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As an alluring metal-free polymeric semiconductor material, graphite-like carbon nitride (g-C3N4;

abbreviated as GCN) has triggered a new impetus in the field of photocatalysis, mainly favoured from its

fascinating physicochemical and photoelectronic structural features. However, certain inherent

drawbacks, involving rapid reassembly of photocarriers, low specific surface area and insufficient optical

absorption, limit the wide-range applicability of GCN. Generation of 0D point defects mainly by

introducing vacancies (C and/or N) into the framework of GCN has spurred extensive consideration

owing to their distinctive qualities to manoeuvre substantially, the optical absorption, radiative carrier

isolation, and surface photoreactions. The present review endeavours to summarise a comprehensive

study on vacancy defect engineered GCN. Starting from the basic introduction of defects and C/N

vacancy modulated GCN, numerous advanced strategies for the controlled designing of vacancy rich

GCN have been explored and discussed. Afterwards, light was thrown on the various substantial

technologies which are useful for characterising and identifying the introduction of defects in GCN. The

salient significance of defect engineering in GCN has been reviewed concerning its impact on optical

absorption, charge isolation and surface photoreaction ability. Typically, the achievement of defect

engineered GCN has been scrutinised toward various applications like photocatalytic water splitting, CO2

conversion, N2 fixation, pollutant degradation, and H2O2 production. Finally, the review ends with

conclusions and vouchsafing future challenges and opportunities on the intriguing and emerging area of

vacancy defect engineered GCN photocatalysts.
1. Introduction

The rapid deterioration of fossil-fuel assisted energy resources
with rising pollution levels, and drastic climate changes have
intensied the insistence on exploiting advanced technologies
for environmental restoration and alternate energy sources.1–3

The ever-growing acceptance and appreciation of solar energy
as an inexhaustible, renewable and clean energy source, and in
solar light-driven energy conversion applications and pollutant
mitigation is in the spotlight. Currently, one of the most
intriguing solar light assisted applications is “Photocatalysis”.
In photocatalysis, the energy conversion phenomenon is carried
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out with semiconductor materials utilizing the synergistic effect
of light photons and catalyst.4,5 Photocatalysis is a rising green
technology employed for the effective removal of effluents from
wastewater and the generation of ideal hydrogen energy from
water and sunlight.6–8 The semiconductor photocatalysis is
initiated with the absorption of solar light and subsequent
production of photocarriers (electrons (e�) and holes (h+)).
Hence, an efficient photocatalyst must possess enhanced photo-
absorption range and superior isolation ability of photo-
illuminated carriers.9–12 However, many semiconductor photo-
catalysts suffer from low photo-efficiency and signicantly high
recombination of photocarriers, which severely hinder the
overall quantum efficacy along with wide-scale applicability of
photocatalysis.13–17

To boost the photoactivity of semiconductor photocatalysts,
numerous strategies like structural modications, morphology
control, surface and interface engineering, and facet and defect
engineering have been widely opted and recruited.18–21 Out of all
these strategies, defect engineering is an important strategy to
design efficient photocatalysts.22 Defects are usually classied
based on the atomic structure of the defects or the effective
position of defects in photocatalysts. Generally, based on
J. Mater. Chem. A, 2021, 9, 111–153 | 111
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dimensionality, a semiconductor photocatalyst can be induced
with (i) 0D point defects like heteroatom doping and vacancy
generation, (ii) 1D line defects like screw and edgemodulations,
(iii) 2D planar defects like twin and grain boundaries and (iv)
volume defects involving disorder in lattice or void generation
as shown in Fig. 1a.23 Comparatively, 0D point defects can be
Fig. 1 (a) Schematic illustrating the types of common defects in photoca
no. 4840040907271, Copyright 2018 Elsevier).23 (b) Diagrammatic repr
different types of defect engineered photocatalysts.

112 | J. Mater. Chem. A, 2021, 9, 111–153
easily induced in a semiconductor photocatalyst without
altering its structure to a large extent.24 Moreover, point defects
are also helpful to boost the conductivity of the semiconductor
material by controlling the non-stoichiometric compositions
unlike line or planar defects, which have a negligible effect on
stoichiometry. Also, by the generation of voids and introducing
talysts based on dimensionality (adapted with permission under license
esentation of various advantages and disadvantages associated with

This journal is © The Royal Society of Chemistry 2021
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disorder in the structural motifs of any photocatalyst, the
probability of e�–h+ recombination sites increases substan-
tially, resulting in deprived photocatalytic activity. Other than
that, the lattice defects involving dislocations and distortions
have a signicant effect on the electronic conguration and
physicochemical properties of the photocatalyst. On this
account, dislocations and distortions can usually be created in
2D crystalline materials to stabilise the structure by reducing
surface energy.25 However, the surface distortion phenomenon
has a notable effect on local atomic arrangements, including
the bond angle, bond length, several coordinated atoms and
interatomic distance and their generation in the crystal struc-
ture leading to the formation of atomic level vacancies.26 Fig. 1b
depicts certain advantages and disadvantages associated with
various defects in a photocatalytic material. As a consequence,
a comprehensive study of point defects is crucial for further
exploration as well as for a better understanding of defect
engineering involving line defects, planar defects and volume
defects in semiconductor materials. Up to now, enormous
research efforts have depicted the positive inuence of 0D point
defects (specically vacancy generation) on overall
photoactivity.22,23,27,28

Depending upon the loss of ions from the photocatalysts,
vacancies generated can be categorised as anion vacancies,
cation vacancies, and multiple vacancies. Generally, defect
generation through anion vacancies by removing O, S, and N is
common in semiconductor materials because of less formation
energy.23,29 Anion vacancies exert a positive inuence on pho-
tocatalytic activity by modifying band alignments, electronic
behaviour, and active surface sites on photocatalysts. By
inducing an anion vacancy in a semiconductor photocatalyst,
the bandgap of the pristine photocatalyst is modulated by the
introduction of mid-gap states which extends the absorption of
light by narrowing the bandgap energy. Therefore, anion
vacancies are much more impactful to alter the bandgap energy
of semiconductor materials. On the other hand, owing to
fascinating features, generation of cation vacancies in photo-
catalysts is greatly appreciated by researchers.30,31 Generation of
cation vacancies can be extremely signicant due to its ability to
provide certain characteristic properties to photocatalysts. Of
note, to introduce cation vacancies in any photocatalyst
comparatively high energy and stability is required. There are
several reports which depict cation vacancies in TiO2 and ZnO
by the removal of Ti4+ and Zn2+, respectively.32,33 Generally,
monoatomic vacancies (cation/anion vacancies) are common
and can be induced easily, but there are reports considering
multi-defect engineered semiconductor substances which have
been created by generating cation and anion vacancies simul-
taneously.34,35 In such cases, the construction of anion and
cation vacancies in a photocatalyst oen leads to the formation
of the p–n homojunction which causes superior exciton disso-
ciation under the inuence of a built-in eld at the interface.36

Consequently, construction of vacancy rich semiconductor
photocatalysts seems to be an effective approach to simulta-
neously foster the isolation of charge carriers and increase the
overall photoactivity.
This journal is © The Royal Society of Chemistry 2021
Among photocatalytic materials, metal-free photocatalysts
were signicantly exploited due to their exceptional physico-
chemical stability and economic features in contrast with
conventional oxides and sulphides. To date, numerous metal-
free semiconductor materials involving heptazine-based poly-
meric melon (usually called carbon nitride (g-C3N4); will be
referred to as GCN), elemental sulphur and phosphorus, and
boron have been substantially explored.37–40 However, the
elemental semiconductor materials do not show much stability
in the photocatalytic reaction atmosphere as they get easily
oxidised either by sunlight, water or oxygen.41 This fact severely
obstructs their real-time applicability, as the photocatalytic
process is carried out in the presence of light and moisture
only.42 Contrarily, GCN offers superior physicochemical stability
and has facile tailoring routes utilizing economic precursors,
nontoxic nature and appropriate electronic features which
render GCN an ideal semiconductor material for diverse pho-
tocatalytic applications.43,44 However, bulk GCN possesses
certain inherent limitations like reassembly of surface-induced
photocarriers, along with having fewer active surface sites and
comparatively narrow bandgaps.45–47 The modulation of photo-
catalytic properties includes the controlled alteration of bulk
GCN to 2D structures, which substantially obstruct the reas-
sembly procedure at the surface. Besides, structural manipula-
tions like doping, defect engineering, the introduction of
functional groups, and tailoring of different heterostructures
have also been explored on a wide scale.48,49

Out of these strategies, introducing point defects via doping
and vacancy generation in the structural unit of 2D GCN is
a promising strategy for improving the photoactivity of GCN.50

However, heteroatom doping is accompanied by certain
inherent limitations such as (i) it is mainly benecial to tune the
bandgap alignment for amended optical absorption ability, (ii)
identifying the spatial distribution of dopants is another crucial
issue for effective modication of the electronic structure of the
semiconductor photocatalyst and (iii) uniform distribution of
heteroatoms throughout the whole structural unit is indis-
pensable for effective bandgap tuning, while surface doping can
partly modulate the bandgap by introducing some localised
heteroatoms.51 Thus, it is intriguing to explore the atomic level
modication in GCN by C/N vacancy generation as depicted in
Fig. 2. Because photocatalytic reactions occur at the surface of
a photocatalyst, photoefficiency is greatly inuenced by surface
properties. Also, the rational creation of surface vacancies can
induce lattice disorder, resulting in increased surface energy.
Consequently, the as generated vacancies can act as additional
reactive sites and catalyse the surface photoreactions more
effectively.52 Besides, exciton dissociation can be promoted by
inducing surface vacancy defects due to defective energy state
generation around vacant sites.53 2D GCN with a layered struc-
ture has hydrogen bonds between the strands of melon tectonic
units with NH/NH2 groups in each layer held together with weak
van der Waals forces. This layered structural arrangement
makes GCN a suitable candidate for the generation of vacancies
through appropriate designing techniques. Of note, generally, it
is easier to generate defects at edges, less coordinated steps,
terraces and at corner atoms.54 Therefore, controlled C/N-
J. Mater. Chem. A, 2021, 9, 111–153 | 113
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Fig. 2 Diagrammatic representation of GCN (above) and vacancy induced GCN sheets.
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vacancy defects can be facilely generated in GCN by altering
some in-plane triazine units without damaging the whole
structure. For instance, Ren et al. illustrated the efficient role
and the effective site for generating N-vacancies in GCN, upon
modulating the structural properties from bulk to planar and
corrugated structures.55 The surface structure of GCN repre-
senting different N-atoms is depicted in Fig. 3a. The report
suggested that, out of three types of N-atoms in hexagonal
heptazine based GCN (bridged nitrogen (N3C1), central nitrogen
(N3C2), and 2-fold coordination nitrogen (N2C)), the central
ternary nitrogen N3C2 was the easiest to remove because of the
lowest vacancy formation energy (0.67 eV). However, the
vacancy formation energy for bridged N3C1 nitrogen was 1.95 eV
and for 2-fold coordinated N2C nitrogen was 0.92 eV, slightly
higher than that of N3C2 but still much less than that of N3C1

nitrogen. The study further revealed that altering the structure
through N-vacancies and corrugation conrmation in GCN
synergistically improved the photocatalytic efficacy by boosting
the optical absorption ability and radiative carrier isolation
efficiency. In another study, Liu et al. utilised rst principles
density functional theory (DFT) calculations to scrutinise the
effect of N-vacancies in modulating the energy levels (electronic
structure) and, subsequently, the photocatalytic efficacy.56 The
atomic structure models of pristine GCN (CN) and N-vacancy
114 | J. Mater. Chem. A, 2021, 9, 111–153
generated GCN (CN-4) (Fig. 3b and c) depicted the origin of N-
vacancies via removal of nitrogen from amino groups in tri-s-
triazine rings. Fig. 3d and e show the movement of the VB and
CB of the CN-4 photocatalyst towards more negative energy
levels, resulting in a decreased bandgap of 2.50 eV as compared
to 3.07 eV of CN. Moreover, the presence of N-vacancies created
defect states around the Fermi levels originating from 2p
orbitals of the C atom having dangling bonds around defective
sites. Additionally, C-atoms around vacancy regions possessed
electron-rich behaviour due to solitary electron pairs resulting
from N-vacancies delocalised in the whole conjugated system.
As a result, the CN-4 system showed improved electronic
properties as demonstrated by differential charge density
results in Fig. 3f and g.

Apart from N-vacancies, carbon vacancy generation in GCN
can also modulate the catalytic features of GCN, resulting in
superior photoefficacy. For instance, Liang et al. revealed the
effect of C-vacancies on the photocatalytic performance of holey
GCN by evaluating its performance for photocatalytic H2

production.57 An insight into X-ray photoelectron spectroscopy
(XPS) results vouchsafed the loss of graphitic carbon species
(the peak area ratio of N]C–N to C]C increased from 0.13 to
0.14) due to thermal treatment, resulting in superior conduc-
tivity and mobility of photocarriers. Moreover, generation of C-
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Surface structure of GCN representing different N-atoms (adapted with permission Copyright 2019 American Chemical Society).55

Schematic representation of top view of the optimized (b) CN and (c) CN-4 configuration, color scheme: C, grey; N, blue; H, white. Band
structure and density of states (DOS) of (d) CN and (e) CN-4. The differential charge density of (f) CN and (g) CN-4 (adapted with permission
under license no. 4846640889986, Copyright 2020 Elsevier).56
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vacancies resulted in transformation of the C]C bond in the
heptazine ring into the N]C bond. C-Vacancies in holey GCN
also ameliorated the light absorption ability and extended it
into the near infra-red (NIR) region (800–1400 nm), caused by
This journal is © The Royal Society of Chemistry 2021
the multiple reections of light in holes and vacant sites. Di
et al. designed porous ultrathin GCN with conned surface C-
vacancy defects having an average thickness of 0.9 nm, which
substantially boost the isolation of radiative carriers for bulk as
J. Mater. Chem. A, 2021, 9, 111–153 | 115
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well as for the surface.58 The ultrathin structure, along with C-
vacancy sites synergistically worked for the migration of
carriers from bulk to the surface of the photocatalyst and
captured them for further photocatalytic reactions. Thus,
vacancy generation in GCN by removing C or N is equally
alluring as it not only renes the visible light harnessing by
introducing defective electronic states but also amends the
isolation efficiency of radiative charge carriers along with
superior surface reaction kinetics. However, theoretical studies
involving DFT calculations showed that generation of C-
vacancies narrows the bandgap energy and redshis the
optical absorption range, and N-vacancies induce defective
midgap states in between the bandgap to promote visible light
absorption ability and boost the isolation of photocarriers.59 In
the case of N-vacancies, the defective midgap states are gener-
ated due to the formation of N-vacancy related defect states
(originating from the accumulation of extra electrons at C-
atoms near vacancy sites in the GCN matrix) just below the
Fig. 4 Representation of (a) number of publications concerning the key
2010 to April 2020; (b) pie chart depicting various photocatalytic appl
publications concerning the keyword “0D Vacancy + Graphitic carbon ni
photocatalytic applications of vacancy induced graphitic carbon nitride;

116 | J. Mater. Chem. A, 2021, 9, 111–153
conduction band minimum (CBM). Besides C-vacancies tuned
the bandgap energy of GCN by shiing CBM positioning and
improve the redox ability of GCN. Nevertheless, by reviewing the
literature on C-/N-vacancy modied GCN we found that C-
vacancy modied GCN is less explored which could be
ascribed to the formation of less stable and more deformative
structural arrangement of GCN caused by the removal of C-
atoms.59–61

Hitherto, defect engineered photocatalysts have been widely
explored owing to their fascinating features of improving overall
photocatalytic efficacy. Various review articles have exploited
the potential of defect engineering in the eld of photocatalysis
and represented defect engineered semiconductor substances
as a promising method for efficient solar energy conversion
applications.58,62 For instance, Liu et al. presented an organised
study of defect engineered photocatalysts and explained the
introduction of defects with suitable characterisation tech-
niques for improvement in photocatalytic water splitting.63
word “Defect engineering + Graphitic carbon nitride” published from
ications of defect engineered graphitic carbon nitride; (c) number of
tride” published from 2010 to April 2020; (d) pie chart depicting various
the data are obtained from “Scopus” database.

This journal is © The Royal Society of Chemistry 2021
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Similarly, Ran et al. presented various defect induced photo-
catalytic materials for solar energy conversion and broadly
discussed different aspects of defect engineering to modulate
the photocatalytic performance.64 Bai et al. also discussed defect
engineering along with important functions of the defect as
a potential strategy to manoeuvre systematically the basic steps
involved in photocatalysis.65 Other than this, Xiong et al.
beautifully summarised tuning of various photoelectric
parameters of 2D semiconductor materials by surface defect
engineering and highlighted the important role of surface
defects in versatile photocatalytic applications.66 Even aer
signicant research exploration in the eld of defect engineered
photocatalysts, we feel that necessary information is required
on metal-free catalytic substances modulated by defect engi-
neering so that we could systematically probe the design,
impact and function of defects. Typically, defect modied GCN
is doubtlessly a topic of interest as evidenced from the growing
research papers (analysed by Scopus database) in indexed
journals regarding keywords “Defect engineering + Graphitic
carbon nitride” from 2010 to April 2020 (Fig. 4a). Moreover,
modulation through defect engineering in optoelectronic and
structural features of GCN, led to amended photo-efficiency in
various photocatalytic applications as can be seen from the
‘Scopus’ data analysis results depicted in Fig. 4b. Similarly, to
gain an insight into the research work on vacancy induced GCN,
“0D vacancy + Graphitic carbon nitride” was the effective
keyword used and the data were plotted from 2010 to April 2020,
as shown by Fig. 4c, along with different photocatalytic appli-
cations (Fig. 4d).

Thus, inspired from the fascinating features and extensive
research interest in the exploration of metal-free polymeric
GCN, herein, we aim to provide a comprehensive overview
involving recent advances in vacancy defect engineered GCN
photocatalysts that are employed in various environmental and
energy-related applications. Firstly, we started with a brief
introduction of defect engineering in photocatalysis along with
the impact of 0D point defects (mainly vacancies) on GCN
photocatalysts. In the following section, we shortly summarised
the classication of defects and inuence of vacancy introduc-
tion in the GCN framework. Aerwards, we emphasised the role
of various designing strategies involving thermal, chemical and
other advanced treatment processes for the controlled genera-
tion of vacancy defects in GCN. Furthermore, for evaluation and
characterisation of vacancy defects in the structural network of
GCN, numerous advanced characterisation techniques
including structural, morphological, chemical, optical, and
electronic properties and computational studies were outlined.
Then the signicance of defect engineering in GCN with special
focus on its inuence on the optical, electronic and surface
photoreactions was explored and highlighted. The role of
vacancy defect engineered GCN in various photocatalytic
applications like water splitting, CO2 conversion, N2 xation,
pollutant degradation and H2O2 production was systematically
reviewed and summarised. Finally, the review ends with
a summary which provides an insight into the challenges and
future opportunities in the present eld from our viewpoint.
This journal is © The Royal Society of Chemistry 2021
2. Creation of vacancy defects in the
g-C3N4 photocatalyst

Defects in a semiconductor photocatalyst can be generated via
twomodes, i.e. defect creation into pre-designed semiconductor
photocatalysts and defect creation during the synthesis.
Generation of defects in pre-synthesised photocatalysts is
independent of the growth kinetics of the crystal and is widely
opted for the creation of vacancies, voids, disorder as well as for
the introduction of dopants. On the other hand, the generation
of defects during the formation of photocatalytic material
brings about the creation of bulk defects like dislocations and
boundaries, which much rely on the growth kinetics of nano-
materials.65 Considering the positive inuence of vacancy
generation for direct conversion of solar energy, it is imperative
to discuss promising strategies to create vacancies in GCN. For
a better understanding of the underlying photocatalytic mech-
anism induced by vacancy rich photocatalysts, the prerequisite
is a generation of vacancies in a controlled atmosphere to foster
synergy between defects and photoactivity. Of note, methods
utilised for defect generation strictly relies on the type of defect
induced in a photocatalyst. Thus, it is imperative to select
a particular synthetic route for the generation of the desired
defect in semiconductor photocatalysts. The detailed summary
of different methods utilised for the synthesis of defect induced
GCN is discussed as follows:
2.1 Thermal treatment

In general, the synthesis of GCN proceeds only through thermal
treatment involving calcination and annealing of nitrogen-rich
precursors. However, to synthesise defect rich GCN, there are
several other strategies, which involve the use of other chem-
icals as precursors followed by thermal treatment. For instance,
Sun et al. reported the fabrication of GCN, reduced GCN (RCN),
oxygenated GCN (CNO) and reduced oxygenated GCN through
thermal treatment.67 A nitrogen vacancy was generated in the
system through H2 reduction, while oxygen was introduced with
the help of thermal treatment (hydrothermal/condensation
process). By creating a nitrogen vacancy in GCN, the conduc-
tion band (CB) energy was reduced from �0.75 eV to �0.5 eV by
generating defective band levels just below the CB. On the other
hand, the introduction of oxygen reduced the valance band (VB)
from 2.05 eV to 2.30 eV by the formation of functional groups
containing oxygen (C]O and C–O) which remarkably boosted
the isolation efficacy. Consequently, the photoactivity and
photocurrent density of RCNO, were about 8–9 times more than
those of pristine GCN. Apart from that, pyrolysis of precursors
under appropriate reaction environments (vacuum, airow and
inert atmosphere) plays a crucial role in defect generation. For
instance, Li et al. demonstrated the formation of carbon
vacancy modied C3N4 nanotubes (TN 500) for effective selec-
tive oxidation of NO to NO3

� by pyrolysis of a mixture con-
taining urea and melamine under an inert atmosphere of N2.68

The nano-tubular structured C3N4 with 20 mm length and a 1–2
mm diameter was obtained. The impact of the N2 atmosphere
during thermal treatment was clearly observed with the help of
J. Mater. Chem. A, 2021, 9, 111–153 | 117
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Scanning Electron Microscopy (SEM), and Transmission Elec-
tron Microscopy (TEM) analyses, as depicted in Fig. 5. The inert
atmosphere of N2 signicantly exfoliates bulk C3N4 (Fig. 5a–f)
into thin structures with the introduction of defects via
complete condensation of precursors. A conjecture vouchsafed
that, with a slight modication in the calcination environment,
the formation of defects in GCN can be facilitated. Other than
N2, argon gas ow was also utilised to generate a carbon vacancy
in GCN. Carbon vacancy induced GCN was fabricated by Li et al.
through the calcination of melamine up to 520 �C under the
inert atmosphere of argon gas in a tube furnace.69 The report
suggested that C vacancies in GCN led to exposed amino
nitrogen which facilitated the photocatalytic production rate of
H2O2 by avoiding the use of any organic scavengers. The
construction of C-vacancies in GCN accompanied by the
appearance of amino nitrogen is depicted in Fig. 6a and b.
Similarly, Chu et al. created nitrogen vacancies in GCN (NV-
C3N4) by the direct calcination of urea and melamine under
airow followed by liquid exfoliation.70 Furthermore, an Ar
environment was introduced to generate nitrogen vacancies in
GCN. In order to amend the active surface sites, nitrogen
Fig. 5 TEM and SEM images obtained from (a–c) bare GCN (T 500) and
effect of N2 atmosphere during thermal treatment (adapted with permis

118 | J. Mater. Chem. A, 2021, 9, 111–153
vacancies in GCN were lled by S dopants introduced by
annealing of previously prepared samples and resulted in
a sample was labelled S-NV-C3N4. The complete synthesis
scheme representing the formation of vacancy generation and
introduction of S dopants is presented in Fig. 6c. A deep insight
into TEM analysis (Fig. 6d–f) of bare GCN (C3N4), NV-C3N4 and
S-NV-C3N4 revealed that all the samples displayed a crumpled
sheet-like structure. However, due to the generation of N-
vacancies, the long-range ordered atomic arrangement of
C3N4 was damaged, resulting in a comparatively more wrinkled
structure. However, incorporation of the S-dopant in NV-C3N4

exhibited no apparent change in the morphology of NV-C3N4

and showed an almost similar crimpled structure (Fig. 6f).
Consequently, thermal treatment is a widely approached

versatile strategy for generating vacancies in GCN. By only
controlling the thermal conditions and avoiding the use of any
extra additives like templates and chemical reagents, properties
of GCN can be signicantly varied based on the requirement
along with morphological modulations. However, attaining
a well-ordered structural framework or defective structure by
controlling the temperature or duration of one-step thermal
(d–f) defect induced GCN from different magnifications depicting the
sion under license no. 4775711061628, Copyright 2020 Elsevier).68

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Schematic representation of (a) structural unit of GCN and (b) presence of C-vacancy and amino group in GCN (reproduced with
permission under license no. 4802920609594, Copyright 2016 Elsevier).69 (c) A schematic insight into the synthesis route for the formation of S-
NV-C3N4, TEM images of: (d) C3N4, (e) NV-C3N4 and (f) S-NV-C3N4 (adapted with permission under license no. 4923570778416, Copyright 2020
Elsevier).70
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treatment is practically difficult. Additionally, post-thermal
treatment of GCN in order to induce vacancy defects causes
structural deformation due to high energy consumption leading
to a reduced production rate of photocatalysts.71 By changing
the atmospheric conditions, the challenge mentioned above
can be overcome yet, precise distribution and controlled
generation of vacancy defects via thermal treatment still need
further exploration.
2.2 Chemical treatment

Thermal treatment of different chemicals like molten salts
(LiCl, NaCl, KCl, NaBH4, NaHCO3 etc.) and organic acids (oxalic
acid, tartaric acid and hydrouoric acid) is a fascinating route
for generating vacancy defects in GCN.72,73 Incorporating
appropriate in situ chemical environments based on the
formation of vacancies can create surface defects in GCN which
can effectively boost the photoactivity of GCN. Acid treatment of
GCN or its precursors is one of the most opted chemical treat-
ment processes for developing vacancy defects in GCN. For
instance, treatment of GCN precursors with a weak acid like
tartaric acid (TA) induced a chemical reaction with amino
groups which lead to the formation of defects on the surface of
GCN, while TA decomposed into CO2 and H2O at high
temperatures. Inspired by this, Shi et al. designed nitrogen
defective 2D GCN with N vacancies positioned at both
tricoordinated N atoms.74 Typically, to generate N vacancies, TA
was mixed into an aqueous solution containing dicyandiamide,
and the resulting mixture was calcined at 550 �C for 3 h. The
study further revealed that the introduction of nitrogen defects
in GCN particularly helped to generate active reaction sites and
boosted dissociation of radiative carriers which in turn
improved the photocatalytic CO evolution efficiency (56.9 mmol
g�1 h�1). In another study, defective nitrogen GCN (CN-HAc)
was fabricated through thermal condensation of melamine
feedstock treated with acetic acid as depicted in Fig. 7a.75

Nitrogen vacancy defects in GCN led to optimal electronic band
structures, extended visible light-harvesting ability, and amen-
ded isolation of photoinduced excitons. As a result, the vacancy
defect engineered GCN photocatalyst exhibited improved pho-
tocatalytic discolouration of RhB along with superior H2

evolution. In order to improve the visible light harnessing
ability of GCN, carbon and defect co-modulated GCN was
tailored by Wu et al., exploiting facile calcination of oxalic acid
treated melamine feedstock.76 The defect rich GCN (CxCN) led
to a porous morphology with a modied active surface area as
compared to pristine GCN. Moreover, to conrm the extended
absorption of visible light and to analyse the modication in
bandgap (Fig. 7b and c), DFT calculations were performed as
shown in Fig. 7d and e. From DFT analysis, it was inferred that
defect induced GCN (Fig. 7d) with suitable band energy align-
ments (Fig. 7e) displayed better photodegradation efficacy
under visible light exposure.

It is a well known fact that defects in GCN are intrinsic and
sometimes if not controlled are detrimental to photoactivity by
acting as reassembly sites for photoinduced excitons.77 To
address this issue, scientists have worked to control/remodel
120 | J. Mater. Chem. A, 2021, 9, 111–153
vacancy defects in GCN. For instance, Lin et al. modied the
introduction of defects in GCN by treating it with a solution
containing hydrouoric acid and ethanol which was further
subjected to autoclave conditions and heated for 6 h keeping
the temperature at 140 �C.78 The study further manifested that
by utilizing solvothermal treatment, the number of defects in
GCN can be controlled. Besides, the action of uorine stimu-
lates nitrogen-vacancy generation, which in turn acted as an
active reaction centre and boosted the photoactivity of the
sample for H2 production by 13 times from bulk GCN. From
high-resolution TEM analysis, it was observed that the pristine
GCN obtained through the calcination of dicyandiamide and
the NH4Cl template (referred as CNS) showed pleated silk veil
nanosheets with a crinkly structure (Fig. 7f). The introduction of
the uorine impurity and subsequent N-vacancies through
solvothermal treatment (Et-CNS) and uorine assisted sol-
vothermal treatment (F-CNS) had no signicant impact on the
crinkled morphology as shown in Fig. 7g and h, respectively.
However, the substantially decreased size of Et-CNS and F-CNS
nanosheets was due to the polycondensation induced by uo-
rination and solvothermal treatment.

In another study, an interesting methodology was applied to
generate nitrogen vacancies along with the introduction of
oxygen dopants, resulting in the formation of a porous struc-
ture.79 Typically, strongly oxidative ammonium persulphate
((NH4)2S2O8) was used to treat dicyandiamide thermally, which
not only control the polycondensation to induce nitrogen
vacancies but also provided a porous structure to GCN (p-CN2)
by the involvement of oxygen dopants. This synergic treatment
rened the electronic features of GCN by changing p band
states along with lone-pair electrons and the transitions
between them. Besides, separation of carriers was considerably
augmented by introducing impurity levels (facilitate electron
excitation), and favourable transitions between the as-resulted
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs). The whole synthesis
scheme of nitrogen-decient oxygen doped GCN is depicted in
Fig. 8a. Through TEM analysis, an evident change in the
morphology of p-CN2 treated with ammonium persulphate was
observed which showed thinner nanosheets with a more porous
structure (Fig. 8c) as compared to bare GCN (Fig. 8b). Also, the
brighter image and thin morphology of p-CN2 were due to the
increased interlayer stacking distance caused by chemical
treatment. Thus, a series of chemical treatments followed by
thermal operation leads to the formation of typical defect rich
GCN photocatalysts with desirable features which are capti-
vating in photocatalysis. The use of additional chemicals which
are less stable and metal-free provides different atmospheres
during calcination, which helps to exfoliate 2D nanosheets of
GCN along with the creation of defects. The use of chemicals
which liberate ammonia during calcination induces a specic
reaction environment, which is helpful to generate vacancy
defects in porous GCN nanosheets.57 However, the involvement
of molten salts boosts the diffusion of feedstocks by acting as
a highly reactive medium and reduces the temperature range of
reaction.72 Moreover, the process of copolymerization is signif-
icantly enhanced by fostering the slow deamination process
This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Schematic illustrating the formationmechanism of N-deficient CN-HAc (reprinted with permission under license no. 4776010206434,
Copyright 2017 Elsevier).75 Schematic representation of (b) theoretical model of GCN and (c) band structure of GCN; (d) theoretical model of
CxCN and (e) its band structure obtained fromDFT calculations (reprinted with permission under license no. 477685063636999, Copyright 2020
Elsevier).76 TEM images of: (f) CNS, (g) Et-CNS and (h) F-CNS (reproduced with permission under license no. 4923670696920, Copyright 2020
Elsevier).78
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Fig. 8 (a) Schematic illustrating the formation of vacancy defect modified porous GCN sample (p-CN2) (b) TEM image of bulk GCN (g-C3N4) and
(c) TEM image of p-CN2 (adapted with permission under license no. 4924060325465, Copyright 2019 Elsevier).79 (d) SEM image of bulk GCN; (e)
SEM image of DCNNS sample; (f) AFM analysis with corresponding height (inset) of DCNNS and; (g) 3D image of DCNNS-450 sample (adapted
with permission under license no. 1031838-1, Copyright 2018 Royal Society of Chemistry).80
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resulting in improved stacking distance between the layers of
GCN with a controlled generation of defects.73 Thus, chemical
treatment of suitable raw material in order to achieve a unique
polycondensation process along with defect creation is a fasci-
nating approach with substantial scope for further exploration.
2.3 Other treatment methods

In addition to thermal treatment and chemical treatment, there
are undoubtedly other approaches which are signicantly
helpful for the controlled generation of vacancy defects in GCN.
For instance, Xu et al. utilised a system involving ultrasonic
disruption process used to exfoliate 2D photocatalytic mate-
rial.80 The typical process involved the exfoliation of previously
synthesised GCN (using melamine precursor) by using an
ultrasound probe for 5 h, which yielded GCN nanosheets. The
as-obtained nanosheets were further treated in a hot air oven,
and the dried sample was calcined in a mixture of a H2 (10%)/N2

environment. The effective treatment process resulted in so
and loose agglomerates in defective sample DCNNS-450
(Fig. 8d) as compared to pristine GCN with relatively stable
agglomerates (Fig. 8e). Furthermore, precise analysis concern-
ing thickness and morphology of the DCNNS-450 sample was
scrutinised through tapping atomic force microscopy (AFM) as
depicted in Fig. 8f and g. The results inferred that the height of
random nanosheets (two) was �1.76 nm (Fig. 8f), conrmed
from a 3D image of DCNNS-450 in Fig. 8g. In another study, an
N-vacancy tailored GCN sample was prepared through a modi-
ed hydrogen reduction method during thermal treatment
which involved vacancy creation in pre-synthesised samples.81

Treatment with H2 led to homogeneous modulation with N-
vacancies due to signicant interaction between H2 and inter-
layers of GCN nanosheets. Typically, the GCN nanosheet sample
was introduced in a porcelain boat and subjected to heat
treatment (540 �C at a ramp of 5 �Cmin�1) in a H2/Ar: 50%/50%
environment. The as-obtained sample was enriched with N-
vacancies, which helped to break the intrinsic electronic state
spreading, resulting in disordered energy interfaces around the
defective sites. Consequently, the maximum energy difference
of 0.36 eV was sufficient enough to produce hot excitons by their
dissociation.

Other than this, microwave-assisted treatment and ball
milling processes have also been considered for manufacturing
defect rich GCN photocatalysts. Utilising the microwave heating
process for fabricating advanced photocatalytic materials
substantially accelerates reaction kinetics by providing direct
energy to the reactants and lowers the energy consumption
rate.82 Treating N-rich precursors with microwave radiation
boosts the collision rate of molecules and enhances the pyrol-
ysis process leading to defect modied GCN in a few minutes.
On the other hand, the complexity of bond activation and
surface defect generation through the ball milling method
restricts its wide-scale applicability which needs further
clarication.83

Summarily, various synthetic techniques have been utilized
for the successful generation of vacancy defects in GCN.
However, the existing methods exhibit particular inherent
This journal is © The Royal Society of Chemistry 2021
bottlenecks in controlled defect designing and mass produc-
tion. Tailoring of vacancy defect modulated GCN with a unique
structural motif is difficult since the study on the impact of
temperature variation and involvement of different chemicals is
limited. Additionally, it is challenging to control simultaneously
the type, quantity and exact location of the defects with present
synthetic routes. What is more, the chances of introducing extra
impurities through chemical treatment are exceptionally high.
As a result, the co-existence of impurity defects and intrinsic
defects substantially impedes the identication and scrutiny of
the impact of defect generation on photocatalytic activity. Thus,
it is highly desirable to tailor efficient GCN photocatalysts with
vacancy defects in order to attain high photoefficacy.
3. Characterisation of vacancy
defects in the g-C3N4 photocatalyst

As reviewed earlier, generation of defects seemed to be an
effective approach to modulate the overall photo-efficacy of
GCN, but characterizing those defects is equally important to
gain insight at atomic levels. However, it is still a tricky task to
study the relationship between the introduction of defects at the
atomic level and the underlying photocatalytic properties.
Moreover, to establish a better understanding of designing the
route to alter the atomic structure, it is necessary to exploit the
number of defects induced in the semiconductor photocatalyst.
To date, researchers have utilised numerous characterisation
techniques to investigate the location of vacancy defects and
their respective concentration in GCN as summarised below.

Various characterisation methods involving structural,
morphological, chemical, optical, electronic properties and
computational studies through rst-principles studies are vastly
used to investigate the introduction of vacancy defects in GCN.
Precisely, to analyse the position and type of defect in the GCN
photocatalyst, selection of suitable characterisation techniques
plays a crucial role.11,54 In order to analyse surface-induced
defects and defects in the bulk, SEM and TEM analyses are
preferred, respectively. For instance, the high energy electron
beam in TEM can analyse the defects generated in the bulk as
well as at the surface of the photocatalyst without differenti-
ating them. Atomic force microscopy (AFM) and SEM can
signicantly examine surface defects in the GCN photocatalyst.
Besides, scanning transmission electron microscopy (STEM) is
an optimal approach for comparative analysis of bulk and
surface-induced defects.84 Moreover, structural changes in GCN
due to the introduction of vacancy defects can be analysed with
the help of X-ray diffraction (XRD) analysis. It is a well-known
fact that by generating vacancy defects in GCN, its chemical
and optical features, as well as electronic properties, get
signicantly modulated, resulting in superior photoactivity. For
effective inspection of chemical changes produced in GCN due
to defect engineering, XPS and Fourier transformation infrared
(FTIR) spectroscopic analysis are very advantageous. Besides,
optical and electronic properties of the vacancy defect induced
GCN sample can be investigated through UV-visible, electro-
chemical impedance, and photoluminescence (PL)
J. Mater. Chem. A, 2021, 9, 111–153 | 123
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spectroscopic techniques, respectively. Other than microscopic
and spectroscopic techniques, computational modelling
methods have also been employed to study the electronic band
structure of vacancy defect induced GCN. The detailed expla-
nation of these characterisation methods illustrating the
formation of vacancy defects in GCN is summarised as follows:

Shi et al. fabricated a defect induced GCN (CN) coupled
KNbO3 (KNO) (KNO/CNx) system and analysed its structural,
chemical as well as morphological changes with the help of
XRD, FTIR, and SEM techniques, respectively as depicted in
Fig. 9a–d.85 The impact of N vacancies on the actual structural
motif of GCN was investigated and explained by variation in
XRD peaks (Fig. 9a). Diffraction peaks of pure GCN were
recorded at 13.1� and 27.4�, ascribed to interlaminar reection
between (100) and (002) aromatic planes of the graphitic
structure. In comparison, in the case of vacancy defect modied
GCN, a slight variation in the (002) plane was observed, and the
intensity of the peak attributed to the (100) plane decreased
signicantly. A disturbance caused this structural variation in
a planar arrangement of GCN due to N vacancies. Similarly,
chemical analysis through FTIR depicted an extra vibration
band in defect induced GCN at 2177 cm�1 due to dominating
asymmetric stretching vibration of underlying –C^N groups,
suggesting the presence of N vacancies (Fig. 9b). From SEM
images, variation in morphology of N vacancy rich GCN was
Fig. 9 Schematic illustrating the: (a) XRD patterns of KNO/CNx photoca
SEM images of; (c) CN and (d) CNx sample (reproduced with permission

124 | J. Mater. Chem. A, 2021, 9, 111–153
observed as shown in Fig. 9c and d. Pure GCN exhibited a dense
structure with irregular arrangement carrying lower surface
area and less active sites for photocatalytic reactions (Fig. 9c).
On the other hand, defective GCN with N-vacancies displayed
a comparatively loose structure with the presence of voids at the
surface, which simultaneously boosted the surface area and
visible light absorption (Fig. 9d). Moreover, other analysis
techniques used to investigate the chemical composition of
a sample, involving XPS and electron spin resonance (ESR)
spectroscopy played a signicant role in the characterisation of
defect rich photocatalysts. For instance, Wang et al. investigated
the presence of C/N vacancies in GCN nanosheets by comparing
the results of elemental analysis (EA) through XPS and ESR
spectroscopy.59 XPS results illustrated that defect modied GCN
samples (CN) with C/N atomic ratio 1.437 (CN4) exhibited an
extra peak in C 1s spectra at 286.1 eV, indicating the presence of
the C/N vacancies on heptazine edges or –the C^N group. On
the other hand, N 1s spectra inferred that the intensity of peak
at 286.1 eV increased with increasing ion irradiation uence
(He+), supporting the presence of N-vacancies. However, EA
analysis indicated that the central vacancy atom in GCN is N,
not carbon and increased intensity of C was due to deviation in
–the C^N group as shown in Fig. 10a–e. To verify this result, the
electron paramagnetic resonance spectroscopy (EPR) experi-
ment was performed, as shown in Fig. 10f. With the help of EPR,
talytic system; (b) FTIR spectrum of KNO/CNx photocatalytic system.
under license no. 4781120550794, Copyright 2020 Wiley).85
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the Lorentzian line was observed at g ¼ 2.0037, which depicted
the presence of unpaired electrons. Moreover, vacancy defects
in GCN can smartly increase the unpaired electrons at the C
atom of heptazine units. Additionally, by combining the results
of EPR and XPS, the presence of dual defects in GCN was
successfully conrmed.

Vacancy defects in GCN are helpful to generate active sites as
well as the enlarged surface area to promote its photocatalytic
performance as inspected by various studies. Moreover, the
enhancement in optical as well as electronic properties of defect
rich GCN is another fascinating feature which boosted the
photoefficacy as analysed by appropriate characterisation
techniques. To support this statement, Li et al. illustrated the
Fig. 10 Schematic representation of the XPS spectra of C 1s and N 1s orbi
N ratio [(b) CN1, (c) CN2, (d) CN3, and (e) CN4, respectively]. (f) EPR spec
with permission under license no. 4781250556536, Copyright 2019Wiley
pristine GCN and Cv-gCN; (h) time-dependent photocurrent analysis;
482075074553, Copyright 2018 Elsevier).86

This journal is © The Royal Society of Chemistry 2021
difference in light absorption by GCN and vacancy defect
modied GCN (Cv-gCN) by UV-vis absorption analysis as
depicted in Fig. 10g.86 Experimental results suggested that the
diffusion reectance spectroscopy (DRS) curves of both pristine
GCN and defect induced GCN are somewhat similar, but
defective GCN showed a small decrease (25 nm) in absorption
(blue shied). As a consequence, the bandgap energy of vacancy
modulated GCN was increased by 0.16 eV possibly due to the
presence of carbon vacancies. Variation in the electronic prop-
erties of the samples was compared with the help of EIS spec-
troscopic analysis, as depicted in Fig. 10h and i. As discussed
before, the introduction of vacancies aids to boost the migra-
tion and isolation of carriers. In order to verify this statement,
tals for (a) pristine GCN (CN0) and the defective samples with distinct C/
tra are representing the CN and defect induced CN samples (adapted
).59 Schematic representation of (g) UV-vis diffuse reflectance spectra of
and (i) EIS Nyquist plots (adapted with permission under license no.
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photocurrent responses of defective GCN with C-vacancies and
bare GCN were analysed, as shown in Fig. 10h. The results
depicted that the recorded photocurrent of bare GCN was
exceptionally low due to rapid reassembly of photocarriers.
However, vacancy rich GCN displayed comparatively high pho-
toresponse values depicting delayed reassembly of radiative
excitons. To further conrm the effective separation of photo-
carriers in the case of defect induced GCN, EIS analysis was
performed, which illustrated a noteworthy difference in the
Nyquist plots, as shown in Fig. 10i. The arc radius of defect
induced GCN obtained in Nyquist plots was much smaller than
that of pristine GCN inferring rapid migration and isolation of
photoinduced carriers aer the creation of C vacancies. Thus,
vacancy generation can be an effective strategy to foster the
space separation of radiative carriers as well as to harvest solar
light.

Other than microscopic/spectroscopic analysis techniques,
a computational investigation approach to study the impact of
vacancy defect generation in GCN can synergistically help to
understand electronic band-structure variation as well as
dissociation of photocarriers in GCN. For instance, Mo et al.
reported rst principles investigation studies to illustrate the
Fig. 11 (a) Schematic illustrating the calculated band structures of one
with DOS studies of GCN and defect induced GCN (reprinted with permis
and side views of modulated GCN illustrating vacancies at (d) VC1, (e) VC

vacancy site showing through the red circle and buckling height h (reprin
2020 Elsevier).88

126 | J. Mater. Chem. A, 2021, 9, 111–153
effect of N vacancies to modulate the electronic band structure
of GCN.87 N-Vacancy defects in the GCN structural framework
were introduced by the treatment of pristine GCN in the sele-
nium vapour environment. DFT calculations inferred that the
formation of defect states (DSs) due to the introduction of N
vacancies expanded the bandgap of defective GCN, which
resulted in improved photocatalytic activity. Atomic structures
of GCN containing one N vacancy and band structures of pris-
tine GCN as well as defective GCN are shown in Fig. 11a and b.
From Fig. 11b, the bandgap of pristine GCN was found to be
2.61 eV which matched the literature value. However, aer
introducing N vacancies in GCN, a C–C bond was formed
around a vacant region which changed the shape of hexagonal
rings into a pentagon (Fig. 11a). The formation of DS in the
band levels of GCN was introduced by the p state of C and N
atoms present around a defective site. As a consequence of DS,
the migration path for photoinduced excitons decreased due to
the lowering of bandgap energy from 2.61 eV to 2.54 eV as
shown in Fig. 11c. Liu et al. investigated the inuence of C
and N vacancies in GCN via rst-principles calculations with
hybrid functional theory.88 Their investigation included the
study of vacancy generation in GCN by removing carbon atoms
N-vacancy induced GCN. (b) and (c) represents band structures along
sion under license no. 4798050795202, Copyright 2019 Elsevier).87 Top

2, (f) VN1, (g) VN2, and (h) VN3 with their respective bond length around
ted with permission under license no. 4818801289489437, Copyright

This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of various characterisation techniques with their advantages and disadvantages used to identify vacancy defects in GCN

Characterisation
technique Advantage Disadvantage

HRTEM/STEM Surface reorganisation due to vacancy defect
generation

The amount and exact position of vacancy
defects cannot be measured

AFM Identication of surface and subsurface vacancy
defects

EA Identication of the elemental composition Position and concentration of vacancy defects
cannot be measured

XPS Used to evaluate defect type, chemical state,
composition, vacancy concentration and band-
structure

Limited testing depth to few nanometres, it can
only reect semi-quantied information of
surface vacancies

ESR Sensitive to identify single electron trapped
vacancy

It can only partially identify the density of
vacancies through peak intensity

DFT Identication of charge distribution around the
vacancy region and to calculate energy bandgap
positioning

The band-gap underestimation of standard
density-functional methods and subsequent
errors in calculating defect-related levels
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from positions C1 or C2 or the removal of nitrogen atoms from
N1, N2, or N3 positions as depicted in Fig. 11d–h. The structural
distortion was clearly observed when a single atom of C (VC1 or
VC2) was removed from GCN, bringing about a signicant
increase (2.41 Å) and a decrease (2.25 Å) in buckling height as
compared with a pristine sample by VC1 and VC2, respectively
(Fig. 11d and e). Moreover, generation of N-vacancies by
removing N1, N2 and N3 atoms in GCN led to even more
prominent structural distortions with soared buckling height to
4.16, 1.62 and 1.82 Å with VN1, VN2 and VN3, respectively as
shown in Fig. 11f–h. Consequently, structural tuning of GCN
with defect engineering substantially amend animated, optical
and electronic features for increaseted photocatalytic perfor-
mance. Table 1 summarises various characterisation tech-
niques with their advantages and disadvantages for identifying
vacancy defects in GCN.
4. Role of vacancy defects in boosting
the photocatalytic activity of g-C3N4

Formation of controlled vacancy defects in GCN and their
appropriate characterisation can lead to improved photo-
catalytic performance by modulating various features involving
electronic, optical and structural properties. Effectiveness of
vacancy defect generation in GCN towards various photo-
catalytic applications is quite evident, and mechanistic insight
to understand their potential is critically important. The
following section will highlight the signicance of vacancy
defect generation in GCN, which can further be utilised to tailor
defect induced GCN photocatalysts with superior photocatalytic
properties.
4.1 Extending visible light absorption

It is a well-known fact that absorption of light strictly relies on
bandgap energy of the photocatalyst material. Precisely,
a semiconductor photocatalyst can only absorb energy equal to
or greater than its bandgap energy. Aer absorption of photons,
the electrons are excited to a higher energy CB and involve in
This journal is © The Royal Society of Chemistry 2021
reduction reactions, leaving behind holes in the VB of the
semiconductor where they participate in oxidation reactions.
Depending upon bandgap energies of photocatalysts, a semi-
conductor material with broad bandgap energy can only absorb
solar light in the UV region (l < 420 nm) which involves only
about 5% of the total solar spectrum.89–91 On the other hand,
semiconductor materials, which have small bandgap energy,
could display light absorption in the visible (420 < l < 780 nm)
or NIR regions (780 < l < 2500 nm) which accounts for about
43% and 52% of the total solar spectrum, respectively. More-
over, a semiconductor photocatalyst with inappropriate poten-
tial edges (positive VB potential and more negative CB edge
potential) hinders overall redox abilities of the system. Vacancy
defect engineered photocatalysts can overcome this barrier by
the superior harnessing of solar light as vacancy generation
induce midgap defective states which modulate the electronic
structure and extend the light absorption region.92 Precisely,
through vacancy generation, defect induced sites with weaker
bonding obstruct splitting of bonding and anti-bonding
orbitals and generate defective midgap states resulting in
reduced excitation distance and in turn increase the light
absorption region.

In order to understand the synergy of narrowed bandgap and
extended light absorption, Yang et al. utilised the hard template
method with the high pressure and high temperature (HPHT)
technique to synthesise N-vacancy induced GCN.93 The result-
ing vacancy defect rich GCN sample displayed reduced inter-
layered distance, up-shied VB and down-shied CB edge
potential. As a result, N-vacancy mediated GCN exhibited
extended visible light absorption (Fig. 12a) due to a signicantly
narrowed bandgap of 1.88 eV (Fig. 12b). Fig. 12a depicts the
redshi in absorption from bulk GCN to defect induced GCN,
which was red (inset image) and showed a maximum absorp-
tion of 660 nm. Furthermore, the graphs from (ahn)1/2 vs.
photon energy showed a substantial decrease in bandgap
energy, and the vacancy modied GCN sample (PNCN-2)
exhibited a bandgap energy of 1.88 eV. At the same time,
Zhao et al. explained the synergy of introducing N-vacancy
defects and boron doping simultaneously in GCN engineered
J. Mater. Chem. A, 2021, 9, 111–153 | 127
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Fig. 12 Schematic illustration of (a) UV-vis DRS spectra and (b) plots representing (ahn)1/2 vs. photon energy (adapted with permission under
license no. 4792401424595, Copyright 2020 Elsevier).93 (c) Diagrammatic representation of the synthesis mechanism of defective BHx sample
and (d) possible changes in the structural framework of GCN by thermal treatment. Schematic representation of (e) UV-vis DRS plots of various
defect induced BHx samples prepared under different temperatures and (f) plots depicting the transformed Kubelka–Munk function vs. energy
(adapted with permission under license no. 4792910600654, Copyright 2019 Wiley).94
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via calcination of GCN with NaBH4 under an inert atmosphere
of N2 at different temperature ranges as shown in Fig. 12c.94 It
was observed that through synergism of boron doping and N-
vacancy in GCN (BHx), the electronic structure and optical
absorption was remarkably optimised resulting in improved
photocatalytic efficacy. N-Vacancies were introduced by thermal
treatment of GCN with NaBH4 and the possible changes in
heptazine tectonic units of GCN are displayed in Fig. 12d. The
enhancement in optical absorption by different samples was
observed through UV-vis diffuse reectance spectroscopic
analysis which depicted the increased redshi as the tempera-
ture increased to 500 �C (Fig. 12e). Moreover, the enhancement
in absorption suggested a noteworthy contribution of boron
doping as well as N-vacancies to tune the bandgap energy from
2.66 eV (pristine GCN) to 1.40 eV (defect induced GCN) by
introducing defective midgap states (Fig. 12f).

In a similar study extended visible light absorption was
achieved by simultaneous incorporation of N-vacancies and
subsequent iodine doping into the mesoporous structure of
GCN.95 The process involved thermolysis of glucose and NH4I,
which provided superior exfoliation of iodine doped GCN, N-
vacancy induced GCN by releasing N-rich dynamic gases and
improved light harnessing due to introduction of DS just below
the CB edge. The presence of the midgap state acted as
a reservoir which facilitated the trapping of radiative e� in
defective GCN. Enhancement in light absorption abilities of
vacancy defect modied GCN was scrutinised by UV-vis DRS
spectroscopy which conrmed a superior harnessing range by
showing a broadband tail (Urbach tails) red-shied towards the
visible range due to the presence of N-vacancies. Of note, the
appearance of the Urbach tail is due to the presence of defective
electronic states lying inside the bandgap (intraband or midgap
states) as a result of defect engineering.96 The presence of
midgap states was evaluated by combining results from UV-vis
DRS analysis and VB XPS spectra which showed the position
of the midgap state for bare GCN at �44 V and N-vacancy
modied GCN at �21 V (vs. NHE), respectively. As a result, the
existence of intraband or midgap states facilitated electron
excitation from the VB to the midgap state of N-vacancy modi-
ed GCN and broadened absorption in the visible region. Thus,
through appropriate modulation of the bandgap energy by the
introduction of vacancies, light absorption ability of GCN can
be considerably enhanced, leading to optimal photocatalytic
efficacy.
4.2 Rapid transfer and isolation of photogenerated electron–
hole pairs

Generally, efficient migration and separation of photoinduced
excitons play a crucial role in maintaining the redox abilities as
well as photocatalytic efficacy of the semiconductor materials.
Dissociation of radiative carriers usually proceeds through
random pathways in a semiconductor photocatalyst during the
photocatalytic process under visible light illumination.
However, the whole photocatalytic process is greatly hindered
by reassembly of photo-illuminated excitons as only a few
photocarriers reach the surface of a photocatalyst to participate
This journal is © The Royal Society of Chemistry 2021
in redox reactions.97,98 In order to avoid reassembly and to boost
the photocatalytic efficacy of GCN, the introduction of
controlled defects is one of the most appropriate strategies as
defects can also act as a recombination centre for photoinduced
excitons. Noteworthily, the introduction of defective electronic
states in between the bandgap of a semiconductor not only
fosters the light-harvesting abilities but also provides signi-
cant routes for energetic relaxation of photocarriers within the
energy bandgap and stimulates carrier dynamics. Defective
electronic states instigated from surface defects in a semi-
conductor photocatalyst are known as “trap-states” or “surface-
states”. However, migration and isolation modes of bulk as well
as surface defects, are different.99 Xue et al. reported a facile
technique to foster the dissociation of photocarriers by gener-
ating N-defects in GCN by the introduction of cyano groups
through alkali-assisted thermal treatment of urea (represented
as NC-g-C3N4).100 A study suggested that the introduction of
cyano groups substantially suppresses the reassembly of pho-
tocarriers by acting as a sink to photo-illuminated e� of defec-
tive GCN. The charge carrier dynamics and suppressed
reassembly were analysed with PL studies as shown in Fig. 13a
and b. Fig. 13a depicted continuous PL spectra which indicated
deprived reassembly of photocarriers in defect induced GCN by
showing a less intense curve than pristine GCN. On the other
hand, time-resolved PL spectra (Fig. 13b) suggested that the
intensity lifetime (s) of defect modied GCN was 14.15 ms which
is knowingly higher than that of pure GCN (12.23 ms). An
increased lifetime of excitons suggested superior isolation and
hence improved photocatalytic efficacy. Furthermore, photo-
current responses and EIS analysis were used to investigate the
charge separation efficiency of photocatalysts. Photocurrent
responses of both NC-g-C3N4 and pristine GCN were observed to
be optimistic aer specic on–off cycles. However, NC-g-C3N4

showed signicantly enhanced photocurrent intensity suggest-
ing a superior separation of photoinduced excitons (Fig. 13c).
Results from EIS spectroscopic analysis also conrmed effective
charge carrier isolation in NC-g-C3N4 by showing a compara-
tively smaller arc size of NC-g-C3N4 in the dark (Fig. 13d) as well
as under the exposure of light (Fig. 13e). Liao et al. introduced
N-vacancy defects in the GCN framework by thermally treating
GCN in a hydrogen environment and utilised its potential for
effective photo-oxidation of NO.101 Hydrogen treatment partially
removed surcial nitrogen from the GCN network and reduced
bandgap energy resulting in increased optical properties as well
as improved charge carrier kinetics. The concentration of pho-
tocarriers participating in catalytic photoreactions determines
the overall photoactivity of a system, which strictly relies on
optimal charge carrier separation. Further investigation on
dissociation kinetics of photocarriers induced by GCN enriched
with N-defects (CN-H-T) was explored by PL, surface photo-
voltage and time-resolved uorescence analysis. From PL, the
quenched PL spectrum of defective GCN was observed indi-
cating suppressed reassembly of photocarriers (Fig. 13f).
Furthermore, the defect modulated GCN sample (CN-H-600)
displayed a signicantly intense SPV response, as depicted in
Fig. 13g. Similarly, time-resolved uorescence spectra (nano-
second) of CN-H-600 represented longer lifetime (6.18 ns) of
J. Mater. Chem. A, 2021, 9, 111–153 | 129
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Fig. 13 Schematic representation of (a) steady photoluminescence (PL); (b) time-resolved PL decay analysis; (c) photocurrent responses, (d and
e) EIS curves of GCN and defect induced GCN (NC-g-C3N4-0.01) (reproduced with permission under license no. 4798050559416, Copyright
2019 Elsevier).100 Schematic representation of (f) PL spectra of different defect induced GCN samples (CN-H-600) in a particular order – CN-H-
600, CN-H-550, CN-H-500, CN from top to bottom; (g) surface photovoltage spectra; and (h) time-resolved fluorescence spectra (at nano-
second-level) observed at room temperature (reproduced with permission under license no. 4821200816869, Copyright 2020 Elsevier).101
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photoinduced carriers than that of pristine GCN (1.89 ns)
(Fig. 13h). The separation and suppressed recombination of
excitons were further explained by the fact that during the
photo-excitation process electrons get migrated to defective N-
sites resulting in the formation of localised electron conduc-
tion. The process mentioned above substantially deprived
reassembly of photocarriers by modulating in-plane electron
migration in GCN. As a result, isolated carriers can contribute
effectively in photoinduced redox reactions before reassembly
and boost the photoactivity of GCN.

Although defect engineered single component systems have
shown signicant improvement in charge migration, and lower
recombination, space charge isolation of carriers by forming
semiconductor hybrids is another fascinating approach with
optimal outcomes. By constructing hybrid junctions, spatial
130 | J. Mater. Chem. A, 2021, 9, 111–153
separation of photocarriers at different photocatalysts is ach-
ieved through interfacial transference.102,103 In such systems,
defect engineering can be executed either on the interfaces of
photocatalysts or on the adjoined supporting material, which
can remarkably modulate charge separation kinetics. For
instance, Tay et al. coupled N-vacancy enriched GCN with two-
phase TiO2 (anatase/brookite) nanoparticles (NPs) along with
three-phase TiO2 (anatase/brookite/rutile) to form different
heterojunction systems and compared their photocatalytic
performances for photocatalytic H2 production.104 Photo-
catalytic studies revealed that two-phase TiO2 exhibited better
photocatalytic H2 production than the three-phase system due
to superior radiative exciton dissociation as well as an appro-
priate CB edge. Furthermore, in order to utilise the effectiveness
of charge separation, band edge potentials of semiconductor
This journal is © The Royal Society of Chemistry 2021
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photocatalysts must be more cathodic than H2 reduction
potential. Effectiveness of coupling defective GCN with two-
phase TiO2 for suppressed recombination was explained
based on band offset of adjoined photocatalysts. The smaller CB
offset between coupled semiconductor system leads to rapid
Fig. 14 (a) Schematic illustrating the PL spectra of g-C3N4 forming an
anatase/brookite TiO2 (reprinted with permission under license no. 48002
N2 adsorption–desorption isotherm; and (c) BET histogram of differen
(reprinted with permission under license no. 4801480649105, Copyrig
desorption isotherms along with corresponding pore volume in the inset
view of modulated geometry of N2 adsorption models on bulk SCN (le
license no. 4802920063823).113

This journal is © The Royal Society of Chemistry 2021
interfacial migration of electrons due to signicantly increased
wave function overlap. Defect generation lowered the bandgap
energy of GCN, and as a result, the CB offset of defective GCN
with brookite TiO2 was observed to be 0.07 eV. Thus, with
a more favourable CB offset alignment of defect modied GCN
d 80 wt% of g-C3N4 forming with anatase, brookite, and two-phase
00745195, Copyright 2016 Elsevier).104 Schematic representation of (b)
t samples, namely: a-bg-CN, b-NVCN-1, c-NVCN-2 and d-NVCN-3
ht 2019 Elsevier).112 Diagrammatic illustration of (d) N2 adsorption–
; (e) N2-TPD spectra of bulk SCN and SCNNSs-550; and (f) side and top
ft side) and SCNNSs-550 (right side) (reprinted with permission under

J. Mater. Chem. A, 2021, 9, 111–153 | 131
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with brookite TiO2, the rate of electron transfer was consider-
ably enhanced as depicted by PL analysis (Fig. 14a). In another
example, plasmonic Au NPs were coupled with defect induced
crumpled GCN nanolayers synthesised via an alkali-supported
post-calcination pathway to promote the dissociation kinetics
of carriers and modify the photoactivity.105 It was observed that
GCN with N-vacancies showed relatively more substantial
contacts with Au NPs and, as a result, Au NPs co-existing as Au
and Au(d�) chemical states fostered plasmonic properties of the
system. This synergistic coupling led to optimal light harvesting
along with improved charge separation kinetics, collectively
resulting in boosted photoefficacy. Precisely, a unique combi-
nation of defective GCN with co-existed Au and Au(d�) chemical
states fostered light absorption through surfaced plasmonic
resonance and injected photo-illuminated electrons to GCN. As
a whole, vacancy defect engineering in metal-free GCN seems to
provide superior dissociation of excitons to amend overall
photoactivity.
4.3 Increasing surface photoreaction kinetics

As reviewed earlier, vacancy defect creation in GCN serves as
a key strategy to amend not only light absorption ability but also
foster the charge carrier kinetics. However, photoactivity of
a semiconductor material is greatly inuenced by the unavail-
ability of appropriate active sites and poor adsorption abili-
ties.106–108 Due to low surface reaction kinetics, the unused
photocarriers can either get recombined or get involved in
unwanted photoreactions. Vacancy engineering in GCN can
considerably improve the photocatalytic surface reactions by
modulating surface properties of semiconductor material.
Surface vacancy defects in a semiconductor photocatalyst
synergistically enhance the adsorption as well as activation of
reactant species. For instance, generation of defects on the
surface of a photocatalyst induces the adsorption through
electrostatic force of interaction between oppositely charged
defective surface and reactant molecules.109 Also, by the intro-
duction of point defects, activation of adsorbed species (by
surface-induced photocarriers) as well as surface photoreac-
tions (by vacancies and dopants) can be simultaneously
increased.110 Along with that, defect modied surfaces can
enhance the selectivity of products by providing distinct reac-
tion pathways due to the signicant difference in adsorption
and dissociation routes.111 Liang et al. modulated GCN by
creating distinct nitrogen-vacancy density and provide physi-
cochemical insights for the effect of N-vacancies on H2 gener-
ation and pollutant degradation.112 Generation of vacancy
defects in GCN effectively manoeuvres the surface of GCN by
providing porous surfaces and altered specic surface areas
with exposed active sites. Defect engineering not only modu-
lated surface sites but also improved the charge diffusion on the
surface to boost the photocatalytic performance. To evaluate the
porous structure of GCN, the N2 adsorption–desorption
isotherm was utilised, which demonstrated a type-IV adsorption
isotherm (Fig. 14b). Moreover, N-vacancy induced GCN calcined
at an optimal temperature of 650 �C (represented as NVCN-3)
displayed the highest surface area of 49.7 m2 g�1 (Fig. 14c)
132 | J. Mater. Chem. A, 2021, 9, 111–153
with increased pore volume and mean diameter, thus offering
superior reactive sites for photocatalytic surface reactions.

To enhance the absorption and to improve the photo-
assisted N2 xation performance of GCN, Cao et al. designed
ultrathin porous GCN nanosheets doped with sulphur (repre-
sented as SCNNSs) having a large specic surface area induced
by C-vacancies.113 The as-obtained porous sheets of GCN
modulated by sulphur doping and C-vacancies showed excep-
tional photoefficacy due to ubiquitously present active surface
reaction sites as well as superior charge isolation ability.
Fig. 14d depicts an increased surface area of the SCNN sample
(75.24 m2 g�1) with 0.205 cm3 g�1 pore volume, which is
signicantly more than that of bulk GCN. As a result, exposed
surface sites induced due to C-vacancy and S-doping fostered
adsorption of N2 onto the surface of SCNNSs and accelerated N2

xation kinetics. In order to investigate the effect of C-vacancies
on photo-assisted N2 xation, N2 temperature-programmed
desorption (TDP) analysis was carried out as depicted in
Fig. 14e. For bulk GCN and SCNNSs, one peak was observed at
175 �C and other at �270 �C representing physical and chemi-
sorption of N2 samples, respectively. Moreover, SCNNS samples
showed relatively stronger physical adsorption attributed to the
increased exposed surface area and superior chemisorption due
to the presence of C-vacancies. Further investigation proved
that adsorption of N2 was facilitated over defective sites having
C-vacancies with an adsorption energy of �0.665 eV, which was
1.99 times higher than that of bulk GCN (Fig. 14f). Thus,
chemisorption was supported over the C-vacancy region in
SCNNSs as compared to bulk GCN. In a similar study, C-vacancy
modied GCN exhibited a superior rate of H2O2 production
under the exposure of visible light.69 The introduction of C-
vacancies in GCN modied the route of H2O2 generation from
two-step indirect reduction (single electron) to one-step direct
reduction (two-electron). The extent of O2 adsorption on the
photocatalyst surface is proportional to the exposed surface
area, and defective GCN showed a relatively higher surface area
(9.4 m2 g�1) than bare GCN (8.8 m2 g�1) as shown in Fig. 15a.
TPD investigations revealed that defect modied GCN exhibited
more muscular chemisorption strength of O2 since it acted as
a Lewis acid containing a single electron and the nitrogen
atoms of amino groups at defect sites behaved as a Lewis base
(Fig. 15b). Of note, chemical adsorption regions are generally
referred to as reaction centres used to activate adsorbates. As
a result, molecular oxygen can be easily reduced on defect
induced GCN as supported by linear sweep voltammetry (LSV)
analysis. Fig. 15c showed that the LSV curve for the oxygen
reduction reaction of defect induced GCN was higher than that
of GCN, suggesting superior activation of molecular oxygen by
carbon vacancies (Fig. 15d).

In order to improve surface adsorption and to activate the
adsorbates, hybridising defect rich photocatalysts with co-
catalysts or conducting materials is another effective
strategy.104–106 Precisely, incorporation of conducting material
with a semiconductor photocatalyst acts as trapping site for
photoexcited excitons to boost their isolation and serves as
redox reaction sites.105,114,115 Exploration of metal-free conduct-
ing material with superior features to enhance optical as well as
This journal is © The Royal Society of Chemistry 2021
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Fig. 15 Schematic illustration of (a) N2 adsorption–desorption isotherms of GCN and vacancy induced GCN (Cv-g-C3N4); (b) TPD spectra of
GCN and Cv-g-C3N4; (c) linear sweep voltammetry (LSV) curves of GCN and Cv-g-C3N4; and (d) representation of facile molecular reduction on
Cv-g-C3N4 by C-vacancy (adapted with permission under license no. 4802920609594, Copyright 2016 Elsevier).69 (e) Primary mechanism
showing the steps of photocatalytic water splitting under solar light illumination.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 111–153 | 133

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
9 

lis
to

pa
du

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
5.

08
.2

02
4 

16
:0

3:
13

. 
View Article Online

https://doi.org/10.1039/d0ta08384d


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
9 

lis
to

pa
du

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
5.

08
.2

02
4 

16
:0

3:
13

. 
View Article Online
electronic properties of defect rich semiconductor photo-
catalysts is a fascinating approach. Inspired by this, Liu et al.
designed N-doped carbon quantum dot (NCD) modulated
defect induced GCN (DCN) via the impregnation method and
utilised it for dual applications.116 The resulting hybrid 1%
NCD/DCN was reported to possess a porous ultrathin structure
containing a superior specic surface area with sufficient
exposed active sites for photocatalytic reactions. Moreover, the
synergic coupling of N-vacancy modied GCN with NVDs not
only increased the visible light absorption due to the up-
conversion phenomenon but also fostered the separation of
photoinduced excitons. As a result, the hybrid system contain-
ing DCN and a metal-free co-catalyst exhibited improved pho-
tocatalytic performance.

Summarily, defect engineering signicantly modulated each
photocatalytic step to amend the overall photocatalytic efficacy
of GCN. The three main consecutive photocatalytic steps,
namely optical absorption, charge separation and surface
photoreactions are complimentary and can be facilely modied
through the generation of vacancy defects. Notably, the overall
photoactivity of any semiconductor photocatalyst strictly relies
on these steps and through an appropriate approach, all the
three steps can be consistently promoted to achieve superior
performance.
5. Photocatalytic applications

Previously discussed analyses suggested that defect engineered
GCN exhibited tuned optoelectronic properties, improved
charge-carrier kinetics, and amended surface photoreactions to
accelerate various photocatalytic applications substantially. The
following section will systematically summarise the role of
defect engineered GCN photocatalysts in different photo-
catalytic applications involving solar to fuel energy conversions
and removal of pollutants.
5.1 Water splitting

Photocatalytic water splitting under the exposure of solar light
has been dramatically exploited as an efficient approach for H2

generation aer the breakthrough discovery by Honda and
Fujishima in 1967.15,117–120 Generally, the photocatalytic water
splitting phenomenon as illustrated in Fig. 15e, can be sum-
marised by the following three steps: (I) absorption of a photon
by a semiconductor photocatalyst which causes excitation of
electrons from the lower energy VB to the CB, leaving holes
behind; (II) interfacial migration and isolation of photocarriers
to the surface of the photocatalyst; (III) participation of photo-
carriers in a redox reaction to dissociate water into H2 and O2.
Therefore, it is essential that the band edge positioning of the
photocatalysts must be suitable to trigger the water splitting
reaction. Precisely, the CB of a photocatalyst should lie at more
negative potential than the redox potential of H+/H2 (0 V vs.
NHE) and the VB edge potential should bemore favourable than
the redox potential of O2/H2O (1.23 V vs. NHE).121 The process of
water splitting by the involvement of photocarriers can be pre-
sented via the following redox reactions:
134 | J. Mater. Chem. A, 2021, 9, 111–153
2H2O(l)/ O2(g) + 2H2(g), E
0 ¼ 1.23 V, DG0 ¼ +237 kJ mol�1(1)

The oxidation and reduction half-cell reactions occurring at
the anode and cathode, respectively at low pH can be repre-
sented as:

2H2O(l) + 4h+ / O2(g) + 4H+(aq), E0
ox ¼ 1.23 eV (2)

2H+ + 2e� / H2, E
0
Red ¼ 0 eV (3)

Thus, extra photon energy should be supplied by the photo-
catalyst in order to overcome the energy barrier of 1.23 eV for the
facile functioning of the photocatalysis process. However, inap-
propriate band edge potentials and recombination of photoex-
cited carriers drastically hinder the overall photocatalytic
efficiency. As reviewed in the previous section, defect engineering
signicantly stimulates the three necessary sequential steps of
photocatalysis and improves the photocatalytic performance of
semiconductor material. In that regard, Liu et al. smartly recon-
structedGCN by utilizingmolten salt post-treatment and fostered
polycondensation and deamination which resulted in the N-
defective structure (g-C3Nx) enriched with superior optoelec-
tronic features, higher conductivity and improved charge sepa-
ration ability.60 The synergism between optimal polymerisation,
narrowed bandgap energy, and effective isolation of photo-
carriers fostered the H2 production extent up to 403 mmol h�1, 2.2
times higher than pristine GCN (Fig. 16a and b). The presence of
N-vacancies in the g-C3Nx sample was evaluated with the tuned
bandgap alignment (lowering of CBM positioning) evaluated
through XPS analysis which was attributed to the redistribution
of electrons to the carbon atoms situated at vacancy sites. In
a similar study, Shan et al. fabricated N-vacancy rich tubular GCN
with increased p-conjugation via thermal-polymerisation of pyr-
idinium modulated H-bonding melamine–cyanuric acid supra-
molecular (PHMCS) precursor formed by hydrothermal
treatment of melamine mixed with ionic liquid (pyridinium
alkaline) (represented as AIL-2.0-CN).122 The presence of the
pyridinium alkaline ionic liquid helped in the conversion of
melamine to cyanuric acid for the formation of PHMCS, gener-
ation of N-vacancies and tuning the electronic band structure of
the as-synthesised GCN sample. Synergistic alteration in bulk
GCN resulted in the increased photocatalytic H2 evolution rate of
1284 mmol g�1 h�1 (having 4.2% of quantum efficiency at l > 420
m) whichwas about 13.6 times higher than bulk GCN (B-CN). The
enhanced H2 evolution rate was due to the presence of electron-
rich N-groups, which acted as the electron donor, while conju-
gated aromatic rings acted as the electron acceptor. As a result of
acceptor–donor interactions, the charge carrier transference and
excitation process were signicantly stimulated. On the other
hand, the presence of N-vacancies modulated the electronic band
structure along with suppressed recombination of excitons. The
comparative rate of H2 generation and the process of H2 evolu-
tion over modulated tubular GCN are shown in Fig. 16c and d.
Thus, a fascinating approach of tuning the conjugation and
polymerisation with defect engineering can substantially accel-
erate the photocatalytic performance of GCN.
This journal is © The Royal Society of Chemistry 2021
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Fig. 16 (a) Schematic illustrating the optical absorption and charge separation mechanism by bare GCN and defect induced GCN (g-C3Nx) and
(b) time courses of photocatalytic H2 production rate over bulk GCN and g-C3Nx (reproduced with permission under license no.
4804321472963, Copyright 2018 Elsevier).60 (c) Schematic representation of the rate of photocatalytic H2 production over different samples
involving B-CN, H-CN, AIL-2.0-CN, and SHPY-CN and (d) mechanistic insight into the process of photocatalytic H2 production over tubular GCN
sample with N-vacancies and extended p conjugation (reproduced with permission under license no. 4804820092564, Copyright 2019
Wiley).122 (e) SPV spectra of different defect induced samples obtained by thermal treatment at various temperatures (D64 – 640 �C, D60 –
600 �C, D55 – 550 �C and D52 – 520 �C) on ITO substrate vs. UV-vis spectrum of D52 sample. The grey bar depicts the optical bandgap of the
material. (f) Schematics of energy level diagram of GCN with defective states (defect 1 at +97 V and defect 2 at �0.38 V) and ITO (+0.76 V)
(reproduced with permission under license no. 1027568-1, Copyright 2014 Royal Society of Chemistry).123 (g) Schematics of possible band
structures of g-C3N4 and 3DM C/g-C3N4 and the probable photocatalytic process of H2 production and CO2 reduction (reproduced with
permission under license no. 4852401137294, Copyright 2020 Elsevier).125
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As discussed earlier, the generation of defects sometimes act
as a recombination site for the photoinduced excitons and
inhibits the overall photocatalytic performance. By identifying
the energy levels and chemical behaviour of defects, their
generation can be signicantly controlled, and the aforemen-
tioned problem can be addressed. For example, Wu et al.
This journal is © The Royal Society of Chemistry 2021
utilised surface photovoltage (SPV) spectroscopy along with
specic other techniques to investigate the effects of thermal
treatment on defect generation in GCN.123 The report revealed
signicantly deprived photoactivity of GCN for H2 evolution
with increasing temperature from 520–640 �C. For SPV detec-
tion, GCN suspension was coated over Indium Tin Oxide (ITO)
J. Mater. Chem. A, 2021, 9, 111–153 | 135
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covered glass at room temperature. H2 evolution experiments
were performed using 20 vol% methanol solution (sacricial
agent) with a Pt co-catalyst subjected to light exposure. SPV
analysis inferred the monoatomic loss of photovoltage with
increasing temperature due to the loss of photocarriers which
lowered the quasi-Fermi energy level of the irradiated sample as
shown in Fig. 16e and f. A sub-gap photovoltage property was
achieved due to the introduction of defective states at +0.97 V
and �0.38 V. The synergy of built-in electronic states fostered
migration of photocarriers and accelerated the photocatalytic
H2 production. Other than thermal treatment, the self-assembly
method was also utilised to form GCN having distinct
morphologies with N-defects which not only exhibited enlarged
p–p conjugation but also possessed thinner lamellar structures
and increased the rate of H2 evolution by 8910.7 mmol g�1,
about 9.9 times higher than pristine GCN.124 In a fascinating
study, Wang et al. constructed C-vacancy modied 3D macro-
porous GCN (3DM C/g-C3N4) using a polymethylmethacrylate
template to expand surface reaction sites and extend visible
light absorption.125 The resulting sample exhibited exceptional
photocatalytic performance for H2 generation and CO2 reduc-
tion, as depicted in Fig. 16g. Thin walls of 3DM C/gC3N4 enticed
migration of excitons ensuing reduced reassembly. Besides, the
increased surface area of 71.3 m2 g�1 due to the construction of
macropores additionally helped to stimulate the rate of H2

production to 1.0 mmol m�2 h�1 inferring the signicance of
active surface sites. The macroporous structure also acted as
different surface sites by accommodating reaction molecules at
the inner surface region, while C-vacant sites served as traps to
capture photo-illuminated electrons and synergistically
enhance the photoefficacy of 3DM C/g-C3N4. Combining C-
vacancies with the holey structure formation with in-plane
holes in GCN is another unique approach to increase the rate
of photocatalytic H2 production.57 The resulting sample of holey
GCN with C-vacancies (HGCN) showed a higher specic surface
area with exposed active edges, reaction sites and fast cross-
plane diffusion kinetics of photocarriers which remarkably
enhance the photocatalytic efficacy. Also, collective results from
DRS and Mott–Schottky analysis conrmed the extended visible
light response with low at potential and high donor density
providing thermodynamically favourable photoreaction
kinetics. In contrast with bulk GCN (BGCN), the HGCN photo-
catalyst exhibited a superior H2 production rate of 82.9 mmol
h�1 which was about 20 times higher than BGCN. In a similar
study, surface C-vacancies and subsequent P-dopants were
introduced in GCN via thermal polymerization of sodium
pyrophosphate assisted hydrothermal treatment of mela-
mine.126 The resulting rod-like morphology with C-vacancies
boosted the photocatalytic H2 production rate due to extended
visible light absorption caused by multiple reections and
superior charge separation induced by C-vacancies and P-
doping. The presence of P-atom and C-vacancies in the struc-
tural motifs of GCN was conrmed by lowering of C 1s binding
energy from 288.2 eV to 288 eV owing to increased electron
density by the incorporation of P-atoms and C-vacancies which
was inconsistent with the results obtained from simulation
studies. As a whole, despite signicant advances and
136 | J. Mater. Chem. A, 2021, 9, 111–153
achievements in this visibly driven photocatalytic eld, the pilot
scale applications still need appropriate designing and char-
acterisation strategies to overcome the present challenges in
this area. For instance, there are very few reports on C-vacancy
induced GCN for photocatalytic H2 generation. Moreover, the
criteria of C/N-vacancy generation in GCN and its inuence on
rate of photocatalytic H2 generation are still not clear. Thus,
substantial research input which clarify the inuential aspects
of C-/N-vacancy generation in GCN is highly anticipated.

5.2 CO2 conversion

Elevating global concerns about climate change due to
increasing CO2 levels demand an efficient approach for solar
conversion of CO2 into value-added products and fuels.127–131

GCN with suitable reduction potential value along with the
appropriate introduction of defects can substantially improve
the photo-assisted selective conversion of CO2. As depicted in
Fig. 17a, visibly driven photocatalytic conversion of CO2 mainly
involves the following steps: (1) adsorption of CO2 molecules
and reductants on the surface of the photocatalyst; (2) genera-
tion of photocarriers aer the absorption of visible light; (3)
migration of photo-illuminated excitons on the surface of
semiconductor material; (4) surface photocatalytic reactions
between adsorbents and the photocarriers; (5) desorption of
photo-reaction products followed by re-adsorption of reac-
tants.132 However, for the spontaneous conversion of CO2 (DG ¼
negative), the supplied potential should be more negative than
the standard reduction potential required. The formal redox
potential values (vs. NHE at pH ¼ 7) which facilitate photo-
catalytic CO2 reduction reactions are given in eqn (4)–(10).

CO2 + 2H+ + 2e� / HCOOH, E0 ¼ �0.61 V (4)

CO2 + 2H+ + 2e� / CO + H2O, E0 ¼ �0.53 V (5)

CO2 + 4H+ + 4e� / HCHO + H2O, E0 ¼ �0.48 V (6)

CO2 + 6H+ + 6e� / CH3OH + H2O, E0 ¼ �0.38 V (7)

CO2 + 8H+ + 8e� / CH4 + 2H2O, E0 ¼ �0.24 V (8)

2H+ + 2e� / H2, E
0 ¼ �0.41 V (9)

2H2O + 4H+ / O2 + 4H+, E0 ¼ +0.82 V (10)

Thus, a semiconductor photocatalyst must ensure the apt
redox potential values for the accelerated photocatalytic CO2

conversion phenomenon. For accomplishing this task, Tang
et al. induced N-vacancies by disrupting the p–p interactions
between adjacent GCN layers via the NH4Cl gas template
treatment and resulted in a few atomic layers of GCN nano-
sheets (ca. 1.6 nm) displaying superior photocatalytic perfor-
mance.133 The defective GCN induced with N-vacancies at
different temperatures exhibited tuned electronic features with
varying bandgap energies as depicted in Fig. 17b. Moreover, by
introducing N-vacancy in GCN, the reduction ability was
improved due to the upshiing of CB edge potential. Also, the
This journal is © The Royal Society of Chemistry 2021
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Fig. 17 (a) Mechanistic insight into the steps of photocatalytic CO2 reduction with CO, CH3OH, and CH4 as possible CO2 photoreduction
products (adapted with permission under license no. 4806980481211, Copyright 2018 Elsevier).132 (b) Schematic illustrating the electronic band
configuration for distinct defect induced GCN samples (CNx-T) prepared by varying temperature conditions (CN-U represents defect-free GCN),
with lighter color shades depicting the midgap defective states. (c) Schematic representation of nitrogen defective GCN atomic layers for
photocatalytic CO2 reduction into CH4 (adapted with permission under license no. 1028195-1, Copyright 2013 Royal Society of Chemistry).133 (d)
CO2 adsorption configurations on pristine GCN (left) and KBH-C3N4 (right) after optimization. Charge distribution difference of CO2 adsorption
(optimized) on KBH-C3N4 slab with pink color depicting the gathering of electrons and green the depletion (adapted with permission under
license no. 4806991318028, Copyright 2019 Elsevier).134 (e) Schematic of dynamic process representing the generation of photocarriers and
photocatalytic CO production by defect induced GCN (g-C3Nx) under solar light illumination (adapted with permission under license no.
4807001209003, Copyright 2019 Wiley).135 (f) Mechanistic illustration of charge transfer and photocatalytic CO2 reduction process by defect
induced DCN-P sample (adapted with permission under license no. 4807000887848, Copyright 2020 Elsevier).136
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presence of defective midgap states just below the CB edge
(formed by unpaired electrons at C-atoms) not only reduces
electron excitation distance with suppressed reassembly of
photocarriers but also resulted in GCN with extended optical
absorption to the NIR region. Photocatalytic conversion of CO2

into CH4 by defective GCN with optimal N-vacancies (CNx-550)
was found to be 2.93 mmol g�1 with an apparent quantum yield
of 0.089% which was 3.16 times more than bare GCN. The
This journal is © The Royal Society of Chemistry 2021
possible mechanism of CO2 photoreduction into CH4 by defect
induced GCN is depicted in Fig. 17c. Generally, the photo-
catalytic CO2 reduction was greatly inuenced by low surface
adsorption of CO2 as well as deprived availability of photo-
carriers to accelerate photoreactions. Precisely, the untuned
electronic band structure and unavailability of electron dona-
tion sites play a crucial role in affecting the CO2 photoreduction
ability. Wang et al. designed B and K co-doped GCN with the
J. Mater. Chem. A, 2021, 9, 111–153 | 137
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generation of controlled N-vacancies (KBH-C3N4) which showed
electron-rich surface sites along with the tuned electronic
structure to simultaneously boost the adsorption and activation
of CO2.134 As a result, the KBH-C3N4 exhibited a 5 h photo-
catalytic CH4 and CO production rate of 5.93 mmol g�1 and 3.16
mmol g�1, respectively utilizing CO2 and H2O as feedstocks by
avoiding the use of any hole scavenger. The CO2 adsorption
process was measured by slab models of both GCN and KBH-
C3N4, as shown in Fig. 17d. The observations indicated deprived
adsorption energy of CO2 at a favourable position of GCN
(�0.093 eV) which is four times less than that of KBH-C3N4

(�0.361 eV). Moreover, defective sample, i.e. KBH-C3N4,
exhibited superior migration of electrons at the surface
(observed by Bader charge analyses) which substantially
nurtured the activation followed by the reduction of CO2.

As discussed earlier, the synergic virtue of defect engineering
in achieving effective visible light absorption, charge isolation
and superior surface sites instigated the exploration of fasci-
nating routes for the designing of high-performance semi-
conductor photocatalysts. For example, the generation of N-
vacancies at two different positions in GCN typically at uncon-
densed terminal NHx sites and tricoordinated N-atoms, signif-
icantly improved the lifespan of photo-illuminated carriers.135

Moreover, the deprived stacking distance between the layers of
GCN nanosheets facilitated the transmission of charge carriers
onto the GCN surface. This appropriate arrangement with the
introduction of defects (Fig. 17e) resulted in improved CO2

photoreduction into CO (56.9 mmol g�1 h�1), roughly eight
times more than pure GCN. Typically, aer the ultrafast time
scale (ps) isolation of photocarriers, the geminate reassembly
and bimolecular reassembly (ns–ms) were signicantly over-
ruled. For further stimulating the separation of excitons, N-
defects acted as trapping sites (for both long-lived (ms) and
shortly lived (ns) photocarriers), while the thin layer nanosheets
facilitated easy migration of carriers for their participation in
surface photoreduction reactions. In a similar study, Ma et al.
reported porous, N-vacancy modied GCN (DCN-P) with supe-
rior reaction sites, efficient CO2 adsorption ability and
a modulated electronic bandgap structure which displayed
signicantly enhanced photoreduction of CO2 into CO (19.7
mmol g�1) and CH4 (mmol g�1).136 The process of CO2 reduction
by DCN-P under visible light exposure is depicted in Fig. 17f,
and the reduction reactions are given by eqn (11)–(15) as
follows:

DCN-P + photon / e� + h+ (11)

CO2ðgÞ þ e�/CO*
2ðactivatedÞ (12)

H2O / H+ + OH� (13)

CO*
2ðactivatedÞ þ 2Hþ þ 2e�/COþ 2H2O (14)

CO*
2ðactivatedÞ þ 4Hþ þ 8e�/CH4 þ 2H2O (15)

On the other hand, C-vacancies in GCN helped to reduce the
exciton effect, which helped to dissociate more charge carriers
138 | J. Mater. Chem. A, 2021, 9, 111–153
and boosted the generation of active species for superior
adsorption and activation of CO2.137 Precisely, the EPR spec-
troscopic analysis revealed cO2

� radicals as reactive species
involved in photoconversion of CO2 into CO, which was facili-
tated by the inhibited exciton effect and accelerated generation
of photocarriers by C-vacancy induced GCN (GCN510).
However, in the case of pristine GCN, the presence of the
conspicuous exciton effect fostered the generation of singlet
oxygen (1O2) rather than cO2

� radicals due to a deprived
generation of photocarriers leading to a reduced rate of CO2

photoconversion. Besides, combined results from TPD analysis
and DFT calculations helped to scrutinise the impact of C-
vacancies on the CO2 adsorption phenomenon. Both the anal-
ysis conrmed two stable adsorption congurations with
a superior adsorption energy of �0.463 eV in the case of
GCN510, which was notably high from pristine GCN (�0.183
eV). Thus, in light of the importance of CO2 adsorption capacity
on the surface of GCN, generation of intrinsic active sites could
be a more practical approach. For instance, increasing intrinsic
amino groups in GCN along with the generation of vacancy
defects can simultaneously improve CO2 adsorption/activation
and surface photoreduction kinetics. In that regard, Sun et al.
smartly designed GCN enriched with intrinsic CO2 adsorption
sites by forming more amino groups and involving electron
promoters by generating C-vacancies and incorporating K-ions
through KOH assisted chemical activation.138 The elemental
analysis helped to achieve an optimal amount of amino groups
in GCN by using KOH treatment which also conrmed the
removal of C2 carbon (carbon of tri-s-triazine rings) resulting in
the formation of C-defects. The sample with an optimal ratio of
amino groups and K and C-defects (0.1K-AUCN) showed about
7.7 times higher CO2 adsorption (�3.5 wt%) than the untreated
GCN (UCN). Thus, the process of photoreduction of CO2 to
useful hydrocarbons strictly depends on tuned bandgap align-
ments, adsorption ability, activation by surface electrons and
subsequent desorption of products. On that note, defect engi-
neering of GCN semiconductor photocatalysts seems to be
a promising strategy for a synergistic increment in optoelec-
tronic features and adsorption/activation kinetics required for
efficient CO2 conversion. However, more stringent efforts are
required to attain real-time applicability and understanding of
mechanistic insight in terms of C-/N-vacancy creation and its
subsequent inuence on photo-assisted CO2 reduction.
5.3 N2 xation

Currently, the reduction of N2 into NH3 is mostly carried out by
the Haber–Bosch process in the industry, which is a highly cost-
ineffective route demanding high temperature and pressure
conditions.139,140 Under such circumstances, the exploitation of
more sustainable and environmentally friendly techniques for N2

xation is highly thriving. A photocatalytic N2 xation is a fasci-
nating approach for the synthesis of ammonia under near-
ambient circumstances.141,142 Moreover, photocatalysts modu-
lated by defect engineering provide even better photocatalytic N2

xation efficiency as it provides remarkable physicochemical
features to overcome intrinsic bottlenecks. It is a well-known fact
This journal is © The Royal Society of Chemistry 2021
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Fig. 18 (a) Schematics of semiconductor driven photocatalytic N2 fixation into NH3 with redox potential scale depicting water splitting and dini-
trogen hydrogenation (reprinted with permission under license no. 1029338-1, Copyright 2018 Royal Society of Chemistry).143 (b) Illustrating the
process of photocatalytic N2 fixation by V-g-C3N4 and POMs system (reprinted with permission under license no. 1028622-2, Copyright 2019 Royal
Society of Chemistry).144 (c) Mechanistic insight into the photocatalytic N2 fixation using defect induced HGCN sample (reprinted with permission
under license no. 4810761467174, Copyright 2020 Elsevier).145 Schematic illustration of (d) selective deposition of Pd NPs onto N-vacancy induced
GCN (V-g-C3N4); (e) N2 will not be adsorbed on the Pd NPs due to considerable work function; (f) Pd loading can significantly suppress the rate of
photocatalytic N2 fixation (reprinted with permission under license no. 1028628-1, Copyright 2015 Royal Society of Chemistry).146
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that photocatalytic redox reactionsmuch depend upon reduction
potentials of adsorbates along with band-edge positioning of
semiconductor photocatalysts (Fig. 18a). For instance, CB edge
potential should be located at a more negative position than the
reduction potential required for N2 hydrogenation, whereas VB
potential should be at a more positive position than that of
oxygen evolution potential.143 Based on this, the formal reduction
potentials (V vs. NHE at pH ¼ 7) corresponding to the hydroge-
nation reactions involved in photocatalytic N2 xation can be
presented via eqn (16)–(24) as follows:

H2O / 1/2O2 + 2H+ + 2e�, E0 ¼ 0.81 V (16)

2H+ + 2e� / H2, E
0 ¼ �0.42 V (17)

N2 + e� / N2
�, E0 ¼ �4.16 V (18)

N2 + H+ + e� / N2H, E0 ¼ �3.2 V (19)

N2 + 2H+ + 2e� / N2H2, E
0 ¼ �1.10 V (20)

N2 + 4H+ + 4e� / N2H4, E
0 ¼ �0.36 V (21)

N2 + 5H+ + 4e� / N2H5
+, E0 ¼ �0.23 V (22)

N2 + 6H+ + 6e� / 2NH3, E
0 ¼ 0.55 V (23)

N2 + 8H+ + 8e� / 2NH4
+, E0 ¼ 0.27 V (24)

Of note, it is of utmost interest to maintain the small
bandgap energy of semiconductor photocatalysts to increase
visible light absorption and to avoid the reassembly of photo-
carriers. So far, both of these conditions can be fullled by
defect engineered GCN as reviewed earlier. For instance, Li et al.
reported a Dawson-type polyoxometalate (POM) based N-
vacancy induced GCN (V-g-C3N4) (POM@V-g-C3N4) nano-
hybrid, which exhibited remarkable performance in the acti-
vation and subsequent dissociation of N2.144 Excellent N2

reduction efficacy (214.6 mmol L�1 h�1) was caused by extended
optical absorption (200–900 nm), higher N2 activation by POM
and suppressed recombination of photocarriers. The main
steps involved in the process of photoassisted N2 reduction
(Fig. 18b) were: (i) adsorption of N2 by V-g-C3N4; (ii) generation
of abundant photocarriers by POMs under the exposure of light;
(iii) activation of N2 molecules by surface-induced carriers and
subsequent formation of NH3 by combining with protons; (iv)
reformation of POMs by reacting with oxidants (O2) to maintain
the sustainability. Ge et al. reported C-vacancy induced holey
GCN nanosheets (HGN) prepared from the thermal treatment of
bulk GCN (BGCN) for optimal photoreduction of N2 into NH4

+

with a maximum efficiency of about 25.54 mg gcat
�1 L�1 h�1.145

Photoxation of N2 was performed using hole scavengers under
visible light illumination, as shown in Fig. 18c. The defective
structure of HGCN accelerated N2 adsorption and its reduction
through surface migrated electrons by converting it into
a transient charged electronic state N*

2 with a relatively lower
energy barrier for the photoreduction reactions.
140 | J. Mater. Chem. A, 2021, 9, 111–153
The N2 photoxation performance of bulk GCN is greatly
inuenced by defect engineering, especially by generating N-
vacancies in the structural units of GCN. Precisely, N-
vacancies in GCN facilely improve the selective adsorption of
molecular nitrogen followed by its activation as the N-vacancies
and the N-atom of N2 share shape and size complementarity.
Additionally, altered optical and electronic features along with
superior interfacial migration of electrons to improve photore-
duction ability boost the overall photocatalytic performance. To
prove this statement, Dong et al. compared the photoxation
ability of vacancy defected GCN (V-g-C3N4) with Pd loaded V-g-
C3N4 (Fig. 18d–f).146 The study proved the adsorbed Pd selec-
tively occupied N-vacant positions containing photo-
illuminated electrons on the surface of V-g-C3N4, as shown in
Fig. 18d. Due to the considerable work function of platinum
metal, N2 molecules were unable to be adsorbed (Fig. 18e).
Consequently, blocked N2 adsorption sites (N-vacancies) on the
V-g-C3N4 surface by modication of Pd, photoreduction of N2

considerably decreased (Fig. 18f). Thus, N2 adsorption occurs
mainly on N-vacant sites in the V-g-C3N4 where surface-induced
electrons enhanced the selective photoxation efficacy. Other
than N-vacancies, the formation of C-vacancies in porous
nanosheets of sulphur doped GCN (SCNNSs) also accelerated
the adsorption and photoreduction of N2 with a maximum rate
of 5.99 mM gcat

�1 h�1 in 4 h under the exposure of visible
light.113 Typically, photoinduced CB electrons in SCNNSs were
captured by C-vacancies which were further transferred to
surface adsorbed N2 to form NH4

+ and H2O from the reaction
mixture and provided protons for the photoreduction reaction.
In a similar study, the formation of an ultrathin structure with
surface C-defects generated via a high-temperature peeling
process endowed GCN with superior N2 adsorption and subse-
quent conversion into ammonia (54 mmol L�1) without
involving any sacricial agent and co-catalyst.147 Generation of
surface C-vacancies and the ultrathin structure of GCN
benetted the diffusion of charge carriers to surface active sites
resulting in efficient adsorption/activation of N2 and its subse-
quent conversion into ammonia. Consequently, from the above-
reviewed literature, it is quite evident that unique architecture
effects and controlled defect formation greatly manoeuvre
surface adsorption sites along with electronic features in GCN
for signicant amendment in N2 photoreduction efficacy. On
the one hand, the size and shape symmetry of N-vacancies and
N-atoms of N2 facilitated the adsorption and activation kinetics
benecial for photocatalytic N2 conversion. On the other hand,
surface C-vacancies promote charge carrier kinetics and act as
active centres for photo-reduction reactions.
5.4 Pollutant mitigation

Rampant industrial activities are playing a signicant role in
increasing recalcitrant pollutants in the environment, leading
to adversely growing environmental concerns which have
become a pressing global challenge. The advanced oxidation
process (AOP) involving heterogeneous photocatalysis driven
under visible light exposure is a fascinating technique for the
photocatalytic oxidation of aqueous as well as gas-phase
This journal is © The Royal Society of Chemistry 2021
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pollutants.148–152 Precisely, the critical feature of heterogeneous
photocatalysis is photoassisted oxidation of pollutants to
benign substances.153 The mechanistic insight involving the
generation of excitons and the subsequent photodegradation of
pollutants are depicted by eqn (25)–(31):154

GCN + hn / eCB
� + hnVB

+ (25)

hnVB
+ + OHsurface

� / OHc (26)

hnVB
+ + H2Oadsorbed / OHc + H+ (27)

eCB
� + Oadsorbed / O2c

� (28)

hnVB
+ + pollutants / oxidation products (29)

OHc + pollutants / degradation products (30)

eCB
� + pollutants / reduction products (31)

Hitherto, signicant research efforts have been involved in
developing superior techniques to modify the photocatalytic
features of semiconductor material, and defect engineering is
one the most promising approaches. For example, Wang et al.
designed porous GCN nanosheets by installing N-vacancies (D-
g-C3N4) via a simple polymerisation process and the as-
synthesised defected sample exhibited a 7.45 fold higher rate
for meropenem (MER) degradation, as compared with
a conventional GCN sample.78 A possible photocatalytic degra-
dation mechanism for MER facilitated by an optimal defect rich
D3-g-C3N4 sample is shown in Fig. 19a. Instalment of N2C

vacancy defects manifestedmidgap states which suppressed the
reassembly of excitons providing superior photocatalytic effi-
ciency. Also, a porous structure with 5 mm thickness shortened
the migration distance for photocarriers and stimulated the
surface photoreactions. In a fascinating study, Yang et al.
facilely promoted the electronic features of GCN by P and Cl co-
doping along with the construction of N-vacancies via thermal
condensation techniques.155 The as-designed defective sample
ClPCN-2 showed remarkable performance for the photo-
degradation of rhodamine B (RhB) and noroxacin (NOR). The
optoelectronic analysis proved that introducing P and Cl in the
network structure of GCN along with N-deciencies resulted in
more negative CB potential, which assisted the formation of
cO2

� radicals. The existence of P (by replacing graphitic C) and
Cl (interstitial position) in the tri-s-triazine framework with N-
vacancies is depicted in Fig. 19b. Boosted electronic proper-
ties, as well as photocatalytic performance, were attributed to
the following reasons: (i) modulated p-conjugation in triazine
rings due to the presence of N-vacancies and p–p conjugation,
(ii) generation of P+ centres due to P–N bond polarisation and
delocalisation of unpaired electrons, (iii) strong reduction
potential of CB to generate cO2

� radicals, and (iv) availability of
abundant electrons to participate in reduction reactions due to
N-vacancies. Photocatalytic degradation of RhB and NOR by the
defective ClPCN-2 sample is depicted in Fig. 19c. Zhang et al.
smartly utilised the synergism between N-vacancies and C-dots
decorated GCN (represented as C-dot@ND-g-C3N4) to amplify
This journal is © The Royal Society of Chemistry 2021
overall photocatalytic efficacy for degradation of ciprooxacin
(CIP).156 Introduction of N-vacancies aided visible light har-
nessing ability by tuning the bandgap energy (found to be 2.64
eV) and simultaneously enriched charge separation. On the
other hand, incorporation of C-dots acted as an efficient
channel for capturing and migration of excitons providing
sufficient availability to combine with oxygen. Moreover, scav-
enging results revealed that cO2

� scanning transmission elec-
tron microscopy (STEM) was an optimal approach for radicals
while cOH radicals worked as the main reactive species. These
radical/reactive species were responsible for the CIP degrada-
tion, which was 2.5 times higher than GCN. The mechanistic
mode of radiative exciton dissociation and CIP degradation is
depicted in Fig. 19d.

Other than aqueous pollutants, oxides of nitrogen (NOx) are
the most common gaseous pollutants which are being trans-
formed and removed using solar energy triggered photo-
catalysis. Photoinduced carriers can oxidise gaseous NOx into
particulate phase nitrates and help to purify air.157,158 Defect
engineered GCN was also exploited to utilise its potential for
efficient removal of NOx. For instance, Wang et al. constructed
tubular GCN with N-vacancies and porous wall structures
through an in situ so chemical route for photo-assisted
removal of NO.159 ESR investigations revealed that cO2

� radi-
cals played a crucial role in the photocatalytic removal of NO.
From DFT calculations, the mode and energies of O2 and NO
adsorption on GCN and N-vacancy induced GCN was inferred
as presented in Fig. 19e–h. Thermodynamically, molecular O2

cannot be adsorbed on bare GCN due to high DE adsorption
energy (0.48 eV) (Fig. 19e), while defective GCN can easily bind
O2 due to negative DE adsorption energy of �5.99 eV. Thus, at
N-vacant sites, molecular oxygen dissociated and was easily
reduced to cO2

� radicals by photoinduced electrons (Fig. 19f).
Similarly, NO with high adsorption energy (DE ¼ 0.29 eV) was
unable to bind with unbroken GCN (Fig. 19g) as compared to
N-vacant GCN with less adsorption energy (DE ¼ �5.91 eV) as
shown in Fig. 19h. Therefore, N-vacancies simultaneously
accelerated adsorption abilities of O2 and NO and stimulated
photo-removal kinetics. In a similar study, Liao et al. also
designed N-vacancy engineered GCN (represented as Nd-g-
C3N4) with superior NO removal efficiency and the sample
obtained at 600 �C with optimal N-vacancies showed the
maximum NO removal rate which was 2.6 times higher than
that of pristine GCN.160 From theoretical DFT analysis, NO
adsorption energies, as well as N–O bond length, were inves-
tigated to study NO removal kinetics (Fig. 19i and j). As can be
seen from Fig. 19j, NO adsorption energy signicantly
decreased from�0.13 to�0.88 eV from bare GCN to Nd-g-C3N4

with elongation in the N–O bond angle from 1.17 to 1.20 Å.
Thus, N-vacancies at the GCN surface promoted NO adsorp-
tion and converted it into NO+ (intermediate), while the reac-
tive cO2

� radicals further transformed NO+ into NO3
�.

Consequently, generation of N-vacancies in GCN not only
provides optimal reaction sites but also trap electrons for the
generation of reactive species which in turn participate in
photocatalytic oxidation of pollutants. Other than N-
vacancies, C-vacancy modied GCN also exhibited
J. Mater. Chem. A, 2021, 9, 111–153 | 141
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Fig. 19 (a) Schematic illustration of a possible photocatalytic mechanism for porous GCN nanosheets containing nitrogen defects (D3-g-C3N4)
for enhanced photocatalytic removal of meropenem (adapted with permission under license no. 4852460048773, Copyright 2020 Elsevier).78 (b)
Schematic representation of possible existence of P and Cl in the structural network of GCN and (c) Mechanistic insight into the photocatalytic
mechanism scheme of ClPCN-2 sample under the exposure of visible light (adapted with permission under license no. 4815761013178,
Copyright 2020 Elsevier).155 (d) Possible photocatalytic mechanism depicting CIP degradation process by C-dot@ND-g-C3N4 under visible light
illumination (adapted with permission under license no. 4815761355787, Copyright 2019 Elsevier).156 Schematic illustration of models of O2

adsorption on (e) GCN and (f) N-deficient GCN after geometry optimization; Models of NO adsorbed on (g) GCN and (h) vacancy induced GCN
after geometry optimization (adapted with permission, Copyright 2019 American Chemical Society).159 Schematic illustration of (i) photocatalytic
NO removal efficiency and rate of NO2 production during NOoxidation under visible light exposure; and (j) Optimised adsorption of NO over Nd-
CN and GCN samples (adapted with permission under license no. 4821200816869, Copyright 2020 Elsevier).160
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considerable photocatalytic performance for the degradation
of pollutants owing to the improved catalytic sites which
facilitate adsorption and degradation of surface adsorbed
pollutants. For instance, combining the porous ultrathin
structure (0.9 nm thickness) with conned surface C-vacancy
defects in GCN helped to improve the dissociation and
transference of carriers from bulk to surface leading to
improved photocatalytic degradation of RhB (96.2% aer
120 min exposure of visible light).161 The presence of C-
vacancies was analysed by increased the ESR intensity and
tuned bandgap alignment as observed by the XPS VBM tech-
nique. Moreover, the free radicals involved in the degradation
of RhB changed from superoxide radicals for untreated GCN to
superoxide as well as hydroxyl radicals for C-vacancy modied
GCN. In a similar study, C-vacancy modied GCN (VC-C3N4)
showed an improved rate of bisphenol A degradation due to
the accelerated adsorption prompted by electrostatic interac-
tion between negatively charged molecules of bisphenol A and
C-defective sites.162 Also, the electron-decient C-vacancy sites
trapped the photoinduced electrons and fostered their
migration for surface photoreactions. Thus, C-vacancies
served as efficient conversion centres to capture photoex-
cited electrons which further reacted with surface adsorbed O2

to produce cO2
� radicals, the major reactive species respon-

sible for bisphenol A degradation. Thus, defect engineering
seems to be a fascinating method to increase the generation of
reactive species as well as to manoeuvre overall photocatalytic
efficacy. However, the limited number of studies explaining
the role of intrinsic C-/N-vacancy creation in GCN for photo-
catalytic pollutant degradation is still challenging for an in-
depth understanding.
5.5 H2O2 production

Other than environmental remediation and solar energy
conversions, defect engineered GCN has also been used for the
photocatalytic production of hydrogen peroxide (H2O2), since
H2O2 is a versatile agent widely used in various biological
processes, a potent oxidant in environmental recovery applica-
tions, chemical synthetic processes, textile bleaching and in the
production of detergents.163–165 Currently, industrial production
of H2O2 involves highly costly and non-efficient methods like
anthraquinone autoxidation, different electrochemical
synthesis and oxidation of alcohols.69,166 Such processes require
a large number of chemicals and high energy consumption to
synthesise H2O2 which are hardly considered to be green
methods. Therefore, photocatalytic synthesis routes driven by
visible light seem to be an efficacious approach to produce
H2O2. The photoassisted production of H2O2 using H2O and O2

is a thermodynamically uphill reaction which involves a change
of 117 kJ mol�1 of standard Gibbs free energy. The mechanism
involved in the photocatalytic H2O2 production is given by eqn
(32)–(38) as follows:

2H2O + 4h+ / O2 + 4H+ (32)

O2 + e� / O2c
� (33)
This journal is © The Royal Society of Chemistry 2021
O2 + H+ / HO2c
� (34)

HO2c
� + e� / HO2

� (35)

HO2c
� + H+ / H2O2 (36)

O2 + 2H+ + 2e� / H2O2 (37)

2H2O + O2 + hn / 2H2O2, DG
0 ¼ 117 kJ mol�1 (38)

Thus, a photocatalytic system with suitable band edge
positions and a surface structure can facilitate efficient pho-
tocatalytic H2O2 production. For instance, Li et al. smartly
utilised a dielectric barrier discharge (DBD) plasmamethod to
design N-vacancy rich GCN (PLCN-x) and evaluated its
performance for photoassisted H2O2 production.167 Experi-
mental studies inferred that the use of plasma treatment
remarkably modulated the surface morphology (by increasing
surface area), optical absorption and structural features of the
as-synthesised defective samples. Moreover, defect engi-
neered N-vacant sites acted as active reaction sites which
promoted adsorption of molecular oxygen and accelerated the
photoreduction reaction between trapped photoelectrons and
oxygen molecules for the subsequent generation of H2O2 (O2 +
2H+(from water) + 2e� / H2O2). Out of all the synthesised
defect induced samples, PLCN-30 exhibited the highest rate of
H2O2 production, which was 11 times more than bare GCN.
Furthermore, this increased H2O2 production rate was
attributed to exposed N-vacancy sites at an increased surface
area which substantially nurtured the reduction of more
oxygen molecules at the same time. In another report, Li et al.
systematically investigated the rate of H2O2 production over
C-vacancy modied GCN, which was found to be 14 times
higher than that of pristine GCN.69 The presence of C-
vacancies in the GCN framework helped electron delocalisa-
tion by reducing the symmetry of GCN. As a consequence, the
tuned bandgap (narrowed) with higher excitation of photo-
carriers resulted in exceptional photocatalytic performance.
Also, C-vacancies in GCN not just aided as adsorption sites for
molecular oxygen but also enhanced the H2O2 production
route from two-step indirect reduction (single electron) to
one-step direct reduction (two electrons) routes. Hence, the
use of defect induced GCN for photoassisted production of
H2O2 seems to be a practical and green alternative route.
Several other recent examples of vacancy defect engineered
GCN for various photocatalytic applications are summarised
in Table 2.

In summary, rational control of vacancy defect generation in
GCN seems to be particularly important as it plays a crucial role
in visibly driven photocatalysis. Of note, controlled defects at
the surface of GCN not only acted as active adsorption sites but
also captured photoexcited electrons to stimulate the photo-
catalytic reactions. Through appropriate synthetic techniques,
characterisation processes and a unique combination of theo-
retical as well as experimental results, defect engineering can be
implemented smartly to utilise its potential for various envi-
ronmental and energy applications.
J. Mater. Chem. A, 2021, 9, 111–153 | 143
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6. Summary and outlook

In the present review article, we have summarised the funda-
mentals of vacancy generation in GCN to manoeuvre its photo-
catalytic performance by highlighting distinct defect designing
strategies and discussing the role of appropriate characterisation
techniques to investigate their presence. Vacancy creation in GCN
has conspicuously amended its photocatalytic performance by
generating midgap states and altered its bandgap energy to store
and convert photon energy with a long wavelength. As a result, the
charge carrier kinetics in PCN is substantially modulated since
vacancy defects serve as effective shallow capturing sites for
photocarriers to foster charge isolation and migration. Of note,
the 2D characteristic of GCN facilitates the creation of defect rich
surfaces owing to relatively small surface escape energy and
deprived bulk reassembly centres. Besides, vacancy creation can
stimulate the introduction of both acceptor and donor sites
leading to exceptional dissociation of photocarriers.

Despite various recent advances reviewed in this article,
related research of vacancy defect induced GCN is still in an
early stage surrounded by several opportunities and challenges
in the eld of fabrication, characterisation and implementation
as discussed below:

(i) Rational construction of defects is a critical strategy which
dramatically determines the synergism between different pho-
tocatalytic steps since the generation of defects can remarkably
improve one step of photocatalysis and can hinder the other.
Because the creation of defects is a double-edged sword, it
becomes essential to select a synthesis method which syner-
gistically balances the critical steps involving optical absorp-
tion, charge isolation and surface photoreactions. Thus,
exploration of appropriate modiers (preferably non-toxic and
earth-abundant) with a facile and efficient tailoring approach
for vacancy defect generation in GCN is highly anticipated.

(ii) Defect generation can signicantly amend the charge
migration efficacy but for spatial separation and superior redox
ability of photocarriers, hybridising GCN with other semi-
conductor materials is highly recommended. By forming heter-
ojunctions of vacancy defect modied GCN the challenge of
mismatched energy levels and loose interface junctions can be
overcome, which can expedite the space charge isolation
phenomenon. However, there are very few reports which signify
the generation of defects in GCN and its simultaneous coupling
with appropriate semiconductor photocatalysts without affecting
its properties. Precisely, current methods do not exhibit the
controlled generation of defects in hybrid photocatalytic systems.

(iii) For an atomic level understanding and insight of the
correlation between a generation of the defect along with its
impact on photocatalytic behaviour, advanced characterisation
techniques with in situ observations are required. Use of more
appropriate characterisation tools with high spatial, spectral and
temporal resolutions is highly desirable for developing an in-depth
understanding of defects. For instance, the use of positron anni-
hilation spectroscopy (PAS) provides the conrmation of position
and concentration of defects along with distinction between
surface and volume defects. On the other hand, time-resolved
J. Mater. Chem. A, 2021, 9, 111–153 | 147
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photoluminescence spectroscopy (TRPLS) and transient absorp-
tion spectroscopy (TAS) examines the charge carrier kinetics while
deep level transient spectrometry (DLTS) evaluates the atomic
interface-state of defects.

(iv) Generally, vacancy defect generation with distinct
morphologies of GCN leads to a substantially increased surface
area, pore volume and exposed sites which can promote the
surface adsorption/desorption kinetics of GCN. The modied
molecular porous structure with vacancy defects can also
expedite the most crucial step involving adsorption/activation
of CO2 and N2 on the surface of GCN which can further be
reduced by captured charge carriers at defective sites. However,
in the case of photocatalytic environmental remediation, the
adsorption of pollutants and degraded products could inacti-
vate the catalytic sites. However, these issues could be overcome
by designing dual-functional GCN photocatalysts with
improved adsorption and photocatalytic ability. Thus, the
signicant role of morphology modulation and vacancy gener-
ation in GCN is worth exploring since the effect of adsorption/
desorption kinetics is still not clear.

(v) So far, C/N vacancy induced GCN has been utilised for
various environmental and energy applications. However, the
role of a particular vacancy (C or N) generation in GCN for
realising a specic application is still not described. For
instance, surface carbon vacancy and ubiquitous amino group
decorated GCN prompted CO2 reduction kinetics due to supe-
rior adsorption of CO2 and subsequent activation by surface-
induced charge carriers. Similarly, generation of 2-fold co-
ordinated N-vacancies with a corrugated structure not only
activate n / p* transitions causing a signicant red-shi but
also enhance the N2 adsorption/activation kinetics resulting in
improved photoactivity. Nevertheless, for the photocatalytic
water splitting reaction, no such results have been exploited,
and signicantly less research work is carried out on C-vacancy
modied GCN, which could be because of more structural
deformations caused by C-vacancies. Thus, combining DFT
calculation studies with the experimental examination to eval-
uate the effect of different vacancy generation in GCN for
various photocatalytic applications can be a real breakthrough
for achieving efficient photocatalytic performance.

Thus we believe this comprehensive study can stimulate
more remarkable research efforts for the designing of more
efficient defect rich metal-free GCN photocatalysts with broad
research prospects for sustainable development.
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AFM
 Atomic force microscopy
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 Ciprooxacin
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 GCN
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 Highest occupied molecular orbitals
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cOH
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NPs
 Nanoparticles

NCDs
 N-Doped carbon quantum dots

NOR
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PL
 Peroxymonosulfate

PL
 Photoluminescence

POM
 Polyoxometalate
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SEM
 Scanning electron microscopy
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 Scanning transmission electron microscopy

SPV
 Surface photovoltage
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 Temperature-programmed desorption
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 Transmission electron microscopy
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