering. Then, we review the cate-
gories and mechanism of passivation engineering in PHE.
Finally, the challenges and perspectives of passivation engi-
neering for future practical applications are discussed.

2. The basic principles and roles of
passivation engineering in PHE

Passivation is a material treatment method developed in the
metal materials field, which initially refers to the phenomenon
that after forming a thin layer of metal oxide on the surface of
the active metal, the protection effect of the metal oxide makes
it difficult for the inner metal to be further oxidized, thus dis-
playing inert chemical properties.***® Therefore, the direct role
of the passivation technique is to shield the active and easily
affected factors in the original system or remove them to
improve the stability of the system.

As is known, catalytic reactions occur in dynamic and easily
disturbed systems. As shown in Fig. 1, the continuous genera-
tion of electrons and holes, the unstable solid-liquid and solid-
solid interfaces, the large exposure of active surface, and the
presence of defects and vacancies create an environment in
which the photocatalyst itself is easily destroyed by photo-
corrosion and the photogenerated charge carriers are easily
quenched.?*® (1) The surface photogenerated holes and elec-
trons may undergo harmful recombination before the REDOX
reaction. (2) The PHE will decrease if the photogenerated elec-
trons are trapped and quenched by defects. (3) The lifetime of
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photocatalysts will decrease due to photo-corrosion. (4) The
competing side reactions consume electrons, resulting in
a limited PHE performance. (5) The PHE activity can also be
affected by the impurities adsorbed on the surface of photo-
catalysts. Thus, passivation engineering in PHE can be
employed to prolong the service life of photocatalysts and
improve their hydrogen evolution capacity by eliminating the
above-mentioned potential negative factors.

2.1 Prolonging the service life of photocatalysts

Photo-corrosion is a long-term problem, where some light-
sensitive photocatalysts will dissolve or undergo structural
changes under light irradiation conditions, and thus lose their
catalytic activity rapidly.>*** In this case, a passivation layer can
provide extra protection to the light-sensitive component,
suppress the corrosion reaction at the solid-liquid interface and
reduce the instability of the solid-solid interface. In addition,
the introduction of a passivation layer can create an inert
environment to prevent the occurrence of adverse surface
reactions and provide a relatively stable platform for the
evolution of hydrogen, thus prolonging the lifetime of the
photocatalyst (Fig. 2).*>*

2.2 Improving hydrogen evolution activity

Besides the accessible surface of the photocatalyst, its complex
inner environment can also be improved by passivation tech-
niques. During the past few decades, many researchers have
focused on decreasing the harmful defects, vacancies, and
interface disorders to suppress the recombination of charge
carriers.*»* The passivation technique has been proven to be
efficient in inhibiting the formation of harmful defects and
releasing interface stress, thus creating a smooth channel for
the transfer of photogenerated charge carriers from the inner to
the surface reaction sites of the catalyst.***

3. Realization of passivation
engineering

When passivation engineering is used to improve the activity
and lifetime of a photocatalyst, it is necessary to carefully design
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Fig. 1 Diagram of the possible factors decreasing the PHE activity of photocatalysts.
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Fig. 2 Diagram of passivation engineering in improving the photocatalytic activity and durability.

and tailor it to create a stable and unobstructed reaction envi-
ronment and minimize the potential negative impact of
passivation engineering on the catalyst. Among the factors, the
choice of an appropriate synthesis method plays the dominant
role in guaranteeing the passivation effect. Here, the most
commonly utilized synthesis methods will be introduced and
discussed.

3.1 In situ reaction method

The in situ fabrication method is a widely used strategy in
inserting a passivation layer between two different materials.
For example, Dey and coworkers*® fabricated a Cu,O/CuO het-
erojunction using an atmospheric pressure plasma jet method
(Fig. 3a), and in this process, CuO with a low density of inter-
facial defects can be formed from the surface of the Cu,O base,
and thus an intimately contacted heterostructure can be con-
structed. The catalytic performance and stability of the Cu,O
photocatalyst were significantly enhanced with the treatment
plasma. Daskalakis and coworkers® treated a Cu-doped ZnS
photocatalyst using a wet-chemical sulfidation process and
obtained Cu,S in the system (Fig. 3b). It was found that on
a particular composite catalyst, the surface defect sites of Cu-
ZnS can be passivated during the sulfidation process, in
which sulfur vacancies were created from the charge compen-
sation by Cu* substitution with Zn>" sites, leading to improved
charge transfer at the Cu,S/ZnS interface, and thus the photo-
catalytic activity of Cu-ZnS could be largely improved. In addi-
tion, Alam et al® passivated g-C3N4,-S by loading BiOI
nanoplates with carbon nitride structures through an in situ
hydrothermal method (Fig. 3c). They found that the synergistic
effect of trap passivation and charge separation in g-C3N,-S/
BiOI efficiently resulted in a higher photocurrent and lower
charge transfer resistance.

A similar design was also reported by Kang and coworkers,*
where they introduced a thin film of black TiO, (BT) between
TiO, and Au cocatalyst by using an in situ electrochemical
anodization approach (Fig. 4a). The existence of BT guaranteed
the highly-uniformed deposition of the Au cocatalyst on the top
of the mesoporous TiO,-BT nanotube array, resulting in a 10
times enhancement of the photocatalytic H, evolution reactivity
over conventional TiO, nanotube (Fig. 4c and d). Compared

This journal is © The Royal Society of Chemistry 2024

with pure TiO,, the heterojunction formed by TiO, and BT
exhibited better photocatalytic ability because the TiO,-BT
interface had a good conduction band arrangement, which
makes the transfer of electrons from the conduction band of
TiO, to the conduction band of black TiO, easier and promotes
the separation of electron-holes pairs. Thus, the black TiO, acts
as a buffer layer for the TiO, conduction band electrons in the
TiO,-BT/Au system, which allows efficient photogenerated
electrons to be transferred to Au nanoparticles, and then into
the TiO, pores that suitable for H, generation (Fig. 4b).

During the in situ growth method, passivation materials
nucleate and grow spontaneously from the body phase of the
substrate materials, thus having good interface compatibility
with the substrate materials, which greatly reduces the defects
and stresses caused by the direct contact of different semi-
conductors. However, this method also faces shortcomings, as
follows: (1) in the in situ growth method, some critical proper-
ties, such as crystallinity, species and thickness of the passiv-
ation layer, are difficult to control, although some reports
attempted to regulate the properties of the passivation layer
through the in situ synthesis conditions. (2) Limited by the
properties of the substrate materials and the crystal growth
process, the type of passivation layer can hardly be regulated by
the in situ growth method.

3.2 Deposition method

To precisely control the type and thickness of the passivation
layer, deposition methods, including atomic layer deposition
(ALD), electrochemical deposition, electron beam evaporation,
have been adopted in the past few decades, in which
researchers not only can choose different types of passivation
materials according to the need, but also control their thickness
and crystallinity through the deposition conditions.”**® For
example, Zhang et al.>® covered an Al/Al,O; passivation layer on
the surface of TiO,/Cu,O hybrid substrate by using magnetron
sputtering method (Fig. 5a), where the thickness of the depos-
ited Al layers could be regulated to 10, 20, and 30 nm.
Furthermore, ALD is a widely accepted method for the deposi-
tion of an ultrathin passivation layer, in which the thickness of
the deposition layer can be controlled at the atomic level due to
its self-limited growth character.***® For example, the
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Fig. 3 (a) Flowchart of the synthesis process for the Cu,O/CuO heterojunction electrode. Reproduced with permission from ref. 48. Copyright
2020, Elsevier. (b) Schematic representation of the synthesis of mesoporous ZnS (ZS) and Cu-doped ZnS (CZS) NC-linked assemblies (NCAs).
Reproduced with permission from ref. 49. Copyright 2020, the Royal Society of Chemistry. (c) Synthetic strategy of g-C3zN,4-S/BiOl hetero-
junction composite using the in situ strategy. Reproduced with permission from ref. 50. Copyright 2019, the Royal Society of Chemistry.

conformal growth of a 1 nm-thick TiO, shell on ZnO NAs was
realized using the ALD technique. Bai and coworkers® depos-
ited a TiO, protection layer on the surface of a 3D Si nanowire
trunk/ZnO nanowire branch (Fig. 5b) and found that a thin layer
of TiO, could efficiently protect the photocatalyst from corro-
sion. To accelerate the separation of electrons and holes by
improving the interface properties, Feng et al.>® deposited a thin
Al,O; passivation layer between C QDs and TiO, NRs using the
ALD technique (Fig. 5c). The highest H, evolution activity was
obtained when the thickness of Al,O; was 5 nm.

Also, our group®” controlled the deposition thickness of the
Al Oj; interlayer by tuning the deposition cycle from 1 to 10 and
found that 2 cycles of Al,O; deposition resulted in 1.1 times
higher H, evolution ability than the sample without Al,O;
deposition. It was found that a too thin or too thick passivation
layer was not conductive to the improvement in PHE activity.

12296 | J. Mater. Chem. A, 2024, 12, 1229312324

Usually, the transfer of charge carriers could be sped up
through the tunneling effect when an interfacial passivation
layer with a thickness of less than 2 nm was inserted,* but the
ultrathin layer may increase the possibility of generating weak
points, thus losing the partial passivation effect.

Chen et al.*® discussed the influence of the fabrication method
on the passivation effect of a TiO, seed layer by fabricating the
layer using the spin coating (SC), magnetron sputtering (MS) and
ALD methods. It was found that the different fabrication methods
resulted in different crystallinity in the TiO, layer, which affected
the band alignment between the semiconductors, and finally
resulted in different PHE performances. Luo et al.*® introduced
a TiO, layer between FTO and Fe,O; through the ALD method,
where the deposited TiO, served as a passivation layer and dopant
source for the Fe,O; photoanodes, which boosted their photo-
current by suppressing the substrate/hematite interfacial charge

This journal is © The Royal Society of Chemistry 2024
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recombination and increasing the electrical conductivity by
enabling the incorporation of Ti*" (Fig. 6).

To date, deposition methods have been adopted by many
researchers to obtain a passivation layer. However, it should be
noted that the passivation layers did not have the same effects
in all cases, where the performance of the deposited passivation
layers depends on many experimental variables, such as the
deposition condition, the thickness and crystallinity of the
deposition layer.

3.3 Chemical bonding modification method

In addition to the introduction of a coating layer, the
construction of chemical bonding to release stress or regulate
the charge distribution is also an emerging passivation method.
Chemical bonding can be introduced in the host material by ion
doping,*® plasma treatment,* high-temperature heating,***
and solvent volatilization method.*®® The application of these

methods will be introduced in the next chapter.

3.4 Other methods

Obviously, the realization of passivation engineering is not
limited to the above-mentioned methods. In some reports,
some special fabrication methods have also been adopted. For
example, Liu et al.* inserted an ultrathin Al,O; passivation layer

This journal is © The Royal Society of Chemistry 2024

between TiO, and NiOOH through a dipping method, followed
by heating treatment (Fig. 7a). Kim® decorated conformal
titanyl phosphate with a thickness of ca. 5 nm on the surface of
TiO, using a sol-gel process. Liu et al.®® fabricated a grey rutile
TiO, passivation layer using a two-step calcination method. Nan
et al.® treated a CdS@ZnO heterostructure using a calcining
technique, where the heating treatment was found to efficiently
improve the interface connection and crystallinity of the semi-
conductors (Fig. 7b-e). At the same time, the injection of elec-
trons from CdS to ZnO could be improved with an increase in
the heating temperature (Fig. 7f). The further measurement
found that a Cdy sZn,,S buffer layer was formed between ZnO
and CdS during the heating process, which efficiently released
the interfacial stress, and thus paved a smooth pathway for the
transfer of photogenerated charge carriers (Fig. 7g).

Table 1 lists most of the reported methods for the
construction of a passivation layer with a comparison of their
merits and shortcomings and their corresponding applicable
systems.

4. Characterization of passivation
engineering

The characterization of the passivation technique is an impor-
tant task for evaluating its influence in photocatalysis. Also, to

J. Mater. Chem. A, 2024, 12, 12293-12324 | 12297
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establish guidelines for passivation engineering in PHE, it is
necessary to accurately identify the passivation action, control
the passivation degree and correctly evaluate the passivation
effect, and thus establish the structure-activity relationship
between passivation action and catalyst performance. To date,
various characterization methods have been reported for char-
acterizing the passivation effect in photocatalytic systems.
Herein, we classify the existing techniques into microscopic
characterization and spectroscopic characterization.

12298 | J Mater. Chem. A, 2024, 12, 12293-12324

4.1 Microscopy characterization

4.1.1 Atomic-resolution spherical aberration-corrected
transmission electron microscopy and transmission electron
microscopy. Microscopy techniques are some of the most widely
methods in giving a insights into the passivation engineering,
in which the surface and structure change of photocatalysts can
be observed directly. Atomic-resolution spherical aberration-
corrected transmission electron microscopy (ACTEM) and

This journal is © The Royal Society of Chemistry 2024
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transmission electron microscopy (TEM) are important tools for
characterizing the introduction of a surface passivation layer or
intermediate passivation layer on a microscopic scale. By using
these tools, we can deeply explore the effect of a passivation
layer on the atomic arrangement at the surface/interface of
catalyst. Fig. 8 exhibits some TEM and ACTEM images of the
photocatalysts before and after passivation modification, in
which the distinguished changes in transmission contrast,
morphology and size of the samples can be found. In the case of
ACTEM, the interfacial atomic arrangement can be clearly
observed on the nanoscale.

4.1.2 Atomic force microscopy. Atomic force microscopy
(AFM) is another important tool for characterizing the passiv-
ation effects on the microscopic scale. In general, the intro-
duction of a surface passivation layer can result in a slight
increase in the size of the sample, such as an increase in the
diameter of nanoparticles or an increase in the thickness of two-
dimensional materials. Fig. 9 presents some results from AFM
characterization in the passivation field.

4.2 Spectral characterization

4.2.1 Electron paramagnetic resonance spectroscopy.
Electron paramagnetic resonance (EPR) spectroscopy is
a method for sensitively detecting vacancy-type defects in
semiconductor photocatalysts.***"#* By using this technology,
researchers can obtain valuable fingerprint information about
unpaired electrons and evaluate the type and relative

This journal is © The Royal Society of Chemistry 2024

concentrations of defects conceptually according to the
different g values and signal intensities, thus further under-
standing the effect of passivation engineering on the defect
state in catalysts.*"** It worth mentioning that given only a few
paramagnetic species lead to interpretable EPR spectra, this
method is more popular in the study of complex materials. For
example, in a PDA-modified CdS system,* a significantly
reduced EPR intensity of CdS could be observed for the sample
with a thin passivation film of PDA, indicating that the PDA
passivation layer efficiently eliminated the surface vacancy
defects in CdS. Similarly, through EPR measurement, Liu et al.>®
found that rutile phase TiO, displayed an obvious EPR peak at g
= 1.997, while no EPR peak at the same position was observed
for heat-treated TiO,, indicating that the oxygen vacancies were
refilled by oxygen atoms and Ti*" was mainly present under the
formed surface passivation layer during the long calcination
treatment in an air atmosphere. Wu et al.®** carried out EPR
measurements to reveal the effect of Fe on the photocatalytic
process of TiO,. As shown in Fig. 10, by detecting the active
intermediates ‘0, ~, 'OH and h', they found that the introduc-
tion of Fe contributed the most to the generation of "0, and
'OH during the photocatalytic reaction. Based on the experi-
ments, they claimed that the passivation layer on the surface of
Fe® was activated, and thus formed a Z-scheme heterojunction
for high efficiency photocatalytic reaction.

4.2.2 X-ray photoelectron spectroscopy. XPS is a sensitive
tool to characterize the surface chemical element composition
and chemical state of photocatalysts. The interaction between

J. Mater. Chem. A, 2024, 12, 12293-12324 | 12299
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semiconductors or on the surface of photocatalysts caused by
a passivation layer, impurity ions or chemical bonding will alter
the bonding energies or result in the formation of a new XPS
signal, which provides convincing evidence for revealing
changes in the interaction between objects caused by passiv-
ation engineering.®-6>%5-¢7:8t

Different from EPR, XPS can be widely applied for all types of
inorganic and organic materials, as well as metals and semi-
conductors. The binding energy of different elements is closely
related to the electron cloud density, thus reflecting the local
change in chemical state and the interaction between different
materials. In Yan's work,*” XPS spectra were measured to under-
stand the effect of a carbon passivation layer on the interaction
between SnO, and g-C;N,. The binding energy of O-C in the

12300 | J Mater. Chem. A, 2024, 12, 12293-12324

pristine SnO,/g-C;N, was lower than that in SnO,@C/CN-2, while
the binding energy of m excitation in N 1s increased when
a carbon layer was inserted in SnO,/g-C;N,, indicating that the
strong interaction among carbon, SnO, and g-C;N, efficiently
changed the electron density of the C and N atoms. Zhang et al.**
carried out XPS measurement to evaluate the effect of N treatment
on the carrier accumulation capability of the MoS,/GaN hetero-
structure. As shown in Fig. 11a, before N treatment, the energy
difference between Mo 3ds,, and Ga 2p3/, was 887.83 eV, while it
increased to 888.36 eV after the N treatment, with a significant
red-shift in the binding energy of Mo 3ds, towards a lower
binding energy, indicating the enhanced accumulation of elec-
trons on the surface of GaN. Xiao and coworkers® found that the
surface deposition of K" resulted in an increased binding energy

This journal is © The Royal Society of Chemistry 2024
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value of Ti 2p in KHB-TiO,, and thus confirmed that K" can reduce
the electron cloud density around Ti** and heal the defects in TiO,
through the passivation effect (Fig. 11b). By using XPS measure-
ment, Kim® observed the formation of a Ti-O-P bond and
a slightly shifted XPS signal in H;PO,-passivated TiO, (Fig. 11c),
indicating the strong interaction between TiO, and H3;PO,.

4.2.3 X-ray absorption fine structure spectroscopy.
Synchrotron radiation-based X-ray absorption fine structure
(XAFS) spectroscopy is one of the most important and sensitive
tools for examining the local atomic arrangement and electronic
structures of materials, which provides even more precise
information than that of XPS.***” Through XAFS detection, the
bonding types, oxidation states, bond angle, bond length, as well
as the atomic coordination number of the detected atoms can be
determined. All these outstanding detection abilities make the
XAFS tool undoubtedly suitable for studying structural disorder,
probing atomic defects and detecting other structural informa-
tion. For example, Yang et al.** studied the effect of O doping on
the chemical environment of ZnIn,S, by using XAFS. As shown in
Fig. 12, the Zn K-edge oscillation curve of the O-doped ZIS
nanosheets shows both the signal of Zn-O coordination and the
Zn-S coordination, providing strong evidence for the substitu-
tion of O atoms for S at the surface of ZIS. In addition, the
disappearance of Zn-Zn coordination indicated that the intro-
duction of O resulted in the structural distortion of ZIS. Zhao
et al.** employed XAFS spectroscopy to detect the presence of
defects in ZnAl-LDH nanosheets. In their work, a decrease in the
Zn K-edge oscillation to about 2-10 A~* was observed when the
ZnAl-LDH bulk material changed to nanosheets, indicating the
change in the coordinative environment around the Zn atoms. In
addition, the shorter distance of the Zn-O bond in the ZnAl-LDH
nanosheets clarified the occurrence of structural distortion in the
formation of oxygen vacancies.

4.2.4 Raman spectroscopy. Raman spectroscopy reflects
the change in chemical bonds, ground states vibration modes
and lattice vibrational modes, which can be employed to study
the structural characteristics of crystal materials.**"*%* The
existence or elimination of defects and vacancies in photo-
catalysts can result in a change in their Raman shifts, create
a new peak or decrease the intensity of their Raman signals.
Accordingly, Raman spectroscopy can be utilized to reflect the
effects of passivation engineering on the crystal structure and
defect state of photocatalysts.*>*”*? As shown in Fig. 13a, Alam
and coworkers® deposited CdS on a C3;N; shell layer and
studied the effect of C3N5 on the structure of CdS using Raman
spectroscopy. Pure CdS displayed the typical 1LO and 2LO mode
vibrations at 301 and 602 cm ™", respectively. The intensity ratio
of 2LO to 1LO reflects the exciton-phonon coupling strength,
which is affected by the size, temperature, and laser excitation
of the sample. A decline in the ratio was observed with the
deposition of C;N;, indicating a decrease in phonon confine-
ment caused by C;3;Ns, which facilitated the reduction of the
exciton-phonon coupling strength. In addition, Le et al*
observed a red-shifted Raman signal in AgO, hole collector-
modified BiVO,, indicating an increase in the disorder of the
V-0 bonds within BiVO, caused by AgO,.
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Fig. 8 Some TEM and ACTEM images of the passivation-modified samples reported in the literature.®®-7¢ (a) Reproduced with permission from
ref. 68. Copyright 2016, Springer. (b) Reproduced with permission from ref. 69. Copyright 2015, the American Chemical Society. (c) Reproduced
with permission from ref. 70. Copyright 2017, Bentham Science Publishers. (d) Reproduced with permission from ref. 71. Copyright 2015, the
American Chemical Society. (e) Reproduced with permission from ref. 72. Copyright 2017, Elsevier. (f) Reproduced with permission from ref. 73,
Copyright 2016 Elsevier. (g) and (h) Reproduced with permission from ref. 74. Copyright 2016, Elsevier. (i) Reproduced with permission from ref.
75. Copyright 2016, Academic Press Inc. (j) Reproduced with permission from ref. 76. Copyright 2018, Elsevier.

4.2.5 Photoluminescence spectroscopy. Photo-
luminescence spectroscopy is a direct tool for identifying the
relaxation process of photogenerated electrons.”**’®* When
high-energy electrons return from the excited energy state to
a lower energy state, they usually release energy in the form of
luminous radiation. In general, photoluminescence can be
ascribed to the direct recombination of electrons and holes, as
well as the defect-induced luminescence due to the capture of
electrons in the trap levels. Based on this theory, the passivation
of defect states in a catalyst can be confirmed by the detection of
its photoluminescence spectra, in which the elimination of
defect states usually results in the absence of defect emissions.

Nayak et al.”® fabricated an NiFe-LDH/N-GO/g-C;N, nano-
composite using N-doped rGO as a passivation layer. In the PL
spectrum, the introduction of N-rGO efficiently decreased the
emission caused by the recombination of photogenerated
charge carriers, indicating the suppressed charge recombina-
tion. In addition, two obvious PL peaks corresponding to the
defect region and oxygen vacancies could be seen with different
emission intensities with a changed in the amount of intro-
duced passivation layer, indicating the importance of an
appropriate passivation layer in manipulating the amount of
defects and vacancies. Neuderth and coworkers® studied the
effect of a passivation layer on InGaN by using PL spectroscopy,
as shown in Fig. 14b-d. The deposition of Al,O; resulted in
a significant increase in the PL intensity of the substrate, while
a decrease in the PL intensity was obtained in the TiO, depos-
ited sample. By contrast, CeO, barely displayed an effect on the

12302 | J Mater. Chem. A, 2024, 12, 12293-12324

PL of the substrate. This work demonstrated that PL spectros-
copy is a direct tool reflecting the interaction between the
passivation layer and the substrate.

In passivation engineering, spectroscopic techniques are
mainly utilized for the qualitative analysis of defects or vacan-
cies in the substrate materials. However, in actual research,
different characterization methods are usually combined, and
the different data support and assist each other, verifying the
realization of passivation engineering from different perspec-
tives and dimensions and revealing the impacts of passivation
engineering on catalytic systems.

5. The categories and mechanism of
passivation engineering in PHE

As mentioned, passivation engineering not only provides
protection for the sensitive photocatalytic surface, but also
inhibits the harmful inner charge recombination. As shown in
Tables 2 and 3, passivation engineering can be divided into
surface passivation and interfacial passivation according to
the modification position. Based on our research, it was found
that various materials, including metallic compounds, amor-
phous compounds, halogen, carbon, and graphene, have been
utilized as a passivation layer, and different passivation
mechanisms have been proposed by researchers in these
systems. In the following paragraphs, we introduce the design
and mechanism of these materials in passivation engineering
in detail.

This journal is © The Royal Society of Chemistry 2024
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Reproduced with permission from ref. 80. Copyright 2021, Elsevier.

5.1 Surface passivation

The surface of a catalyst is the most active position because of
the accumulation of photogenerated electrons and holes, where
the photogenerated electrons are consumed by protons (H') to
generate hydrogen or consumed by a more competitive

This journal is © The Royal Society of Chemistry 2024

reductant, and the photogenerated holes easily trigger the
oxidation reaction of the catalyst itself, thus resulting the
deactivation of the catalyst. For example, the surface sulfide
ions ($*7) in metal sulfide-based photocatalysts are easily
oxidized by photogenerated holes to form sulfate (SO,>) and/or
sulfur (S°), resulting in their deactivation, and the Ag" in silver-
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containing compounds can be reduced to Ag’ by photo-
generated electrons, leading to the decomposition of the
compounds.®**

(a) 201 —— O-doped ZIS
—— ZIS (cal.)

ZnO

5.1.1 Passivation by inert cover layer. From the perspective
of passivation, by modification with some metal oxides such as
TiO,, CeO,, and Al,03;, metal sulfides such as CdS and CoS,,

(b) 25
—— O-doped ZIS
204 —— ZIS (cal.)
ZnO
2 154 1" Zn-S
=
e 1 Zn-0
E 10 \ 2" Zn-Zn
54
0 1 2 3 4 5 6
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Fig. 12 (a) Zn K-edge extended EXAFS oscillation function and (b) corresponding Fourier transforms of the O-doped ZIS nanosheets, calculated
ZIS and ZnO. Reproduced with permission from ref. 85. Copyright 2016, Wiley-VCH.
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special ions such as potassium and chloride, etc., susceptible
photocatalysts can be isolated from the liquid environment
and/or the surface traps/defects, which are easy to induce
photogenerated carrier recombination, can be eliminated, thus
suppressing the adverse surface reactions.”~* For example, Kim
and coworkers®* deposited an ultrathin TiO, layer on the surface
of ZnO/MnO, hybrids using the atomic layer deposition method
(Fig. 15a and b), where the ultrathin layer of TiO, was efficient in
preventing the direct contact between ZnO and the electrolyte,
ultimately reducing photo-corrosion. In addition, the deposi-
tion of the TiO, layer could reduce the tunneling barrier and
interfacial resistance, which is beneficial for the rapid transfer
of charge carriers. As a result, the TiO,-coated sample displayed
much higher activity and stability than the ZnO/MnO, catalyst
(Fig. 15c and d). As shown in Fig. 15e and f, the deposition of
TiO, improved the surface charge separation and enhanced
water oxidation during the PEC process. In addition, it also
provided holes at the solid-liquid interface, reduced the photo-
corrosion of ZnO/MnO,, acted as a charge-storage zone, and

This journal is © The Royal Society of Chemistry 2024

ultimately injected the photogenerated holes into the
electrolyte.

Rasamani et al.®* passivated Pt-tipped CdSe nanorods using
an epitaxially grown atomic-level CdS layer to efficiently elimi-
nate the surface defects/trap states in the CdSe nanorods. It was
found that after the treatment, the sample displayed 6.5 times
higher H, evolution ability. Besides, the formation of strong
chemical boding on the surface of bare catalysts has also been
proven to be an efficient way to decrease the adverse surface
charge recombination by eliminating the surface states. In
2015, Kim®* modified TiO, photocatalysts with a titanyl phos-
phate passivation layer, where the phosphate anions were
strongly bound on the surface Ti atoms with oxygen bridges,
inducing the formation of Ti-O-P-O bonds, which resulted in
a reduction in the trap states originating from the Ti*" defects.
The decoration of the passivation layer enabled a long-term
photochemical performance with the enhanced photocatalytic
activities of TiO,. Chen et al.** deposited an integrated cobalt

disulfide passivation layer on Si microwires, where the covering
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Table 3 Summary of the utilized materials in different passivation modes and the basic passivation mechanism of different systems

Passivation mode Materials Mechanism
Surface passivation Metallic compound Si0,, Al,O; Providing the substrate from photo-corrosion
TiO, Improving the surface charge separation

Ti3(PO,)4, CdS, CoS,
Zn0O, CeO,

ALOs;, MnO,, Cr,0;, TiO,

Ionic passivation layer K, cl,
Interfacial passivation Amorphous compounds Al,03, TiO,
GO, rGO
Carbon

Solid solution

Interfacial chemical
bonding

Impurity atoms N, Nd, C

CoS, layer resulted in the formation of a fluffy surface
(Fig. 16a-d) and dramatically improved the photocatalytic
stability and activity of Si (Fig. 16e and f). It was found that the
CoS,-Si hybrids displayed lower charge transfer resistance
among the photo-absorber, co-catalyst, and redox couples due
to the decoration of CoS, (Fig. 16g-i). At the same time, the
XANES spectra revealed that more vacancies were present in the
unoccupied S-3p states of the CoS,-Si-250 electrode, which
indicated that the CoS,-Si electrode presented a lower negative
charge of S,>~ and formed a weaker S-H,qs bond strength to

TTIP
(a)l I ®co %y ¢c®
Zine mu..u (hhulr m Mangs mut(ll) nitrate >
tetrahydrate L ‘é"oz.a_.
'gir'mcn.l } Electrospray } Atomic layer,

Electrospray
deposition deposition

= ’ jHJW

ZnO seeding ZnO nanorods ticles T'O_z Gy f“'l':;aelr
B
(b)

Oxygen evolution

other halogen ions

S,~In-P;_,, CdZnS

Ni-P-N, Co-S bonds

Reducing surface defect states through the
formation of chemical bonding

Reducing the tunneling barrier and interfacial
resistance

Inhibiting the photocatalytic active materials from
inactivating oxidation

Healing surface defect and balancing the density of
free electrons

Releasing interface stress, increasing charge
tunneling ability

Decreasing the band barrier and interface
resistance between the directly contacted
semiconductors

Stabilizing small size semiconductors; inducing the
formation of strong internal electric field
Decreasing the interface stress by minimizing
lattice mismatch

Bridging incompatible semiconductors; forming
atomic level electron transfer channel
Manipulating the energy band structure, increasing
charge carriers generation speed and decreasing
recombination losses

promote the water splitting efficiency. Furthermore, the
deposited CoS, layer protected Si from directly exposure in
liquid, and thus working worked as a passivation layer to defend
Si from oxidation, which efficiently improved the stability of the
sample.

Another widely utilized strategy is protecting the vulnerable
surface by using a stable chemical layer, such as Al,0; and TiO,.
Feng et al.>® anchored an Al,O; ultra-thin layer on the surface of
CQDs/TiO, using the atomic layer deposition method, and it
was found that the introduction of Al,O; significantly improved
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Fig.15 (a) Schematic of the fabrication of ZnO/MnO,/TiO, nanorods, (b) illustration of the effect of each coated layer, (c) and (d) are respectively
photocurrent density and stability of the samples, and effects of (e) MnO, in promoting charge separation and (f) TiO, as a passivation layer.

Reproduced with permission from ref. 91. Copyright 2020, Elsevier.
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the IPCE value and photoconversion efficiency of the sample
(Fig. 17). However, a crucial factor that needs to be considered is
the thickness of the passivation layer. A too thick passivation
layer may result in a decline in photocatalytic performance due
to the quickly developed adverse factors, resulting in the loss of
light harvest ability, charge transfer ability, and the limited
exposure of active sites. In this study, it was found that the
sample behavior was obvious correlated with the thickness of
the deposited Al,O; layer. Consequently, it was found that 5 nm
is the best parameter for Al,O; coating. Alternatively, a too thin
coating layer could not passivate the trapping state effectively.
Further, a too thick coating prevented the photogenerated
electrons and holes from migrating to the surface of the
nanorods by transiting the Al,O; layer due to its large band gap.
The effect of the Al,O; layer in the system is shown in Fig. 17d,
where negative charges exist between the Al,O; layer coated
using the ALD technique and the photocatalyst surface. The
surface band bending induced by the electron depletion on the
surface of the photocatalyst restrains the photogenerated
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electrons from being captured by the surface trap states, and
thus isolates the photoinduced charges in space, reduces their
recombination rate and suppresses the back reaction
effectively.

In addition to photo-corrosion, another factor playing a role
in the deactivation of catalysts is self-passivation, which means
that some active components in the catalyst are converted into
new substances that do not have catalytic activity during the
catalytic reaction. For example, Si has one of the best band gaps
and band alignments as the photocathode of a two-photo-
absorber water-splitting device, but one of the major limita-
tions of silicon is that it is easily oxidized to SiO,, which does
not have catalytic activity. Also, Cu photocatalysts can only be
kept in an oxygen-free environment because Cu nanoparticles
are easy oxidized by oxygen, which limits the applications and
studies using Cu catalysts. An exciting idea is that the surface
passivation strategy can be utilized to inhibit the passivation of
some active components themselves to extend the lifetime of
catalysts. The typical cover layers reported include Al,O3, MnO,,
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Fig. 16 (a and b) Top view and (c and d) cross-sectional SEM images of bare Si and CoS,-Si-250 microwire arrays. (e) Linear-sweep voltam-
mograms of CoS,-Si electrodes with various CoS, thicknesses, (f) onset potential and photocurrent of the CoS,-Si electrode versus the number
of scans, and (g) electrochemical impedance spectra of CoS,-Si electrodes at 0.4 V bias under solar illumination. (h) Schematic illustration of
charge transfer resistance between the composition materials of the photoelectrode (R.) and between the photoelectrode and redox couples in
the electrolyte (R,). (i) Charge transfer resistance versus CoS, thickness of CoS,-Si electrodes. Reproduced with permission from ref. 93.

Copyright 2015, the Royal Society of Chemistry.
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Cr,03, and TiO,.*”**°'¢ For example, Seger et al.>* deposited
a sputtered 100 nm TiO, layer on top of a thin Ti metal layer,
which was found to be efficient in protecting the Si photo-
cathode from oxidation during photocatalytic H, evolution.
Chen and coworkers® covered a Cu-TiO, nanocomposite using
a carbon protection layer without changing the basic
morphology and structure of the substrate catalyst. Cu-TiO,@C
could effectively adsorb hydroxyl radicals, improving the elec-
tron transfer speed between TiO, and Cu nanoparticles, thereby
greatly improving the photocatalytic activity of TiO, (Fig. 18). In
addition, the carbon layer could provide a chemical protection
to the Cu nanoparticles and increase the stability of the
photocatalysts.

Besides, Al,O; was also utilized as a cover layer to passivate
the inner catalyst from rapid charge recombination due to its
special fixed negative charge. By using the ALD method, Zhang
et al.®® deposited Al,O3 on the surface of an SiP QDs/TiO, NR
heterostructure and obtained significantly enhanced hydrogen
evolution ability over the catalyst. As shown in Fig. 19a, a TiO,
nanorod (NRs) array was firstly grown on FTO glass through the
hydrothermal method, and subsequently they deposited SiP
quantum dots (QDs) on the TiO, NR array to form SP QD/TNR
composites using a continuous dip coating approach. Subse-
quently, a thin Al,O; layer was coated on the surface using the
ALD method. The morphology and element distribution of the
sample can be observed on right of Fig. 19a. The experimental

This journal is © The Royal Society of Chemistry 2024

results indicated that the introduction of an Al,O; layer obvi-
ously improved the photoconversion efficiency of the sample
(Fig. 19b and c). In addition, it was found that the photoelectric
behavior of the sample varied with the thickness of the Al,O;
layer, an Al,O; layer with a thickness of about 3 nm resulted in
the highest current density (Fig. 19d and e). When the thickness
of Al,O; was less than 3 nm, the Al,O; layer was too thin to
effectively passivate the surface state of SiP/TiO, and prevent
photo-corrosion, whereas a too thick Al,O; layer prevented the
absorption of light and the transmission of photogenerated
charge carriers to the surface of the catalyst due to its large
bandgap, as shown in Fig. 19f.

Surface passivation is the external manifestation of multiple
complex effects in the cover layer. Qiu et al.*® studied the effect
of a surface TiO, passivation layer on the PHE ability of GaAs,
and found that the TiO, layer hosted active surface states on
GaAs, which increased the recombination rate of photo-
generated electron-hole pairs. At the same time, the introduced
TiO, layer dramatically decreased the potential barrier for
photocatalytic reactions, and this benefit outweighed the
unfavorable effects of charge recombination and resulted in an
enhancement in the photocurrent density. In addition, they
demonstrated that the thickness of the TiO, layer also has an
obvious effect on the sample. The highest PHE efficiency was
obtained with the loading of a 1 nm TiO, passivation layer,
while no improvement was observed in the 10 nm TiO,-
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Elsevier.

decorated sample, which is because the insulating nature of
TiO, eventually outweighed its benefits. Neuderth et al*
studied the surface passivation effect of ultra-thin TiO,, CeO,
and Al,O; coatings on the photoelectrochemical performance of
In,Ga; _,N/GaN nanowires, and found that the best passivation
of surface states resulted in an increase in the anodic photo-
current by a factor of 2.5 with the deposition of 5 nm TiO,. By
contrast, the covering of CeO, and Al,O; resulted in a decrease
in the photocurrent (Fig. 18a—c), which is because the high band
energy offset of Al,O; to InGaN suppressed the transfer of
photocarriers and resulted in enhanced radiative recombina-
tion, while the increased defect recombination brought by CeO,
aggravated the carrier losses. Zhang et al.”” investigated the role
of TiO, on the surface of Cu,ZnSnS,/CdS hybrids. Based on
theoretical calculation, they claimed that the formation of Cd-O
and Ti-S covalent bonds between TiO, and CdS is crucial in
achieving a well-matched interface architecture between the
photocatalyst and the chemically inert TiO, protective layer
(Fig. 18e-g), which restrained the photo-corrosion of the cata-
lyst induced by the formed nascent O, and remarkably
enhanced the catalyst stability during photocatalytic water

12310 | J Mater. Chem. A, 2024, 12, 12293-12324

splitting. Yu et al.®® studied the origin of enhanced PHE activity
in g-C3N,/TiO, through DFT calculations, and they claimed that
the different modifications on TiO, surface will greatly affect the
distribution of electrons and holes at the heterojunction inter-
face, where oxygen vacancy and hydrogen passivation showed
a more significant influence on the g-C;N,/A001 interface and
induced more significant charge separation.

By using Au-tipped CdS nanorods as a model, Ben-Shahar
et al.”® studied the effects of different surface passivation layers
on the photocatalytic function of hybrid nanoparticles. They
found that the surface coating affected the trapping of photo-
generated charge carriers at the surface defects, thus changing
the photocatalytic efficiency. The apparent quantum yield (AQY)
of the photocatalysts strongly depended on the surface passiv-
ation layer, where the lowest AQY was observed for thiolated
alkyl ligands, while the best photocatalytic activity was found
for the PEI-coated sample (Fig. 20a). The corresponding
measurements indicate that the improved H, evolution activity
is correlated with the effect of passivation of the surface traps.
As shown in Fig. 20b and c, a faster bleach recovery was
observed for the PEI-coated hybrid nanoparticles, which means

This journal is © The Royal Society of Chemistry 2024
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Fig. 19 (a) Schematic of the synthesis of SiP QDs/TiO, NRs/Al,O3 and the morphology of the sample. (b) Calculated solar-to-hydrogen (STH)
efficiencies and (c) IPCE spectra of the samples. (d) LSV curves and (e) corresponding line charts measured at 1.23 V vs. RHE of SiP QDs/TiO, NRs/
AlLO3 with different dipping times in SiP QD solution. (f) Schematic of the nanostructure and charge separation and transfer mechanism of the
sample. Reproduced with permission from ref. 95. Copyright 2022, Elsevier.

faster and more efficient charge separation. This work demon-
strated that different coatings affect the surface passivation
efficiency in trapping the charge carriers.

Besides, the harmful trap states created by the intrinsic
defects in some semiconductors can also be passivated by
covering a protection layer.' In 2011, Thibert and co-workers***
found that the coverage of a CdS shell efficiently enhanced the
H, evolution ability of CdSe quantum dots (DSs), while CdSe
itself was completely inactive in pure water (Fig. 21a). Broad-
band transient absorption spectroscopy was performed to
reveal the defect states in the catalyst. As shown in Fig. 21b, an
obvious emission peak arose from the recombination of deeply
trapped charge carriers at 700 nm in CdSe QDs but absent in
CdSe/Cds, indicating that the CdS shell passivated the deep
traps caused by the defects in CdSe. Based on the broad-band
transient absorption spectroscopy measurements, the authors
proposed that the surface-deep trap states with energies lying
below the reduction potential necessary for H,O reduction were
passivated by the CdS shell, thus efficiently facilitating the
utilization of photogenerated charge carriers and boosting the
H, generation (Fig. 21c and d). In addition, Tongying et al.'*
investigated the lifetime of photogenerated charge carriers in
CdS and the CdSe/CdS system by using femtosecond transient
differential absorption (TDA) spectroscopy, and found that the
coverage of CdS efficiently prolonged the lifetime of electrons
and suppressed the harmful recombination caused by trap
states. Moreover, the CdS shell provided electrons to the CdSe
core and formed a type I energy transfer mechanism. The
combination of defect passivation and the supplementary of
additional carriers from the CdS shell significantly improved
the H, generation rate of bare CdSe.

This journal is © The Royal Society of Chemistry 2024

Inhibiting the easily inactivated photocatalyst surface by
using a chemical inert covering layer is efficient in prolonging
the working lifetime of photocatalysts, but this process is often
at the cost of reducing their catalytic activity. Thus, to minimize
the adverse influence of the coating layer on the catalytic
activity, some key points should be considered in the selection
and design of the coating layer, as follows: (1) the covering layer
should have good electrical conductivity or proper thickness to
minimize its effect on the migration of photogenerated charge
carriers. (2) The introduction of a coating layer should not affect
the light absorption performance of the substrate catalyst. (3)
The coating layer should have good interfacial compatibility or
the ability to form chemical bonds with the substrate catalyst,
thus avoiding the generation of new defects. (4) Suitable energy
band arrangement is also an important factor to minimize the
loss of catalytic activity.

5.1.2 Self-modified surface passivation. Besides the depo-
sition of an external passivation layer, some self-modification
strategies have also been used to passivate the harmful charge
recombination and improve the PHE kinetics of materials. Xiao
et al.%® modified Pt/TiO, with a K" passivation layer and con-
structed a two-electron migration photocatalytic system. The
realization of accurate passivation depends on the targeted
selection of the raw materials and well-designed preparation
process. As shown in Fig. 22a, the crucial factor of the surface
passivation engineering was the introduction of a K' passiv-
ation layer with defect-healing function. Through the partici-
pation of NaBH, and KBH,, the O atoms on the surface of TiO,
were partially substituted by H and B, and thus Ti-H bonds and
Ti-B bonds were formed, which could subsequently be healed
to Ti—O bonds in the air to construct defect-free TiO,. The core
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role of the K" passivation layer was to inhibit the increase in
electron cloud density caused by B-doping engineering and
balance the free electrons adsorbed by O, (Fig. 22b). When
a large number of two-electrons induced by O, and B-doping
engineering migrate to the KHB-TiO, surface, the stable elec-
tronic structure healed by the K" passivation layer will directly
transfer the two-electrons to Pt and be used for photocatalytic

12312 | J Mater. Chem. A, 2024, 12, 12293-12324

the American Chemical Society.

hydrogen evolution, thus dramatically accelerating the evolu-
tion of hydrogen (Fig. 22c). Based on theoretic calculation
(Fig. 22d), it was believed that K* mainly deposited in the
vicinity of the B-doping sites and Oy, and the formed K-O,-Ti
and O-K-B-Ti chemical bonds are crucial in healing the surface
electronic structure of TiO,. As a result, the introduced K*
played several roles in increasing the splitting of water, such as

This journal is © The Royal Society of Chemistry 2024
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balancing the free electrons generated by Oy, preventing the free
electrons in the conduction band from participating in the
carrier separation, and inhibiting the generation of holes
induced by B-doping.

At the same time, Kim et al.'* investigated the H, evolution
ability of chlorine-passivated CdSe nanocrystals, and found that
Cl passivation removed the electron trap states in the CdSe NCs
and resulted in an increase in the photoluminescence quantum
yield from 9% to 22% after Cl treatment. This is because the
introduced ammonium chloride solution resulted in Cl-
passivation of the surface dangling bonds, and thus inhibited
the harmful consumption of electrons from the surface of CdSe
(Fig. 23a and b). Moreover, by controlling the size of CdSe, they
found that the photocatalysis was enhanced significantly in
4.5 nm CdSe NCs after the Cl treatment, whereas smaller CdSe
NCs exhibited lower photocatalytic activity after Cl treatment.
The different changing trends indicate that the Cl atoms
passivate the surface trap states without altering the density of
native organic ligands because both the conduction band edge
and trap states in the small-size CdSe are above the water
reduction potential (Fig. 23c and d).

Liu et al.*** investigated the halogen edge passivation effect
of antimonene nanoribbons on the H, evolution reaction with
first-principles density functional theory calculations. It was
found that both the armchair and zigzag structures of the
antimonene nanoribbons can be relaxed to a more stable state
by the halogen atom than the hydrogen atom-passivated ones
due to the larger electronegativity and mass of the halogen
atoms. In addition, it was also noticed that the passivation
effect caused by the halogen endowed the catalysts with
different band gaps. As a result, the tensile strain can promote
the solar to hydrogen transfer efficiency. All the samples satis-
fied the REDOX potentials for H, evolution under tensile strain

View Article Online
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of greater than 4%, while the maximum value can reach the
theoretical limit of 17.51% under the tensile strain of 12%.
Some self-modification strategies can also create an inert
protection layer on unstable substrates. For example, Liu et al.>®
treated rutile TiO, using a two-step calcination method. A dense
layer with a thickness of 2-5 nm was formed on the outermost
layer of the rutile TiO,, resulting in a change in color from white
to gray (Fig. 24a and b). The EPR measurement reflected that
a large amount of O vacancies were formed during the high-
temperature treatment, which can improve the photo-
generated carrier separation and transmission efficiency
(Fig. 24c). The formed dense surface passivation layer efficiently
hindered the further diffusion and infiltration of oxygen mole-
cules into the interior oxygen vacancies, thus endowing the
photocatalyst with an outstanding long-time reaction stability.
In total, the surface of photocatalysts can be passivated by
using some ions or passivation layers, where the surface passiv-
ation of photocatalysts is essential not only for increasing their
efficiency, but also for enhancing their resistance to corrosion and
dissociation, which are caused by photogenerated intermediates.

5.2 Interfacial passivation

With the development of technology for the preparation and
characterization of nanomaterials, the construction of hetero-
structure systems has been considered more promising in
obtaining much improved H, evolution ability due to the
formation of an inner electric field on the interface, which is
effective in reducing the recombination of photogenerated
electrons and holes. However, an inescapable fact is that the
high separation of charge carriers at interface requires intimate
contact and low mismatched interface between two semi-
conductors, which is difficult to precisely achieve because the
difference in lattice parameters and crystal growth directions
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between semiconductors often causes serious distortion and
mismatch at the interface. Lattice distortion at the interface
creates a high density of defect states at the interface, where the
formed defects act as trapping sites for charge carriers and
result in decreased photocatalytic ability.'*>'% In the long term,
the performance of photocatalytic systems was found to be
much lower than expected, and one of the main factors for this
is the harmful charge recombination caused by doping,
vacancy, plastic deformation, and interface lattice mismatch.
To date, these shortcomings have seriously limited the design

Intensity (a.u.)

Fig. 24
Reproduced with permission from ref. 59. Copyright 2020, MDPI.
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and fabrication of high-performance heterostructure photo-
catalysts. Thus, by using an interfacial passivation strategy, the
above-mentioned long-term issue in heterostructures is ex-
pected to be resolved, significantly improving the separation
efficiency of charge carriers.

In general, to passivate interfacial defects, some materials
with an amorphous structure or good interface compatibility
are introduced, where the core aim is to release the interfacial
stress between semiconductors. At the same time, the interfa-
cial passivation layers act as a tunneling barrier to inhibit the

2.00
g Value

(@ and b) Morphology of TiO,-gray rutile (TiO,-GR) and TiO,-white rutile (TiO,-WR). (c) EPR spectra of TiO,-GR and TiO,-WR.
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interfacial charge carrier recombination and passivate the
surface states, which can reduce the non-radiative carrier
recombination. In addition, some passivation materials are
equipped with a special charge effect, which usually results in
improved charge transport in the host semiconductors.

5.2.1 Releasing interface stress. The most adopted method
is to insert a material with good interfacial compatibility as
a passivation layer between materials. Inspired by the role of GO
as a buffer layer to improve the charge transfer in the structural
design of organic photovoltaic devices, Dai et al.'®” fabricated
a g-C3N,/BiOI/GO ternary nanocomposite using GO as a buffer
material. The introduced GO provides lower interfacial band
barriers than that of the directly contacted g-C;N,/BiOI inter-
face, thus significantly enhancing the photocatalytic perfor-
mance of the composite. Similarly, hybrid structures composed
of rGO and CdSe@ZnO nanostructures were synthesized via
a hydrothermal method for photoelectrochemical water split-
ting.**® The functions of rGO in these structures were analyzed
by decorating rGO on ZnO and CdSe surfaces. When rGO was
inserted in the interface between ZnO and CdSe, the interface
resistance decreased, which contributed to enhanced charge
transmission. Thus, a high photocurrent density of 6.5 mA
cm > was obtained for the above-mentioned photoanode,
which was 1.2 times that of the CdSe@ZnO structure. In the
case of CdSe@ZnO NAs loaded with rGO at the CdSe surface, the
corrosion of the photoanode was alleviated due to the surface
passivation function of rGO, which effectively prolonged the
carrier lifetime and improved the device stability. Based on this,
under the condition of both ZnO and CdSe surfaces being
covered by an rGO layer, the charge transmission and anti-
photo-corrosion ability were simultaneously enhanced.

To gain an in-depth understanding of the role of the inter-
facial passivation layer in hybrid systems, our group®” fabricated
a CdS@AI,O;@ZnO photocatalyst by introducing atomic-level
ultrathin Al,O; between CdS and ZnO through the ALD
method, where an intimately contacted interface could be
formed under the passivation effect of the Al,O; layer
(Fig. 25a-c). The as-fabricated sample displayed PHE ability
depending on the thickness of Al,O; (Fig. 25e). DFT calculation
revealed that the introduced Al,O; efficiently decreased the
contact potential between CdS and ZnO, and thus contributed
to the rapid transfer of charge carriers (Fig. 25d). In addition,
the photogenerated holes were consumed efficiently by the fixed
negative charges of the Al,O; ultrathin layer, and thus converted
the original Z-scheme mechanism of photogenerated charge
carriers in the CdS@ZnO catalyst into a modified type II
mechanism in the CAS@AIl,0;@ZnO catalyst, which guaranteed
sufficient contact between electrons and H,O (Fig. 25f and g).

Huang et al.'”® introduced an S,-In-P;_, passivation mono-
layer in the interface between InP and ZnS, where the S,-In-
P, _, monolayer passivated the defects in the original InP, which
inhibited the undesirable photogenerated charge recombina-
tion at the trap sites and resulted in positive effects for photo-
catalytic H, evolution. At the same time, the passivation
monolayer decreased the lattice mismatch between the InP core
and ZnS shell, further eliminating the interfacial defect sites in
the hybrids. Furthermore, the formed alloyed interface also

This journal is © The Royal Society of Chemistry 2024
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played a vital role in spreading out the radial probability density
of electrons and holes, while the delocalization of excitons to
the buffer layer was beneficial for their tunneling out of InP.

Another negative effect caused by interfacial stress is the
agglomeration of catalysts, which reduces the effective contact
between semiconductors and results in a limited interface
electric field. Focusing on this issue, by encapsulating SnO,
QDs with a thin carbon layer, Yan et al®* anchored SnO,
quantum dots (QDs) on the surface of g-C;N, nanosheets and
efficiently avoided the aggregation of SnO, QDs. As shown in
Fig. 26, theoretical calculations revealed that carbon encapsu-
lation can stabilize the SnO, QDs and strengthen the interac-
tion between SnO, and g-C;N, nanosheets, and thus a strong
internal electric field can be formed at the intimate interface
between SnO, and g-C;N,, is which beneficial for the separation
and one-directional migration of photogenerated charge
carriers. To construct a stable contact between FTO glass and
photocatalyst, Chen et al*® deposited an interfacial anatase
TiO, seed layer prior to the growth of rutile TiO, nanorods,
which led to 34% enhanced photocatalytic H, evolution
performance of the sample. The interfacial charge-carrier
dynamics studies revealed that the anatase TiO, seed layer
was beneficial for better energy band alignment and boosted
charge collection at the interface of TiO, NR/FTO.

5.2.2 Decreasing interface defects. Besides, interface
defects are one of the most detrimental factors for inefficient
photocatalytic hydrogen evolution by nanocomposites, and
thus the efficient passivation of interface defects can enhance
their photocatalytic performance. In this case, a simple and
creative strategy is to passivate the interface defects through the
introduction of interfacial chemical bonding.***>%®* For
example, Zheng et al.*® constructed P-doped C;N, (P-C3N,) via
the thermal polymerization of urea with phytic acid as a P
source. The doped P atoms could act as anchoring sites for
photo-deposited Ni nanoparticles (NPs) on P-C3N,, and Ni-P-N
bonds were spontaneously formed between Ni NPs and P-C3;N,
with doped P as the bridging ligand (Fig. 27a and c). Conse-
quently, the introduction of P resulted in a 6 times higher H,
evolution rate than the sample without P doping (Fig. 27b). At
the same time, Gai et al.** introduced Co atoms in C;N,/CdS/Ni
and constructed an NiCo dual-metal cocatalyst system, and it
was found that a Co-S bond can be formed between CdS and the
NiCo cocatalyst (Fig. 27d), which can accelerate the vectorial
charge transfer and improve the stability of the photocatalysts.
Furthermore, theoretical calculation demonstrated that the
introduction of Co can efficiently decrease the Gibbs free energy
of the Ni cocatalyst (Fig. 27e), indicating the enhanced proton
adsorption and product desorption in the CoNi alloyed NPs.
Thus, the CoNi cocatalyst-decorated sample displayed much
higher H, evolution ability than that of the Ni-decorated C;N,/
CdS photocatalyst (Fig. 27f). Shen et al®® investigated the
interface structure between NiP and black phosphorus and
found that the formation of an interface Ni-P bond acted as an
atomic-level electron transfer channel to reduce the potential
energy barrier for interface charge transfer, thus resulting in
enhanced photocatalytic activity.
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Besides inserting a thin passivation layer into semi-
conductors, some impurity atoms can also lead to improved
interfacial properties, thus benefiting the photocatalytic reac-
tion. Zhang et al.** systematically studied the interfacial prop-
erties of an MoS,/GaN 2D/3D heterostructure by inserting
a nitridation interfacial layer at the MoS,/GaN interface through
remote N, plasma treatment. It was found that the introduction
of N atoms efficiently increased the average bond length
between the N adatoms and the surface Ga atoms from 2.03 A to
2.27 A due to the strong interfacial interaction, where both the
CB and VB of MoS, move upward relative to the GaN side,
leading to an increase in the band offsets in this type-II align-
ment (Fig. 28a and b). At the same time, the introduced indirect

12316 | J Mater. Chem. A, 2024, 12, 12293-12324

band gap caused by N atoms prevented the recombination of
photoexcited electrons and holes (Fig. 28c and d). Although
the N atoms resulted in a decrease in the band gap of the
system, where the CB of the samples was located in the proper
position for the splitting of water (Fig. 28e), which indicates an
ideal potential in the PHE reaction. More importantly, a notable
enhancement in the energy absorption in the range of 2-3 eV
was observed for the heterostructure that underwent interface
nitridation, implying its potential application as an excellent
light harvester (Fig. 28f). This work has demonstrated that
treating the interface of heterostructures by using proper atoms
is a promising way in efficiently increasing the stability and
activity of photocatalysts.

This journal is © The Royal Society of Chemistry 2024
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Choi and co-workers*® deposited a TiO, layer between InAs
nanowires (NWs) and p-Si by the ALD strategy, and it was found
that TiO, effectively passivated the vulnerable InAs NWs and the
Pt co-catalyst prevented the accumulation of photogenerated
electrons on the surface of TiO,. In this system, the self-
reduction of the TiO, passivation layer was suppressed by the
outer Pt, and thus the obtained catalyst system displayed good
stability over 20 h (Fig. 29).

In Devarapalli's* report, a thin carbon layer was introduced
in the interface between Si nanowires (SiNWs) and TiO, to
reduce the number of defect sites and protect against oxidation
in the air or water. Specifically, the surface of hydrogen-
terminated SiNWs was firstly chemically functionalized using
a photochemical alkylation method, and subsequently the
functionalized surface was converted into an ultra-thin passiv-
ation layer of carbon by annealing at high temperature. The
introduced carbon layer efficiently decreased the charge
recombination rates and enhanced the interfacial charge
transfer between the silicon and TiO,. As shown in Fig. 30a and
b, based the observation of flat band potential values, it was

(2)

View Article Online
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confirmed that the carbon passivation layer did not change the
properties of silicon except perhaps passivating the defects on
the surface of the silicon nanowires. It was found that the donor
densities (Nd) for C@SiNWs were an order of magnitude higher
than that for SiNWs, demonstrating that the introduction of
a carbon passivation layer resulted in higher carrier generation
and lower recombination losses. In addition, the corresponding
photoelectric chemical performance tests showed that the
carbon-modified sample displayed much higher photoelectric
transfer ability (Fig. 30c and d). The formation of a carbon layer
efficiently suppressed the recombination of electrons and holes,
reduced the number of defect sites, and improved the interfa-
cial charge transfer between SiNWs and TiO,. As a result, the
optimized sample displayed 2.78 times higher water splitting
efficiency than that on the non-passivated sample.

In summary, the formation of a well-contacted interface in an
interfacial passivation system is mainly due to the special struc-
tures of the passivation layer or the existence of strong chemical
bonding between the passivation layer and substrates. In general,
there are two types of materials that can be utilized for interfacial
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Copyright 2020, Elsevier.

passivation. (1) Materials with an amorphous crystal structure, in
which the loose and irregular arrangement of atoms endows the
material with good surface compatibility. When combined with
semiconductors, the adjustable arrangement of atoms guaran-
tees the formation of an intimately contacted semiconductor-
passivation layer interface at the atomic level. Subsequently,
when a secondary semiconductor is introduced, a well-contacted
passivation layer-semiconductor interface will be formed at the
other side of the passivation layer. Thus, the passivation layer
serves as an interfacial bridge to provide a soft buffer region and
efficiently release the interfacial stress between directly contacted
semiconductors. (2) Materials capable of forming strong chem-
ical bonds with semiconductors. During some special treatment
procedures, such as high temperature, the formation of strong
chemical bonding efficiently declines the density of defects and
serves as a bonding bridge between two semiconductors, thus
contributing to the formation of a well-contacted interface.

5.3 Key factors and strategies controlling the influence of
the effect of passivation engineering

Based on numerous reports, it can be found that the passivation
layer often functions as a double-edged sword, and thus it

This journal is © The Royal Society of Chemistry 2024

cannot be concluded that the presence of a passivation layer
with result in a higher photocatalytic performance. Many
materials used in passivation engineering are inert or only have
very low activity in PHE, and the introduction of a surplus
passivation layer will lead to an increase in the proportion of
non-active components, which not only leads to a decline in
photocatalytic activity at the same mass, but also increases the
catalytic cost.*>*"> Moreover, most of the passivation materials
are not universal in all systems, and the materials that show an
enhanced effect on some substrates may lead to a decrease in
catalytic performance on others, which depends on the basic
electrochemical properties of passivation materials and inter-
action between the passivation layer and the substrates. It can
be seen that the thickness and type of passivation materials are
the two dominant factors that should be considered. In the
following content, we will give a detailed introduction on the
influence of these two key factors on the passivation layer and
the regulation strategies.

5.3.1 Thickness of the passivation layer. In particular, the
thickness of the passivation layer has a great influence on the
PHE of photocatalysts. In the case of surface passivation, the
over introduction of a passivation layer may shield the exposed
active reaction sites and result in decreased light harvest
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capacity, resulting in a decline in PHE ability. Similarly, for
interfacial passivation, a too thick passivation layer may in
reverse act as a charge barrier to hinder the rapid migration of
charge carriers between semiconductors. Despite the formation
of a well-contacted interface, the tunneling effect in the modi-
fied system with ultra-thin passivation layer is also important in
accelerating the charge transfer when the passivation layer is
thinner than 2 nm.**"'° However, the interfacial passivation
layer should be as thin as possible because an ultrathin layer
may increase the possibility of generating weak points, such as
cracks and pinholes, which may seriously destroy the effect of
the passivation layer. Therefore, precisely controlling the
thickness of the passivation layer is also an important task in
passivation engineering.

The ALD method is regarded as one of the most efficient
methods for precisely controlling the thickness of the passivation
layer, by which the covering thickness can be changed at the
atomic level due to the self-limited deposition property through
the deposition cycle times. ALD can be used in the formation of
both surface passivation and interfacial passivation layers and
their thickness. For example, Liu and coworkers™ deposited
a TiO, shell on ZnO nano-arrays through the ALD method, and
a nearly 90% declined deep-level PL emission could be achieved
when the thickness of TiO, decreased to about 1 nm, indicating

12320 | J Mater. Chem. A, 2024, 12, 12293-12324

the efficient removal of the deep hole traps through the surface
passivation. In another example,* an ALD method was utilized to
deposit a TiO, passivation layer between CdS and ZnO, and
a 20 nm passivation TiO, layer was found to be the most efficient
in obtaining the highest H, evolution ability. In our previous
work,*” by changing the ALD deposition cycle from 1, 2, 4, to 10
times, it was found that an ultrathin passivation layer with 2
cycles of Al,O; deposition resulted in the most improved H,
evolution rate.

Some other deposition methods, such as chemical vapor
deposition (CVD) and ion sputtering method, are also utilized
for the introduction of a passivation layer, and the deposition
cycle and deposition times are two crucial parameters in
controlling the thickness of the passivation layer. In 2013, Seger
et al™ modified Si-based photoelectrodes using TiO, as
a conductive passivation layer. The thickness of the TiO, layer
could be controlled by the sputtering time, and a sputtered
100 nm passivation layer was proven to be the most effective in
protecting the surface of the Si substrate from corrosion.

In addition to deposition strategies, high-temperature
treatment is also a common method in passivation engi-
neering. For example, in the reported CdS/CdZnS/ZnO system,*
the CdZnS passivation layer was formed at the interface
between CdS and ZnO under high-temperature condition, with
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the gradual consumption of CdS and ZnO. The heating
temperature had an obvious effect on the formation and
content of the passivation layer. When the heating temperature
was too low, the formation of CdZnS was too small to totally
passivate the interface defects between CdS and ZnO, but a too
high temperature led to a dramatically declined PHE perfor-
mance due to the over consumption of photocatalytic active
components (CdS and ZnO). Similarly, in the work by Yan and
coworkers,® the relative content of carbon passivation layer in
an SnO, QD-deposited g-C3N, system could be controlled by
tuning the additive amount of precursors. However, in these
heating strategies, it is difficult to precisely control to the
thickness of the passivation layer. By controlling some key
parameters, such as additive amount of precursors, the reaction
time, and reaction temperature, the relative content of passiv-
ation layer can be controlled in a qualitative aspect.

5.3.2 The categories of passivation material. Besides the
thickness, the materials utilized in the passivation layer is
another crucial factor affecting the efficiency of passivation
engineering. Although the aim of passivation is to reduce the
adverse factors that affect the transfer and utilization of charge
carriers, as well as the stability of catalysts, and unavoidable fact
is that many passivation materials, including the above-
mentioned TiO,, ZnS, ZnO, and GO,>>%76%788296:57 have special
electrochemical properties and inherent catalytic properties.
Consequently, the passivation layer should not been seen as
a totally chemical inert component, and its basic properties,
such as light absorption property, charge transfer ability, and
inherent electrochemical properties should also be considered
in the design and selection of passivation layer-modified
systems. For example, Al,O; was reported to have numerous
fixed negative charges, and thus have the ability to harvest
photogenerated holes.***””° Thus, by depositing Al,O; at the
interface of CdS and ZnO, we successfully constructed a new
type II heterostructure by transferring electrons from the CdS
core towards the ZnO shell through an Al,O; bridge.*”

To date, the study on the effect of materials on passivation
engineering has mainly focused on the ion-induced surface
passivation system. Liu et al.'** studied the effect of edge
passivation of halogen ions on the PHE of Sb nanoribbons. In
all the samples, the introduction of halogen ions is useful for
improving the stability and benefiting the light absorption. At
the same time, the halogen ions display different tuning effects
in changing the band edges and band gaps of Sb, and only the F-
decorated sample matched the REDOX potentials of PHE.
Agrawal et al.'*® studied the influence of halogen (F, Cl, Br, and
I) passivation on the electronic structure of zigzag graphene
nanoribbons (ZGNRs). They found that the stability of the
halogen-passivated ZGNRs followed the order of F > Cl > Br > I,
while the I- and Br-passivated samples had relatively higher
current-voltage characteristics than the F- and Cl-passivated
samples. Neuderth and coworkers® studied the influence of
ultra-thin TiO,, CeO, and Al,O; passivation layers on the pho-
tocatalytic properties of InGaN. They found that the 5 nm TiO,-
passivated sample displayed an increase in anodic photocur-
rent, whereas a decreased photocurrent was observed for the
CeO,- and Al,Oz-coated sample due to the enhanced defect
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recombination in the passivation layer or increased band
discontinuities. Furthermore, the photocatalytic ability of the
InGaN NW decreased due to the TiO, layer and was even
completely suppressed when the thickness of the TiO, layer
reached to 7 nm or more. This work fully demonstrated the
important influence of the type and thickness of the passivation
layer materials on the properties of the substrate materials.

In addition, it is foreseeable that the impact of passivation
materials on the passivation effect is also reflected in the type
and strength of the interaction between the passivation layer
and the substrate. However, to the best of our knowledge, there
is still lack of systematic study on the relationship between the
types of materials in the passivation layer and their passivation
effect. With the development of passivation engineering in the
photocatalytic field, we believe that related studies will be re-
ported in the near future.

6. Conclusions and outlook

Photocatalytic hydrogen evolution provides an eco-friendly and
sustainable pathway to address the issues related to the energy
and environment, but the low activity and poor stability of
photocatalysts have long restricted the promotion and appli-
cation of PHE technology. In this case, passivation is an efficient
and promising strategy in protecting the vulnerable surface
from the environment and buffering the recombination of
charges from the defective interface. Focusing on the various
problems in different catalysts, different passivation methods
can be adopted to eliminate the defects, protect the susceptible
surface, and construct an intimately contacted interface, thus
suppressing the harmful charge recombination and photo-
corrosion, and ultimately improving the photocatalytic activity
and durability of catalysts. This review presented a compre-
hensive overview of passivation engineering ranging from its
basic principles, roles, fabrication methods, and characteriza-
tion methods to its application in interfacial passivation and
surface passivation. However, despite the significant advances
to date, the study of passivation technology is still limited.
Thus, to make full use of passivation engineering to improve the
performance of photocatalysts, the following factors are worth
exploring in future studies.

(1) There is still much debate regarding the mechanism of
passivation-modified catalysts, especially in core-shell struc-
ture photocatalysts. Some researchers ascribe the improvement
in hydrogen evolution ability to the formation of a hetero-
structure but ignore the passivation effect caused by the
covering layer, while other researchers tend to emphasize the
role of the shell in eliminating defects or suppressing charge
recombination as a passivation layer, but the photocatalytic
ability of the passivation layer itself is neglected. Therefore, to
comprehensively reveal the mechanism of photocatalysis, the
existence of a passivation layer and its effects need to be accu-
rately identified and fully verified.

(2) The introduction of passivation engineering is useful in
improving the photocatalytic performance, but the control and
optimization of the passivation degree still require significant
efforts. As mentioned, some defects can be eliminated through
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the appropriate passivation treatment, but it was also reported
that the existence of defects contributes to the separation of
charge carriers. In this case, it is a challenge to accurately detect
the type and function of defects and eliminate unfavorable
defects and retain favorable defects by appropriate passivation
means.

(3) Characterization methods still lag behind the develop-
ment of synthetic methods, which presents an obstacle in
investigating the effects and mechanisms of passivation engi-
neering. For instance, the formation, spatial distribution and
concentration of surface and interface defects have a deadly
effect on the transfer and separation of charge carriers, but
these features still cannot be accurately characterized by prior
characterization means. In addition, to deepen the under-
standing on the contribution of passivation engineering to
photocatalytic performance, some in situ studies at high spatial
and temporal resolutions are also urgently needed.

(4) Although ALD is widely adopted in the deposition of
a passivation layer, the large-scale use of this technology is still
unrealistic in a short time because of the high-cost precursors
and trivial technological operation. Thus, new methods need to
be developed to construct passivation systems with high effi-
ciency, good controllability and low cost.
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