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Abstract: Developing low-cost, efficient, and stable photocatalysts is one of the most promising methods for large-scale solar
water splitting. As a metal-free semiconductor material with suitable band gap, graphitic carbon nitride (g-C3N,) has attracted
attention in the field of photocatalysis, which is mainly attributed to its fascinating physicochemical and photoelectronic proper-
ties. However, several inherent limitations and shortcomings—involving high recombination rate of photocarriers, insufficient
reaction kinetics, and optical absorption—impede the practical applicability of g-C3N,. As an effective strategy, vacancy defect
engineering has been widely used for breaking through the current limitations, considering its ability to optimize the elec-
tronic structure and surface morphology of g-CsN, to obtain the desired photocatalytic activity. This review summarizes the
recent progress of vacancy defect engineered g-C3;N, for solar water splitting. The fundamentals of solar water splitting with g-
C3N, are discussed first. We then focus on the fabrication strategies and effect of vacancy generated in g-C3N,4. The advances of
vacancy-modified g-C3N, photocatalysts toward solar water splitting are discussed next. Finally, the current challenges and
future opportunities of vacancy-modified g-C3N, are summarized. This review aims to provide a theoretical basis and guidance
for future research on the design and development of highly efficient defective g-C3N,.

Key words: g-C5N,; vacancy defect; water splitting; photocatalyst; charge carrier

Citation: J Li, K G Huang, Y B Huang, Y M Ye, M Ziotek, Z J Wang, S Z Yue, M M Ma, J Liu, K Liu, S C Qu, Z Zhao, Y J Zhang, and Z G
Wang, State-of-the-art advances in vacancy defect engineering of graphitic carbon nitride for solar water splitting[J]. J. Semicond.,
2023, 44(8),081701. https://doi.org/10.1088/1674-4926/44/8/081701

which relies on fossil fuels and releases approximately 500 met-
ric tons of carbon dioxide (CO,) per year as a byproduct.
Thus, producing hydrogen via photocatalytic water splitting,
so-called artificial photosynthesis, has emerged as one of the
most promising approaches to capturing and converting
solar energy into clean energyl?. Since H, production by
means of water splitting using semiconductor titanium diox-
ide (TiO,) as a photocatalyst was discovered by Fujishima and
Honda, numerous semiconductors have been developed for
solar water splitting[3l. However, most metal-oxide semiconduc-
tors can only respond to a small part of the solar spectrum

1. Introduction

With the world's over-dependence on energy and the
increasing impact of fossil energy on the global climate and
environment, there has never been greater urgency to
exploit cleaner and renewable energy supplies!l. Hydrogen is
a clean energy with high energy density and is carbon free,
which makes it a promising alternative to traditional fossil
fuels and has attracted much attention. However, nearly 85%
of global hydrogen production is obtained by gas reforming,
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due to their wide bandgaps. Although metal sulfides, metal
phosphides, and metal nitrides photocatalysts have a narrow
bandgap, their instability and deleterious properties severely
limit their wide use as photocatalysts!¥. In addition, none of
them demonstrate the desired performance for solar water
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splitting. As a result, the commercial application of solar
water splitting is hampered by the low efficiency of solar to
hydrogen (STH) conversion!® 61, Thus far, developing semicon-
ductor photocatalysts that are highly efficient, abundant, and
stable for practical application is still a challenge and has
received extensive attention.

Recently, two-dimensional (2D) materials have been
widely used in solar energy conversion, due to their excel-
lent physicochemical and optoelectronic propertiest”: 8,
Among the various 2D semiconductor materials, g-C3N,4 has
attracted extensive attention because of its advantageous char-
acteristics, such as appropriate and tunable band structure
with visible-light response, good chemical and thermal stabil-
ity, non-toxicity, it is composed of earth-abundant elements,
and is easy to process. Therefore, g-C3N4-based materials are
believed to be among of the most promising candidates for
environmental and energy-concerned photocatalytic reac-
tionsl®. Despite these mentioned advantages, pristine g-C3N,
still suffers from several obstacles and shortcomings, which
are caused by low crystallinity and high degree of disorders
and defects, such as poor visible-light responsiveness at
longer wavelengths, relatively small solvent-accessible sur-
face area, low charge migration rate, and high recombina-
tion of photogenerated charge carriers!'0l,

To surmount these shortcomings, many efforts have
been made to optimize the photocatalytic efficiency and per-
formance of g-C3N,4. In addition, many strategies have been
reported to construct high crystallinity, doped, heterostruc-
tured and functionalized g-C3N, to achieve target-specific
applications!'-131, In most cases, defect engineering is recog-
nized as an effective method to break through the existing lim-
itations, which can achieve the desired physicochemical prop-
erties by tuning the electrical structure and surface morphol-
ogy!'4 131, Usually, defects in crystals can be divided into differ-
ent categories according to their dimensions, such as point
defects (vacancies, replacement, interstitial defects, etc.), line
defects (steps, dislocations, etc.), planar defects (stacking
fault, grain boundary, etc.) and bulk defects (impurities, voids,
etc.). In particular, the introduction of point defects, such as
vacancy or doping, into the structural unit of g-C3N4 has been
extensively studied to improve the photocatalytic activity of
g-C3N,4. However, the doping of foreign atoms is usually accom-
panied by some negative consequences. For example, it is diffi-
cult to characterize the spatial distribution and ensure a uni-
form distribution of dopants, which is crucial for the effec-
tive regulation of the electronic structure of g-C3N,['¢l. Thus,
it is intriguing to investigate the positive influence of point
defect modification (specifically vacancy generation) in g-
C3N, for solar water splitting, which has been extensively stud-
ied in recent years. For example, the generated carbon (C) or
nitrogen (N) vacancies can act as additional reactive sites and
enlarge the surface area, regulate the electronic band struc-
ture, serve as trap states and increase electrical conductivity,
and enhance the transfer and separation efficiency of photo-
generated charge carriers'6-18l, In addition, the generated
vacancy defects may induce abundant localized electrons,
which is helpful for the adsorption and activation of gas
molecules'?., Therefore, a comprehensive study of vacancy
defects is crucial to understand defect engineering and
explore high-efficiency photocatalysts.

In this context, there have been several brilliant reviews
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Fig. 1. (Color online) Schematic illustration of the fundamental mecha-
nism of solar water splitting with g-C3N,.

that have concentrated on introducing vacancies to engi-
neer the photocatalytic performance of g-C3N,['4-16: 20, How-
ever, to the best of our knowledge, previous reviews have
paid less emphasis on the vacancy defect engineering of g-
C3N,4 photocatalysts for solar water splitting. Thus, a timely
and updated review of vacancy defect engineering of g-C5N,
is necessary to advance the rapidly progressing pace of this
subject. Herein, we aim to provide a comprehensive review
of the recent advances in vacancy defect engineered g-C3N,
photocatalysts that are employed in solar water splitting. We
will first briefly introduce the vacancy defect engineering of
g-C3N, in photocatalysis and the fundamental mechanism of
photocatalytic water splitting with g-CsN;. We will then
present the strategies for the fabrication of vacancy defect g-
C3Ny, such as thermal, chemical, and other treatment strate-
gies. We will then focus on the effect of vacancy defect on
the band structure, the separation and transfer performance
of charge carriers, and surface reaction kinetics of g-C3N,. The
role of vacancy defect g-C3N, in solar water splitting will then
be summarized. Finally, this review will discuss some novel
insights on the crucial challenges, future opportunities, and
inspiring perspectives in the vacancy defect engineering of g-
C3N,.

2. Fundamental of photocatalytic water splitting
by g-C3N,

Generally, solar water splitting can be divided into three
crucial steps: (i) light absorption by a photocatalyst, which
can excite the electrons from the lower valence band (VB) to
the conduction band (CB), resulting in the formation of holes
in VB; (ii) separation and migration of photogenerated charge
carriers to the surface of photocatalyst; and (iii) stimulation of
charge carriers participating in a redox reaction to split water
into H, and O,. Moreover, water splitting is a four-electron
and nonspontaneous process that requires a Gibbs free
energy of 237 kJ/mol to overcome the energy barrier of
1.23 eV for the facile functioning of solar water splitting reac-
tion[2": 221, Therefore, a photocatalyst with appropriate band
structure is indispensable for an overall photocatalytic water
splitting.
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Fig. 2. (Color online) Schematic illustration of the preparation of vacancy-modified g-C3N, by thermal treatment method. (a) Direct calcination of
bulk g-C3N, (Copyright 2018, Elsevier)27., (b) Using melamine (M) or a mixture of M and urea (U) as the precursors (Copyright 2018, Elsevier)['7],

Generally, the potential of the lowest unoccupied molecu-
lar orbital (LUMO) or the bottom edge of CB for a semiconduc-
tor photocatalyst has to be more negative than the redox
potential of H*/ H, (0 V vs NHE at pH 0), while the redox poten-
tial of the highest occupied molecular orbital (HOMO) or VB
has to be more positive than the redox potential of O,/H,0
(1.23 V vs NHE at pH 0). However, due to the high over-poten-
tials during the process of the water splitting reaction, a
bandgap of 1.23 eV is insufficient for driving the redox reac-
tion, and the bandgap of the participating photocatalyst
must be in the visible-light range of 1.6-2.4 eVI[23. 24, As illus-
trated in Fig. 1, the bandgap of g-C3N, is about 2.7 eV. The bot-
tom edge of CB lies at about —1.3 V versus NHE and is much
more negative than the potentials of H, evolution, while the
top edge of VB locates at about 1.4 V and is sufficient for oxy-
gen evolution?. In practice, by considering thermodynamic
losses and over-potentials, the bandgap of g-C3N, usually
varies in a range of 2.0-3.1 eV, which is sufficient for driving
the redox reaction of solar water splitting and implies good vis-
ible-light absorption performance. However, the redox reac-
tion potentials of water splitting are stringent, which requires
the band edges of the photocatalyst to strictly meet the poten-
tials of reduction or oxidation. Therefore, defect engineering
is necessary, which can regulate the band structure of g-C3N,
within a suitable range, resulting in an optimized balance
between redox reaction driving force, light absorption,
charge carriers transfer, and separation efficiency, which
improves the photocatalytic efficiency of solar water splitting.

3. Strategy for the fabrication of vacancy defect
g-GN,

Generally, there are two main ways to introduce defects
into g-C3N,4. The first is the top-down method that intro-
duces defects into pre-synthesized g-C3N,, which is a widely
used strategy and can easily introduce vacancies into the sur-
face or body of g-C3N,. The generation of defects in pre-
pared g-C3N, is independent of the growth kinetics of the crys-
tal, which is widely employed for the introduction of defects

(e.g., the generation of voids, vacancy, and disorder). The key
of this method is to select appropriate additives for defect gen-
eration. The second is the bottom-up approach that intro-
duces defects during the formation process of g-C3N,, which
is another important strategy for the generation of vacancy
defects and largely relies on the growth kinetics of semicon-
ductors!26l, To date, a number of g-C3N, containing vacancy
defects have been synthesized via these two strategies. In
this section, the frequently utilized methods are summarized,
including thermal treatment, chemical treatment, and some
other treatment methods.

3.1. Thermal treatment

Thermal treatment is a widely utilized strategy to intro-
duce vacancies, which can be employed to create vacancies
in g-C3N, by direct calcination or selecting a suitable etching
agent to assist in removing determined atoms. Directly calcin-
ing g-C3N, at high temperature without etchant is a simple
method that can be utilized to create vacancy defects in g-
C3Ny4, which is mainly attributed to the cleavage of bonds. In
addition, the escape of atoms from the lattice could be acceler-
ated at high temperature. Moreover, the thermal treatment
can break some bonds on each sheet of bulk g-C3N, and lead
to the formation of vacancies. As illustrated in Fig. 2(a), Niu
et al. synthesized porous structured g-C3N, materials with a
large number of defects via facile thermal treatment for
5 min in air without additional reactants. The characteriza-
tion analyses indicated that N vacancies and cyano groups
were introduced into the framework of g-C3N,. As a result,
the light absorption edge and hydrogen evolution rate of the
optimized g-C3N, were remarkably enhanced during the solar
water splitting process?7l, Similarly, direct thermal treatment
of the g-C3N, precursor at high temperature is another sim-
ple method for preparing vacancy defect g-C5N,4. As shown in
Fig. 2(b), Ruan et al. obtained N-deficient g-CsN4 by a novel
thermal treatment strategy that used a mixture of melamine
and urea as the precursorsl'7l, Niu et al. synthesized N-defi-
cient g-C5N,4 by directly heating dicyandiamide in static air at
600 °C. The results showed that N vacancies were facilely intro-
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Fig. 3. (Color online) Schematic illustration of the preparation of vacancy-modified g-C3N4 by thermal treatment method with suitable etching
agent. The vacancy-modified g-C3N, was prepared using (a) H, mixed with N, (Copyright 2022, Elsevier)3", (b) NH; (Copyright 2015, Wiley)B32,

and (c) KOH as etching agents (Copyright 2018, Elsevier)34, respectively.

duced in the framework of g-C3N, after the thermal treat-
ment[28l, Similarly, Han et al. successfully introduced N vacan-
cies and disordered structure into g-CsN,4 by directly calcin-
ing the rational size reduced urea crystals obtained from an
antisolvent growth method29l,

Vacancy defect g-CsN,4 can also be prepared by a ther-
mal treatment method with a suitable etching agent, which
is helpful to remove specific atoms of g-C3N, and facilitate pre-
cise control of the type of introduced defects. The three com-
monly used etching agents are gas, acid, and alkali. Gener-
ally, the gas etching method can not only realize the introduc-
tion of vacancy defects but also facilitate the exfoliation of
the stacked layers and obtain nanosheets with many in-plane
holes. As reported by Niu et al., g-C3N, with N vacancies was
prepared by calcination of bulk g-C3N, under H, atmosphere.
It was discovered that the H, treatment could reduce the lat-
tice N into NH;3 and introduce N vacanciesB3, As shown in
Fig. 3(a), Li et al. reported that g-CsN4 materials with ample C
vacancies could be synthesized by calcinating g-CsN4 in H,
and N, gas mixture. It was found that C vacancies generated
in the N-(C3) bond lead to the reduction of electron density
around N, thus narrowing the bandgap of g-C3N, and improv-
ing corresponding light response capability3'l. Additionally,
Liang et al. demonstrated that C vacancies can be intro-
duced to the g-C5N, through the treatment of bulk g-C5N, in
NH; atmosphere (Fig. 3(b)). It was found that the NH; etch-
ing not only facilitated the exfoliation of bulk g-C3N, but also
introduced C vacancy by removing g-C3N, speciesi32.,

Acid etching and alkali etching can also be used to gener-
ate vacancy defects, which can control the number of defects
introduced into g-C3N, in comparison with gas etching. For

instance, Wang et al. developed an atom-thin g-C3N, sheets
with N vacancy via a fluorination followed by thermal defluori-
nation strategy. The experimental characterization and theoret-
ical calculations revealed that this method could introduce
cyano groups into the structure of g-C3N, and the accompa-
nied N vacancies at the edges, which both narrowed the
bandgap and changed the charge distribution[33l. As demon-
strated in Fig. 3(c), Hu et al. presented a novel and cost-effec-
tive KOH activation and thermal oxidation strategy for prepar-
ing hierarchically bimodal porous g-C3N; nanosheets. It was
found that the reaction between KOH and g-C3N, could con-
sume g-C3N,4 and lead to the formation of pores, introducing
vacancy defects into g-C3N,B4. Meanwhile, different types of
vacancies may play different roles, which can directly affect
the adjustment of g-C3N,4. To investigate the diverse proper-
ties of different types of N vacancies, Xie et al. synthesized a
g-G3N, with two types of N vacancies via a one-pot KOH-
assisted calcination treatment method. Their characterization
indicated that the introduced NH, and N,c vacancies were
mainly attributed to the KOH etching treatment, and the NH,
and N,¢ vacancy played the role of photoexcited charges sepa-
ration and O, activation in the two-electron process, respec-
tively. This work provides a novel strategy for designing high-
efficiency g-C3N, with different types of N vacancies35l. Conse-
quently, thermal treatment is a widely utilized and effective
strategy for introducing vacancy in g-C3N,.

3.2. Chemical treatment

Chemical treatment is an effective approach to generat-
ing vacancy defects in g-C3N; by using chemicals such as
molten alkali, molten salts, and organic acids. A suitable chemi-
cal environment is important for introducing and regulating
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Fig. 4. (Color online) Schematic illustration of the preparation of vacancy-modified g-C3N,4 by strong alkali treatment of prepared g-C3N, or its pre-
cursors. The vacancy-modified g-C3N, was prepared by (a) the facile urea- and KOH-assisted thermal polymerization strategy (Copyright 2020,
American Chemical Society)['8], (b) the alkali-molten salt-assisted method (Copyright 2023, Elsevier), respectively37.,

vacancy in g-C3Ng4, which can effectively regulate the photocat-
alytic performance of g-C3N,. Strong alkali treatment of g-
C3N,4 or its precursors are commonly opted approaches to
preparing vacancy defect g-C3N,. For instance, the treatment
of g-C3N,; precursors with KOH leads to the formation of
pores on the surface of g-C3N,; during the thermal oxidation
and polymerization process, which is beneficial for the intro-
duction of vacancy defects in g-CsN,. Inspired by this, Yu
et al. developed a novel one-step KOH-assisted method to syn-
thesize N defective g-C3N,. In this study, the cyano group and
N vacancy were successfully introduced into g-C3N, through
adding an alkali compound such as KOH during the thermal
polymerization of urea or other nitrogen-rich precursors,
which resulted in redshifted absorption edge. In addition, the
amount of N defects could be facilely regulated by the KOH:
urea ratio. Similar results were achieved using other alkali com-
pounds (e.g., NaOH and Ba(OH),), which indicated the versatil-
ity of this strategy3¢l. In another study, as shown in Fig. 4(a),
our group developed facile and effective urea (U)- and KOH-
assisted strategy to regulate the property of g-C3N, wherein
the mesopores, cyano groups, and N vacancies could be simul-
taneously introduced into g-C3N,4 during the thermal polymer-
ization of the alkali containing precursor, and the roles of thick-

J Li et al.: State-of-the-art advances in vacancy defect engineering of graphitic carbon nitride

ness, pores, and defects could be intentionally modulated
and optimized by changing the mass ratio of urea, KOH, and
melamine. Importantly, the synergistic modulation of thick-
ness pores and N defects can remarkably increase the spe-
cific area, improve the light-harvesting capability and photo-
generated charge carries separation efficiency, and
strengthen the mass transfer in g-C3N,['8. Recently, Shao
et al. also reported a simple alkali-molten salt-assisted me-
thod to fabricate N-deficient crystalline g-CsN4, wherein N-
vacancy crystalline g-C3N4 nanosheets with tunable band struc-
tures were successfully prepared during the alkali-molten salt-
assisted hydrothermal polymerization process (Fig. 4(b))B7.
These strategies with tunable properties will open up further
opportunities to modify g-C3N, toward advanced applica-
tions.

Salt treatment of g-C3N, or its precursors is another
widely utilized strategy for developing vacancy-modified g-
C3Ng4. On the one hand, salts with high reluctivity generate
active substances during the thermal treatment process,
which can destroy the molecular configuration of g-CsN4 and
introduce vacancy defects. NaBH, is a classic reducing agent
used to prepare defective g-C5N,. For instance, Qin et al. pre-
sented a logical method for integrating N defect engineering

......
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and m-conjugation structure into g-C3N,4, wherein the low-tem-
perature calcination of g-C3N4 and NaBH,4 not only led to the
preferment loss of lattice N and the synchronous breakdown
of the s-triazine heterocycle but also generated new -C=N
groupl38l, In another study, Zhao et al. successfully intro-
duced boron dopants and N defects into g-C3N, through cal-
cining the mixture of g-C3N, and NaBH, in a nitrogen atmo-
sphere. As shown in Fig. 5(a), during the thermal polymeriza-
tion process, hydrogen and boron released from NaBH,
would react with the C and C atoms in the framework of g-
C3N,4 and produce ammonia and alkanes gases. Boron-doped
and nitrogen-deficient g-C3N, was then finally synthesized,
wherein amino group (-NH,) was decomposed and cyano
was introduced by breaking C-N-C bonds, along with the dop-
ing of boron atoms at carbon sitesi39. Furthermore, some
ammonium salts (such as NH4CI, NHyl, (NH,),S,0g) play an
important role in occupying space to limit long-distance poly-
merization, which may lead to the introduction of defects
into the g-G3N, during the thermal polymerization
processi0-42l, For example, Zhang et al. developed a novel
one-step strategy to synthesize porous g-CsN, with vacancy
defects by thermally polymerizing the freeze-dried mixture of
dicyandiamide and NH4Cl under the nitrogen atmosphere
(Fig. 5(b)). The experimental characterizations confirmed that
dicyandiamide would polymerize into melamine at 234 °C,
while NH,Cl would decompose at 337 °C, the undecom-
posed NH,4Cl would play a role in separating some dicyandi-
amide crystal grains and dicyandiamide derived intermedi-
ates in space and inhibiting the formation of integrated tri-s-tri-
azine structure. As a result, the cyano group and N vacancy

were introduced into the prepared g-C3N4“9. Similarly, Jiang
et al. proposed a simple co-pyrolysis of dicyandiamide and
ammonium persulfate ((NH,),S,0g) approach to introducing
the porous structure, N defects, and O dopants into the frame-
work of g-C3N, simultaneously. Due to the difference
between the thermal polymerization temperature of dicyandi-
amide and the decomposition temperature of (NH,),S,0g, the
gases generated from the decomposed (NH,),S,0g could sup-
press the formation of complete tri-s-triazine structure at
550 °C, which led to the generation of N in the skeleton of g-
C3N,142,

Acid-assisted thermal treatment of g-C3N, or its precur-
sors is also widely used to fabricate vacancy-modified g-C3N,.
For instance, Yu et al. proposed a simple and green approach
to constructing N defective g-C3N4. As shown in Fig. 5(c), g-
C3N,4 with N vacancies was fabricated by one-pot thermal poly-
merization of the mixtures of fumaric acid and urea. The
study further revealed that the carboxyl group (—COOH) of
fumaric acid reacted with —NH, of U or U derivatives was criti-
cal to cause the disappearance of the structure that origi-
nally formed the N—(C); site, destroying its ordered structure.
This resulted in the introduction of abundant defects into the
skeleton of g-C3N431. Ren et al. discovered a facile and scal-
able approach to preparing porous N-deficient g-C3N, via calci-
nation of acetic acid (HAc)-treated melamine as the precur-
sor. The elemental analysis and XPS spectra showed that the
N vacancies were introduced and primarily situated at the C-
N=C lattice, which was mainly attributed to the imperfect poly-
condensation of g-C3N, caused by HAc during the pyrolysis
process of HAc-treated melaminel*¥, To develop an easily con-
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ducted method for preparing nitrogen-deficient g-C3N,, Chen
et al. reported an approach to preparing g-C3N, with N vacan-
cies using acetic acid-treated melamine as a precursor. Their
study also found that the -COOH of the acetic acid and the
—-NH, of the melamine could interact at higher temperature,
which might weaken and break the chemical bond between
the melon unit and NH, group, resulting in the release of nitro-
gen-containing species and forming N vacancies*3,

3.3. Other treatment methods

In addition to these two strategies, many other
approaches have been developed for fabricating vacancy-mod-
ified g-C3N,4. In recent years, a solvent-dispersion strategy has
been employed to tune the property of g-C3N,; wherein
organic solvents play an intercalant role in exfoliating the lay-
ered precursor of g-C3N, into nanosheets and are employed
to generate vacancy defects. This mainly happens because
intercalated organic molecules can decompose into gases dur-
ing the thermal polymerization process, causing some of the
atoms on the surface to overflow. As a result, vacancy defects
are introduced into the framework of g-C3N,4¢l. Inspired by
this, as shown in Fig. 6(a), Dang et al. proposed the in situ exfo-
liation of g-C3N,4, engineering holey defects on 2D g-C3N, lay-
ers via the solvothermal treatment of bulk g-C3N, in various

organic solvents (e.g., methyl alcohol, isopropyl alcohol,
tetrahydrofuran, and dimethylformamide). It was found that
the tetrahydrofuran treatment not only facilitated the forma-
tion of a uniform holey structure of g-C3N, but also main-
tained the lateral size along with N vacancies in the hep-
tazine units®’l. In another study, Huo et al. reported a dual
strategy that used succinic acid (SA) as the modification
agent coupled with a solvent-dispersion strategy to synthe-
size porous CN nanotubes co-modified with C and defects (N
vacancy). During the thermal polymerization process, the addi-
tion of succinic acid was helpful to the formation of C modifica-
tion and the subsequent treatment of solvent (ethanol) disper-
sion strategy was beneficial to the introduction of N vacancy.
This work provided a novel joint strategy for the develop-
ment of high efficient photocatalyst[48l,

The template method is another effective method for
preparing vacancy-modified g-C3N,4. Recently, Liu et al. success-
fully synthesized defects modified mesoporous g-C3N,
through a novel thermal polycondensation of the gel from
dicyanamide and tetramethoxysilane (TMOS). During the ther-
mal fasculation process, SiO, nanoparticles formed from the
hydrolysis of TMOS could introduce the formation of me-
soporous structure and restrict the thermo-polymerization of
dicyandiamine, leading to its incomplete polymerization. As a
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result, cyano groups and N vacancy were generated in the
skeleton of g-C3N,4“9l. Recently, a 3D macropore C-vacancy g-
C3N; (3DM C/g-C3N,) was fabricated via a simple one-step
approach, wherein the polymethylmethacrylate spheres were
used as a template. Compared to unmodified g-C3N,, the pho-
toabsorption region and carrier recombination of the 3DM
C/g-C3N,4 were dramatically optimized due to the introduced
C-vacancy9, Additionally, mechanochemical methods such
as ball-milling mechanochemistry have been widely used to
destroy structures and produce defects in materials because
they are cleaner, faster, and simpler than traditional strate-
giesPll. As shown in Fig. 6(b), Ba et al. reported a novel
mechanochemical method to fabricate mesopore-rich g-C3N,
with N vacancies through mechanical ball-milling of the inter-
mediate (melem) with succedent calcination. It was found
that the N vacancies and mesopores could be simultane-
ously introduced into the framework of g-C3N, due to the
ball-milling-induced structure distortion and morphological
variation of the intermediatel>2],

In summary, these works have opened the way for the syn-
thesis of vacancy modified g-C3N, photocatalysts and have pro-
vided a new perspective for the synthesis of g-C3N, based pho-
tocatalysts with high photocatalytic activity. However, the
present methods encounter difficulty in controlling the type,
location, and density of vacancy simultaneously. In addition,
it is challenging to realize the precise control of vacancy intro-
duction and large-scale preparation. Thus, more accurate and
efficient vacancy introduction strategies are desired to fabri-
cate g-C3N, with superior photocatalytic properties.

4. Effect of vacancy defect on photocatalytic
water splitting with g-C3N,

Vacancy defect engineering has become a widely-
adopted strategy to regulate and optimize photocatalytic per-
formance. The missing of N or C atoms reduces the g-C5N,
symmetry, while introducing variation in optical, electronic,
and surface properties. There has been remarkable progress
in g-C3N, defect generation and application in water split-
ting. Therefore, this section focuses on the effect of vacancy
defect in g-C3N4 on photocatalytic water splitting and high-
lights the significance in further utilization.

4.1. Optimizing band structure and enhancing the
light absorption

It is commonly known that the excitation from VB to CB
is strictly limited by the band gap. Electrons in a semiconduc-
tor can only absorb photon energy equal to or greater than
bandgap energy, and then participate in migration and reac-
tion. The redox ability of the photocatalyst is dependent on
band-edge potential vs. NHE. Despite the appropriate poten-
tial edges of g-C3N,, pristine g-C3N,4 exhibits poor solar utiliza-
tion (A<460 nm) while most solar energy distributes in the visi-
ble light and NIR regions['®), The introduction of vacancy
defects is an effective strategy to narrow the bandgap and con-
struct midgap defective states to conquer this shortage. The
synergy of the narrowed gap and midgap level can lower exci-
tation requirement and foster the absorption of relatively
low-energy photons. The modulated band structure is
ascribed to vacancy sites, which can hamper the splitting of
bonding and anti-banding orbitals and induce midgap

energy states, thus facilitating extended light absorptiont'4l.

Many studies have investigated the effect of vacancy on
optimizing band structure and extending light absorption.
Huang et al. reported nitrogen-vacancies g-C3N, obtained
from alkali-supported thermal treatment of melamine (na-
med NVCN)B3L, For insight into the light absorption proper-
ties of the samples, UV-vis DRS (Fig. 7(a)) were utilized and
the curves indicated the redshift as adding more KOH, which
suggested the amelioration in light-harvesting ability. Further-
more, the graphs from (ahv)'/2 vs. photon energy showed
that there was a steady decrease in band gap at 2.63 eV, lead-
ing to enhanced light absorption (Fig. 7(b)). To investigate
the effect of vacancy on band structure, Liang et al. prepared
a series of porous g-C3N4 with tunable N-vacancy density by
a multi-time heat treatment methodP*. The DRS results
showed that the modified g-C3N, sample exhibited extended
visible and infrared light absorption as the vacancy density
increased (Fig. 7(c)). A new mid conduct band (NMCB) was
observed in the Tauc plots and combined with VB XPS, the
band structure of samples are depicted in Fig. 7(d). The exis-
tence of a midgap state facilitated electron excitation from
the VB to easier-reached state and boosted light absorption
in visible and infrared region, dramatically elevating the H,
evolution rate over the pristine sample. In another example, a
N,H,-H,0-assited thermal polymerization was utilized by Wu
etal. to introduce an N vacancy®3l. Samples named CN-x (x rep-
resented the dose of N,H,-H,0) displayed enlarged visible-
light absorption region and the powder turned to reddish
brown as defect density increased (Fig. 8(a)). The band gap
energy of CN-500 was decreased to 1.79 eV, which greatly
extended the utilization of solar energy. The midgap states
originated from vacancy defect showed more negative poten-
tial than NHE, which indicated the validity of enriched states
for H, evolution (Fig. 8(b)). Hence, the photocatalytic activity
can be significantly enhanced and the light-harvesting capabil-
ity is boosted when the band structure is optimized.

To demonstrate the effect of vacancy defect in band struc-
ture modulating, Sun et al. investigated different vacancies of
g-C3N, by the first-principles calculations6l, Their results
revealed that all of the vacancy defects induced a reduction
in the band gap, which was consistent with the comprehen-
sion of frontier orbital theory. Formation enthalpy analysis sug-
gested the superiority of N2 and C2 vacancy in formation
over other vacancies. As shown in Figs. 8(c) and 8(d), the
bandgap of the N2 and C2 vacancy defect g-C3N, was obvi-
ously narrowed and absorption coefficient curves of defected
g-C3N, displayed larger absorption than pristine structure
with redshift over the visible wavelength region (380-780 nm).
In conclusion, the DFT calculation results showed the effect
of vacancy defect on narrowing the bandgap and fostering visi-
ble-light absorption, which was consistent with previous
reports[19: 54551,

4.2. Improving the separation and migration efficiency
of photogenerated carriers

Earlier research has shown that the high symmetry of g-
C5N, impeded electronic properties and led to a high recombi-
nation ratel57], Similar theoretical results also proved that
HOMO and LUMO orbitals were restricted within tri-s-triazine
ring structure, so that a small minority of photogenerated carri-
ers reached the surface and took part in goal reactions!58 59,
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In this regard, vacancy defects have been considered to be
an efficient strategy to reduce symmetry and construct an elec-
tron-transfer channel to stimulate the separation and migra-
tion of photo-illuminated carriers. In addition, the vacancy
may act as electron-trapping center to boost the spatial separa-
tion of electron-hole pairs. However, it is also vital to pre-
cisely control the distribution and concentration of vacancy
because this defect can also act as a recombination center(>8l,
To investigate the positive role of vacancy on photoexcited
carriers separation, Yang et al. synthesized N vacancy abun-
dant g-CsN, by hard-template method from dicyandiamide
(Fig. 9(a))!%, The rod-shaped porous g-CsN, was noted as
PNCN-x for different processing temperatures. Compared to
bulk g-C5N, and the control porous g-CsN, (PCN), the photolu-
minescence (PL) emission spectra of PNCN displayed a signifi-
cant decrease in intensity and redshift, which indicated the
suppressed recombination of photogenerated carriers and a
narrowed bandgap (Fig. 9(b)). For further explanation of the
decreased recombination rate, time-resolved photolumines-
cence (TRPL) spectra were employed to understand the
charge-separation kinetics (Fig. 9(c)). PNCN-1, 2 exhibited a
much shorter average lifetime of photoexcited carriers than
BCN and PCN, which was assigned to the synergy of the short-
ened interlayer distance and shallow electron-trapping states.
The improved separation kinetics and decreased transfer
length jointly resulted in the short lifetime of excited elec-
trons, which facilitated the highly efficient separation of photo-
generated carriers. Zeng et al. modulated g-C3N, by combin-
ing LiOH treatment and heat etching, which rendered the
vacancy-defected g-C3N, with 19.25 times higher hydrogen
evolution reaction (HER) performance than pristine g-C3N,6,
As shown in Fig. 9(d), the modified g-C3N, exhibited the high-

est transient photocurrent, which was in agreement with its
better photocatalytic performance. Moreover, the smaller
slope of Mott-Schottky plots and smallest radius of the ESI
spectra suggested the modified g-C3N, with higher charge car-
rier density and the lowest interfacial resistance (Figs. 9(e)
and 9(f)). These results revealed that the introduction of N-
vacancy defects not only increased the charge carrier density
but also reduced the interfacial resistance of the catalyst,
thus boosting more electrons to effectively participate in sur-
face reaction.

Considering that vacancy defects can improve the separa-
tion and migration efficiency of photogenerated electrons,
the construction of heterostructure is also a promising
approach to fostering carrier kinetics through interfacial trans-
ferencel®2 631, With an appropriate junction structure, vacancy
defects can synergistically facilitate the separation and trans-
fer of excited carriers. For instance, Xu et al. prepared Co-
doped CeO, loaded g-C3N, with N vacancies via the self-assem-
bly method®4. As shown in Fig. 10(a), the excited electrons
would be transferred to the Co-CeO, with the synergy of the
built-in electric field and electron-collecting vacancy defects,
while the holes went in the opposite path. The separation effi-
ciency of the prepared heterostructure was dramatically ele-
vated with the joint effect of vacancies and the heterojunc-
tion structure. Liao et al. reported in situ g-C3N,4 p-n homojunc-
tion with plentiful N vacancies via hydrothermal treatment fol-
lowed by two-step calcinations!®l, The existence of N vacan-
cies resulted in a more positive conduction band and turned
the g-G3N, into p-type while the n-type domain was ascribed
to ordered g-C3N,. As depicted in Fig. 10(b), nitrogen-vacated
g-C3N4 p-n homojunction structure (NV-g-C3N,) exhibited low
PL intensity compared to the pristine sample and homojunc-
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tion precursor, which suggested that recombination of elec-
tron-hole pairs was successfully suppressed. A similar result
was found in time-resolved PL spectra that the average life-
time of NV-g-C3N,; was 6.78 ns longer than H-g-C3N, (6.52 ns)
and pure g-C3N, (5.55 ns) (Fig. 10(c)). Meanwhile, NV-g-C5N,
also showed higher photocurrent and lower surface resis-
tance in transient photocurrent response (Fig. 10(d)), which
revealed the incremented migration efficiency of photo-
induced carriers. Consequently, the recombination of photo-
generated carriers was efficiently hindered, and more elec-
trons and holes became available in the surface reaction.

4.3. Enhancing the surface water splitting reaction
kinetics

Surface reaction kinetics are another restraining factor
for rapid photocatalytic reaction and efficient solar utilization,
and vacancy defects also have effects on enhancing the sur-
face reaction kinetics. It has been found that vacancy defects
can increase the surface area. When combined with porous
structure, g-C3N, could obtain a significantly enlarged sur-
face areal®l. As a result of the expanded surface area, more
active sites are exposed for incremented water splitting. More-
over, the appropriate design of surface defects can enhance
the absorption of molecules to accelerate the reaction pro-
cess with better mass transfer. The deformation charge
density (DCD) calculations of Cy, vacancy showed that the
electron density appeared to be higher at vacancy sites
(Fig. 11(a))¢7, Thus, surface C vacancy is in favor of H*
chemisorption and has the potential to act as active sites for
water splitting. In another example, Yao et al. reported that

the vacancy defect generation not only endowed g-C3N,4 with
more surface-active sites but also remarkably ameliorates sur-
face kinetics. As a result, the photocatalytic H, evolution rate
of the N vacancy-defected g-C3N, was improved from none to
10.12 umol/(g-h) without any cocatalyst modification©8l.

A large-surface structure would take full advantage of
the vacancy defect for a further increase of the special sur-
face area. Liang et al. adopted thermal post-treatment to
obtain g-C3N4 nano-fragments with N vacancies®. The ul-
trathin and porous structure reduced carrier recombination
and induced an enlarged surface area with more active sites
exposed. As a result, Nano-CN5 was obtained with 10 h
heat etching, which had a thickness of 2.7 nm under AFM
investigation, a Brunauer-Emmette-Teller (BET) surface area of
57.65 m?/g, and 11 folds as a pristine sample. In another exam-
ple, Zhang et al. synthesized ultrathin g-C3N, nanosheets
with N vacancies (CN-UNS) using a well-designed thermal exfo-
liation method (Fig. 11(b)). The nanosheets exhibited dramati-
cally enhanced HER performancel’9, The synergy of thermal
exfoliation and defect engineering constructed nanosheets
that were stacked in three layers (Fig. 11(c)), which largely
reduced the transport distance of excited electrons for sur-
face reaction. The N, adsorption-desorption test of CN-UNS
illustrated type IV with a hysteresis loop, which indicated its
mesoporous structure. The BET surface area of CN-UNS was
about 35.3 folds that of CN and the pore radius distribution
suggested a well-designed porous structure (Fig. 11(d)). With
much more active sites exposed, a strengthened ability of
light absorption, and charge carrier separation, CN-UNS exhib-
ited high photocatalytic activity when compared to pristine
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g-C3N4. Additionally, Mo et al. reported an acid-alkali-free
method for synthesizing g-CsN, nanotubes with abundant N
vacancies!”'l. With a wall thickness of 15 nm (Fig. 11(e)), the
tubular structure could not only access extended light absorp-
tion with extra reflection or scattering but also realize a fine
control of stacking, which was beneficial for a large surface
area. As shown in Fig. 11(f), the BET surface of the nanotubes
was significantly enlarged, which demonstrates an efficient
strategy to extend surface area with the synergy of vacancy
defects. As a whole, vacancy defect engineering is an effec-
tive and inclusive strategy to activate surface reaction kinet-
ics with ameliorated reaction sites and increased surface area.

5. Vacancy-modified g-C;N, for solar water
splitting

Band structure is not only the significant factor for light-
harvesting ability but also dominates the redox capability of
the catalyst over multifarious reactions. Considering the suit-
able band-edge position of g-C3N, for overall water splitting
reaction, global researchers have made a lot of progress in
optimizing the photocatalytic activity of g-CsN, by vacancy
defect modification in overall water splitting, for purely hydro-
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gen or oxygen evolution. By using vacancy defect engineer-
ing, ameliorated optical, electrical, and reaction kinetic proper-
ties could be expected.

5.1. Overall water splitting

Photocatalytic overall water splitting (OWS) involves four
electrons in an uphill process in demand of a Gibbs free
energy of 237 kJ/mol, which is equal to 1.23 eV[22, In detail,
the band-edge potentials of the target photocatalyst are
expected to straddle the potential of H, evolution and O, evo-
lution to meet the redox capability requirements. Moreover,
in consideration of the molecular kinetic viewpoint, the reac-
tion barrier in the two half reactions means that a larger
bandgap is in favor of OWS. However, the fact that over 94%
of the total solar radiation energy is distributed in the visible-
light and infrared region favors a narrower bandgap for a bet-
ter light-harvesting ability('¥l. Nonetheless, it is a great chal-
lenge to achieve efficient OWS without any sacrificial
reagent, which is known as the “holy grail” of solar energy uti-
lization[72 731, Therefore, an efficient OWS system with fine sta-
bility is still an urgent desire for researchers.

To ameliorate the band structure of g-C3N, and con-
struct an efficient OWS system, Shao et al. developed an
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alkali-assisted molten salt method37). As shown in Fig. 12(a),
the band structure of g-C3N,4 could be tuned by altering the
N-vacancy concentration with KOH, and g-C5N4-D2 showed
the lowest charge transfer resistance and the highest photocat-
alytic activity. As a result, after dual cocatalyst loading, the
vacancy-modified compound system showed efficient OWS
performance with H, evolution rate, 49.60 umol/(g-h), and O,
evolution rate, 24.71 umol/(g-h). In another work, Zhang et al.
adopted a tunable and facile vacancy generation method
and achieved an apparent quantum yield of 6.9% at 420 nm,
which was the highest for g-C3N, OWS performancel7., For
insight into the vacancy formation process, the DFT calcula-
tion was adopted and the results revealed that the forma-
tion energy of N, vacancy was reduced by 21% with CI- regu-
lation, while that of N3¢ vacancy was 5% lower, which caused
the superiority of N,¢ vacancy formation (Fig. 12(d)). The g-
C3N,-Cly sample exhibited thinner stacking and larger BET spe-
cial surface area than pristine g-C3N,. As a result, g-C3N4-Cl,
showed a rate of 48.2 umol/h for hydrogen production and
21.8 pmol/h for oxygen production. The incremented OWS
rate was attributed to the selectively constructed vacancy
defects and the significantly enhanced carrier separation effi-
ciency.
5.2. Hydrogen evolution

Considering the easily-realized higher hydrogen evolu-
tion rate compared to that of OWS, photocatalytic partial
water splitting (PPWS) has been the most widely researched
approach for solar hydrogen production, despite the cost of
the sacrificial agent!”>!, A sacrificial reagent captures the photo-
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generated holes, fostering the evolution rate of hydrogen. Tri-
ethanolamine (TEOA) has been widely chosen for this role.
Vacancy defect construction in g-C3N, is able to boost the
light absorption capability and facilitate the separation of the
photogenerated carriers®8l. In addition, vacancy engineering
can be jointly combined with morphology control, element
doping, and heterojunction construction for an elevated hydro-
gen evolution rate. The vacancy defect g-CsN, performance
of recent studies is summarized in Table 1.

To make full use of the advantage of synergic modifica-
tion, Huo et al. employed C insertion and N-vacancy defects
by means of succinic acid and solvent-dispersion process,
respectively8l, The redshift effect of introduced C and the
midgap defect state synergistically enlarged the light absorp-
tion range of g-C3N, (Fig. 13(a)), which enhanced the n-r* tran-
sition with a decreased crystallinity and higher delocalized elec-
tron density. DFT calculations on the double-modified sam-
ple indicated that both of the modifications caused an
increase in charge density around adjacent N atoms, which
was beneficial to the separation of electron-hole pairs. Cou-
pled with the increased surface area, the nanotubes exhib-
ited a high stability and outstanding HER performance
(Fig. 13(b)). Moreover, as illustrated in Fig. 13(c), Zhang et al.
adopted a facile thermal reduction treatment to form porous
g-C3N, granule with rich C vacancies¢l. They revealed that
the C defects constructed adjacent to the bridge N atoms
reduced the bandgap by 0.41 eV, which synergistically added
to the light absorption with the interior scattering of the
porous structure. Moreover, the more negative conduction
band minimum (CBM) added to the advantage of C-vacancy

......
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Table 1. Representative summary of vacancy-defected g-CsN, photocatalyst for H, production.

- e b

=
:

A Reaction o
Year  Photocatalyst Cocatalyst (%) IIIuml'n'atlon solution HER AQY (%) Stability (h) Ref.
condition (umol/(g-h)) (wavelength)
(vol%)
2021 N-deficient g-C3N, Pt wt 300 W Methanol 287.94 3.06 12 [68]
Xe lamp 20 vol (420 nm)
2021 Porous N-deficient g-C3Ng4y, Ptwt 3 425 mW/cm? TEOA 8.52x 103 5.6 64 [48]
nanotubes A =420 nm 10 (420 nm)
2021  Granular C-deficient g-C3N, Ptwt1 300 W Methanol 3281.2 _ 18 [76]
nanotubes Xe lamp 20
2021 C-deficient g-C3N4 nanosheets  Ptwt 3 300 W TEOA 1.86 x 103 _ 16 [80]
A =420 nm 10
2022  Ultrathin porous g-C3N, Ptwt3 300 W TEOA 5.74x 103 14.9 18 [70]
nanosheets with N vacancy A =420 nm 10 (420 nm)
2020 Porous and thin-layered g-C3N,  Ptwt3 300 W TEOA 1.557 x 103 11.2 20 [18]
with N vacancy A =420 nm 20 (420 nm)
2021 Porous g-C3N, nanosheets with  Ptwt 1 100 mW/cm2  TEOA 297.6 12.7 20 [81]
Cand N vacancies 365~940 nm 10 (420 nm)
2021 N-Odouble vacancy defected g- Ptwt3 300 W TEOA 595 _ 20 [79]
GNy A =420 nm 10
2020 O-doped and N-defected g-C3N; Ptwt3 300 W TEOA 2.20x 103 9.19 20 [77]
A =420 nm 10 (420 nm)
2022 S-doped and N-defected Ptwt 1.5 300 W TEOA 4441 x 103 6.8 12 [78]
mesoporous g-C3N, A =400 nm 5 (420 nm)
2022 Carbon species inserted g-C3N,  Ptwt 2 300W TEOA 14582x10*  6.98 15 [82]
with N vacancy AM15G 10 (420 nm)
2023  Crystalline g-C3N4 with N Cos0,wt 3 300W Lacticacid  3.78x 103 11.94 15 [37]
vacancy Ptwt1 A =420 nm 10 (400 nm)
2022 N-deficient g-C3N,4 hybridized Ptwt3 350 W TEOA 420.3 0.87 12 [83]
with Cu,0 A =400 nm 30 (420 nm)
2022 Ni-Co NP modified N-deficient ~ _ 300 W TEA 205.5 _ 16 [84]
g-C3N,4 nanotubes A =420 nm 30
2023  N-deficient g-C3N,/NiO _ 300 W TEOA 169.5 _ 16 [85]
heterojunction Xe lamp 15
2023  N-deficient g-C3N,/CdS Ag wt 0.4 300 W TEOA 204.19 3.94 16 [86]
heterojunction A =420 nm 10 (450 nm)
(a) - Evac. Evac. Evac. Evac. Evac. Evac. Evac.
3l '
sy T2
@ E i
£ E
£ g
of: =10+
3| 5
< <]
i >
E (]
T 0
16 24 32 40 48 56 64
(0 . Time (h
A - = TCN 1
) & . - )
i;;-_;-’ il ;:.m Tm g-C_‘\‘..
= 5 - o™
~2 150 & o e
] 1" .
B .
2 {
S e -
P '
o
E
]
=l
-

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P)

Fig. 13. (Color online) (a) UV-vis DRS of as-prepared photocatalysts. (b) The stability test of the g-CsN, nanotube photocatalyst (Copyright 2021,
Elsevier)8l, (c) The nitrogen absorption-desorption isotherm of the S-doped and N-deficient g-C3N, (Copyright 2022, Elsevier)78l, (d) SEM image
of granular g-C3N, obtained at 510 °C (Copyright 2021, Wiley Online Library)[76,
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Fig. 14. (Color online) (a) The band structure and hydrogen evolution mechanism of the as-developed photocatalysts (Copyright 2021,
Elsevier)79.. (b) The band structure and S-scheme photocatalytic mechanism of the hybridization (Copyright 2023 Elsevier)85.. The TAS plots (c)
and contact angle measurements (d) of PCN and N-defected PCN (Copyright 2019, Elsevier)i39l.

defects with enhanced reducing capacity. In another exam-
ple, urea-controlled thin-layer stacking with N defects was con-
structed with an alkali-assisted method by our groupl'sl,
Besides N defects, the synergy of urea and KOH introduced
affluent cyano groups, which jointly reduced the bandgap to
1.81 eV. The thickness of the stack was remarkably reduced
to around 10 nm, while the mesopore structure was
endowed after alkali etching. The rational modification of mor-
phology created sufficient exposure for abundant active sites
enriched by N vacancies. Generally, a thinner layer and more
pores would lead to quicker separation of photogenerated
electrons and holes. Thus, the obtained sample displayed
remarkably enhanced photocatalytic HER performance.

The combination of element doping and vacancy genera-
tion is also regarded as an auspicious strategy to enhance
photocatalytic HER performancel’7l. For instance, Liu et al.
synthesized S-doped and N-defected g-C3N,4 through a hard-
template method”8. The as-prepared sample displayed a
reduced bandgap and a more negative CBM level compared
to single S-doped g-C3N, which was beneficial for photo
absorption and proton reduction half reaction. In particular,
the layered structure possessed a high BET surface area of
153.8 m%/g (Fig. 13(d)) and 12.6 folds as the directly calcined
sample. As a result, Tm-g-C3N, exhibited high photocatalytic
activity, which was 48.8 times more than the HER perfor-
mance of the previous sample. In a recent report, Lin et al.
developed an enhanced N defect engineering strategy by oxy-
gen doping”?l. The bandgap of the obtained sample (DACN)
was extended and a defect state was observed near CB
(Fig. 14(a)), which facilitated the light-harvesting capacity.
The rich N defects and residual O atoms jointly contributed
to the m-delocalized electron density, fostering the carrier
transfer and separation efficiency. As a result, a 11.7 times

incremented HER performance was achieved. The dual modifi-
cation strategy provided a flexible vacancy engineering case
for future research.

The heterojunction structure is profiled to be an effec-
tive supplement to vacancy defect generationl'®l. In an arti-
cle by Zhu et al., bimetallic Ni-Co nanoparticles were loaded
to N-deficient g-C3N; nanotubes with a fine Schottky
contact®4. The combination of the two transition metals
improved mutual stability and acted as an electron collector,
facilitating charge separation. The N vacancy synergistically
enhanced the electron transformation from g-C3N, to Ni-Co
nanoparticles, where water reduction took place. Therefore,
an efficient hydrogen evolution system without a Pt cocata-
lyst was constructed. In a very recent article, Li et al. devel-
oped a NiO/g-C3N4 S-scheme system with N-vacancy genera-
tion®s), The NiO segment was an oxidative photocatalyst
(OP), while g-C5N4 was a reductive photocatalyst (RP). The dis-
crepancy between Fermi levels induced band bending
(Fig. 14(b)), which drove relatively low-energy electrons and
holes to recombine. Hence, spatial-separated electrons and
holes with stronger redox capability were available for target
reactions. The synergy of the defective electron-trapping cen-
ter and the interior electric field endowed the system with
ameliorated charge-separation efficiency. As a whole, a high-
efficiency H, production S-scheme system assisted by transi-
tion metal oxide was built.

5.3. Oxygen evolution

The effective photocatalytic system for oxygen evolution
reaction (OER) has been the common pursuit among solar uti-
lization researchers because the sluggish OER kinetics affects
the efficient overall water splitting reaction®”], To investigate
the role of N vacancy on OER, Yang et al. reported surface N-
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vacancy modification on PCN by a photocarving method®8l,
The introduced surface vacancy contributed to visible-light
absorption and redistributed the m-conjugated electrons
around the defect sites. Moreover, the transient absorption
spectroscopy (TAS) results indicated the hole trapper effect
of N vacancies (Fig. 14(c)) and the contact angle tests revea-
led enhanced water absorption after modification (Fig. 14(d)),
which improved the electron-hole separation efficiency and
mass diffusion. As a whole, the N vacancy has a positive
effect on the water oxidation process.

The hybridization strategy between defected g-CsN4 and
other OER photocatalysts is also valued for synergistically
fostered oxygen evolution!'®l, Yang et al. fabricated a Z-
scheme photocatalytic system of AgsPO,/g-C3N, modified
with N-vacancy defects, obtaining an optimized OER of
228.8 umol/(g-h) without cocatalyst®l. The alkali-assisted intro-
duction of N defects led to a porous interconnected morphol-
ogy. The AgsPO,4 nanoparticles were loaded after in situ chemi-
cal deposition with new bonds such as C-O, C-OH formed,
indicating the tight interfacial contact between Ag;PO, and
g-C3N,4, and the ameliorated interfacial electron transfer. The
hybridization constructed a Z-scheme carrier transformation
in which the hot holes in the VB of Ag;PO, and the excited
electrons in the CB of g-C3N, participated in water splitting.
The composite photocatalytic heterojunction took advan-
tage of the single components with synergetic effect of signifi-
cantly facilitated charge separation.

The absence of relatively high-efficiency OER photocata-
lyst compared to progress in HER has, however, blocked the
development of overall water splitting!®, which may be intu-
itively disclosed by the number of recent articles. Moreover,
the costly sacrificial agents and related poor stability are also
dilemmas faced by OER photocatalyst development®8l, An effi-
cient, stable, and inexpensive photocatalytic oxygen evolu-
tion system is urgently required for a breakthrough in this
field.

6. Conclusion and future perspectives

In this review, we have summarized the fabrication strate-
gies, effect of vacancy generation in g-C3N, on its photocat-
alytic performance, and the recent developments of vacancy-
modified g-C3N, for solar water splitting. Specifically, thermal
treatment and chemical treatment are two main strategies to
fabricate vacancy-modified g-C3N,. Vacancy defects in g-C5N,
have an obvious influence on its photocatalytic performance
by generating midcap states and regulating its band struc-
ture to improve light harvesting. Moreover, vacancy defects
serve as effectual shallow capturing sites for charge carriers
and photocatalytic reagents during solar water splitting reac-
tions, which can remarkably improve the separation and migra-
tion efficiency of photogenerated carriers, and can enhance
the surface water splitting reaction kinetics. As a result, numer-
ous vacancy-modified g-C3N, based photocatalysts have
been developed for solar water splitting.

Although considerable progress of vacancy-modified g-
C3N, has been achieved, there are some trends and chal-
lenges remaining under fabrication, characterization, and appli-
cation of vacancy-modified g-C3N4 which are discussed in
the following:

(1) As summarized earlier, many strategies have been

developed to prepare vacancy-modified g-CsN,. However, it
is still difficult to simultaneously control the type, quantity,
and exact location of the vacancy defect through the exist-
ing synthetic routes. Moreover, the present approaches make
it difficult to achieve large-scale production of defective g-
C3N,4. Therefore, approaches that can synergistically control dif-
ferent properties of vacancy defects and successfully achieve
mass production need to be developed further.

(2) Despite the development of vacancy defect engineer-
ing, the relationship and interaction mechanism between the
vacancy defects and activity of modified g-C3N, are still huge
challenges. More powerful characterization techniques and
advanced calculation theories are imperative for detecting
the association between vacancies and photocatalytic perfor-
mance, simulating, and guiding the experimental work, investi-
gating the intrinsic interaction mechanism, and for our in-
depth understanding of defects.

(3) Although g-C3N,4 has strong physicochemical stability,
the reproducibility and stability of vacancy-modified g-C5N,
are often ignored, and the key factors that control stability
have not been thoroughly studied. However, the reproducibil-
ity and stability of photocatalysts are crucial for practical pho-
tocatalytic reactions. Therefore, more and deeper experimen-
tal and theoretical investigations of the stability of vacancy
defects modified g-C3N,; should be of concern for future
research.

(4) Various strategies have been employed to optimize
the property of g-C3N,4, such as morphology engineering, con-
struction of heterojunction structure, heteroatom doping, crys-
tallinity modulation and synthesis of a new molecular struc-
ture. Nevertheless, the approaches that combine vacancy
defect engineering with other regulatory strategies to pre-
cisely tune the different features of g-CsN; need to be
researched further, which would be a promising direction for
preparing efficient and versatile g-C3N,-based photocatalysts.

It is certain that the synergic development of defect
design, synthesis, and characterization will further promote
the application of vacancy-modified g-C5N, in the field of pho-
tocatalysis, such as solar water splitting, photocatalytic CO,
reduction, bacterial disinfection, and degradation of organic
pollutants. It can also facilitate the development of a new gen-
eration of g-C3N4 based photocatalysts for environment and
energy-related applications. Overall, thanks to the continu-
ous efforts of scientists all over the world, there is an excit-
ing and brightening future for g-C3N,;-based nanomaterials.
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