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Over the past few decades, graphitic carbon nitride (g-C3N4) has gained increasing interest due to its
unique and excellent properties. To improve its inherent drawbacks and perfect its catalytic performance,
many convenient and facile strategies have been developed, including metal and non-metal modifica-
tions. However, the low content in nature and the leaching of toxic metals in photocorrosion have been
two critical obstacles for metal-based photocatalysts in practical applications. Therefore, it is increasingly
urgent to develop and design efficient and stable non-metal modified g-C3N4-based photocatalysts. Here,
this review begins with a brief presentation of the unique characteristics of g-C3N4. Then, to maintain the
metal-free nature of g-C3N4, the four most frequently used modification strategies are discussed, includ-
ing vacancies introduction, doping with non-metal elements, modifying with non-metal quantum dots
and coupling with other semiconductors. In addition, the latest developments of non-metal modified
g-C3N4-based photocatalysts for energy-related and environmental applications are systematically dis-
cussed. In the end, both the current development bottlenecks and future development directions of g-
C3N4-based metal-free photocatalysts are presented. Basically, we highlight the unique properties of
completely non-metal modified g-C3N4, which has positive implications for the sustainable development
of g-C3N4-based non-metal photocatalysts. Furthermore, we hope that it can spark new ideas and present
promising directions to design metal-free photocatalysts for energy-related and environmental
applications.
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1. Introduction

Due to the process of economic development since the 20th
century, the negative effects of the highly developed industry are
not anticipated enough and the prevention is not in place, resulting
in a global energy crisis and environmental pollution [1,2]. Fortu-
nately, numerous innovative exploration and frontlines have
demonstrated that semiconductor photocatalysis technology may
be one of the most prospective strategies to combat above two
serious problems [3–6]. Then, g-C3N4 has gradually entered the
limelight as a typical visible light reactive semiconductor. What
is noteworthy is that it possesses numerous eminent properties,
such as high degree of thermal and chemical stability, various
cheap nitrogen-rich precursors, relatively narrow bandgap
(2.7 eV) and environmental friendliness, making it frequently used
for environmental and energy applications [7,8]. Zhu et al. compre-
hensively summarized the synthetic methods for synthesizing g-
C3N4 with different structures and morphologies, and reviewed
the applications of g-C3N4 in various heterogeneous catalysis [9].
Among these, the most common applications are hydrogen (H2)
production and wastewater treatment. There are many preeminent
reviews described the characters of g-C3N4-based photocatalysts in
these fields [10,11]. For example, Naseri [12] summarized the fun-
damental concepts and principles of photocatalytic H2 production.
Very recently, Ritu Malik reviewed the recent progress of continu-
ous H2 production by different nanostructures and morphologies of
g-C3N4 with special attention to modified high surface area g-C3N4

[13]. Wang et al. presented in great detail the effects of different
modification strategies on the physical and chemical properties
of g-C3N4, including elemental doping, copolymerization, crys-
talline tailoring, surface engineering, single-atom modification,
dimension controlling and heterojunctions construction. In partic-
ular, the focus was on exploring the catalytic mechanism of these
modified g-C3N4 composites in H2 production by photocatalytic
water splitting [14]. Besides, Cui et al. [15] highlighted the
advances of g-C3N4-based membranes for water purification.
Dharm Pal et al. [16] summarized the recent developments in
the photodegradation of antibiotics by metal and non-metal ele-
ments doped g-C3N4-based photocatalysts. Many excellent studies
have been done on g-C3N4 for H2 production and pollutants
removal, thus, we will not repeat here.

Unfortunately, there are some non-negligible issues that
severely limit the catalytic property of g-C3N4, for instance, small
specific surface area (SSA), the rapid recombination of photoex-
cited electron–hole (photoexcited e–/h+) pairs, unsatisfactory visi-
ble light response range and so on [17–20]. In an attempt to
address these limitations, some researchers (including our team
[21–25]) have figured out many effective and feasible strategies,
including designing nanostructure (template and template-free
synthesis approaches, exfoliation, self-assembly) [26–30], modify-
ing electron redistribution (metal, non-metal elements- and co-
doping) [31–33] and coupling with other substances (metal or
non-metal materials) [34–36]. Thankfully, numerous results have
shown that the catalytic performance of g-C3N4 could indeed be
conveniently improved through the above channels. A large num-
ber of important and interesting researches have revealed that
metal-containing g-C3N4-based materials possessed significantly
2

enhanced catalytic properties. There are also many excellent
review articles in this field. For example, Lin et al. minutely sum-
marized the construction of direct or indirect Z-scheme hetero-
junctions by coupling with other metal-containing
semiconductors to significantly improve the performance of g-
C3N4 in photocatalytic CO2 reduction [37]. However, expensive
raw materials, poor chemical durability, toxic metal-leaching from
photo-corrosion and deficiency in nature seriously hindered the
large-scale applications of metal-based photocatalysts [38,39].
Development to this point, exploring and designing of efficient
and stable non-metal-based photocatalysts as candidates was a
feasible solution due to their much impressive properties as
observed in lots of photocatalytic reactions. In the past few years,
significant progress has also been made in this area, and the results
showed that some non-metal photocatalysts exhibited comparable
or even better performance than metal-based photocatalysts,
which made them highly promising for applications without the
drawbacks of metal-based photocatalysts. But the superior
metal-free properties have not received nearly enough importance,
with only a few retrospective investigations focusing on presenting
the performance of non-metal modified g-C3N4. For example, Zhou
et al. [39] summarized different metal-based photocatalysts first,
and then, the effect of non-metal modification means on the struc-
tures and properties of g-C3N4, but this article did not investigate
the applications of modified g-C3N4 in different aspects. Zhang
et al. [40] summarized the effects of doping with metal and non-
metal elements on the properties of g-C3N4 using characterization
techniques. In addition, He et al. [41] reviewed the influences of
non-metal modification on the composition and morphology of
g-C3N4, and mainly mentioned their photocatalytic applications
in H2 production, water treatment and CO2 reduction. However,
recent studies have found that g-C3N4-based metal-free photocat-
alysts also had promising applications in nitrogen oxides (NOx)
purification, hydrogen peroxide (H2O2) production and bacterial
disinfection. Therefore, it is timely to conduct a comprehensive
review that focuses completely on the properties of non-metal
modified g-C3N4 and their performance in aforementioned
applications.

Based on this, in this work, a critical overview of the up-to-date
progress in the applications of non-metal modified g-C3N4 photo-
catalysts is provided. To maintain the metal-free nature of g-
C3N4, we discuss four frequently used modification methods.
Firstly, we introduce the unique characteristics of g-C3N4 and dif-
ferent non-metal modification strategies. Then, the recent develop-
ments of g-C3N4-based metal-free photocatalysts for energy-
related and environmental applications will be systematically dis-
cussed. Finally, we present the current development bottlenecks
and future development directions of g-C3N4-based metal-free
photocatalysts.

2. Characteristics of g-C3N4

As we all know, g-C3N4 was a novel polymer semiconductor, in
which C and N atoms were hybridized in sp2 to make up a delocal-
ized p-conjugated system. It was found that g-C3N4 had two basic
tectonic units, the triazine ring (Fig. 1A) and 3-s-triazine ring
(Fig. 1B), which extended indefinitely to constitute a mesh



Fig. 1. (A) Triazine and (B) 3-s-triazine structures of g-C3N4. Reproduced with permission from ref. [42]. Copyright 2016, American Chemical Society. (C) Electronic band
structure of g-C3N4, compared with the well-known inorganic photocatalyst, titanium dioxide (TiO2). Reproduced with permission from ref. [52]. Copyright 2018, Royal
Society of Chemistry. (D) The chemical structures of common g-C3N4 precursors. The gray, blue, white, yellow, and red spheres represent C, N, H, S and O atoms, respectively.
(E) Schematic diagram of the transitions among bulk, 0D, 1D, 2D and 3D g-C3N4. Reproduced with permission from ref. [49]. Copyright 2019, Springer Nature. (F) TEM image
of UM3. (G) AFM image and the height distribution profiles of separated layer from UM3. Reproduced with permission from ref. [51]. Copyright 2018, American Chemical
Society. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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structure [42]. And between them, the 3-s-triazine ring that con-
nected to form g-C3N4 was more stable, which has been subtly con-
firmed by DFT calculations [43]. The N pz orbitals formed the
highest occupied molecular orbitals (HOMO), while the C pz orbi-
tals formed the lowest unoccupied molecular orbitals (LUMO) of
g-C3N4. In other words, the valence bands (VB) and conduction
bands (CB) are mainly determined by N pz orbitals and C pz orbi-
tals, respectively. The g-C3N4 had a mild bandgap (�2.7 eV)
(Fig. 1C), which allowed it to harvest visible light in the solar spec-
trum at wavelengths less than 460 nm [8,44].

Pure g-C3N4 is typically synthesized by calcining nitrogen-rich
precursors at temperatures between 450 and 650 �C for 2–4 h.
The most frequent precursors of pristine g-C3N4 are dicyandiamide,
melamine, urea, thiourea and their chemical structures are shown
in Fig. 1D. In the meantime, since different precursors contained
different foreign chemical elements (sulfur or oxygen), different
polymerization reactions occurred during the forming process of
g-C3N4, which had a powerful impact on the character of the even-
tually formed g-C3N4 [45]. With this specific focus, Zou et al. [46]
systematically investigated the morphologies and microstructures
of g-C3N4 synthesized via calcining different precursors (dicyandi-
amide, melamine, and urea) under identical conditions. The results
showed that g-C3N4 synthesized with urea as precursor tended to
form porous thin nanosheets structure, while g-C3N4 synthesized
with melamine and dicyandiamide as precursors tended to form
thick layered structure. Certainly, precursors containing different
heteroatoms strongly influenced the morphological framework
3

and SSA, and thus affected the photocatalytic performance of the
synthesized g-C3N4, since a larger SSA usually meant more reactive
sites could be exposed. For instance, Wang and his colleagues
induced nanoropes-like structure inside of g-C3N4 using naph-
thalene [47], which could be easily recycled on industrial scale.
Due to the violent movement of the naphthalene molecular vapor
at higher temperatures, the modified g-C3N4 had a larger SSA than
bulk g-C3N4 (351.08 m2/g vs 15.82 m2/g). Wang et al. [48] success-
fully prepared porous g-C3N4 by the co-polymerization of acidified
melamine and urea. Pre-acidification of melamine weakened the g-
C3N4 interlayer forces, which facilitated the growth of g-C3N4

sheets. And urea can be decomposed into CO2 and H2O, which
can promote the formation of porous structures. These strategies
gave the as-prepared composites an in-plane porous structure
and an enormous SSA, which exposed more accessible active sites
and made the photocatalytic performance much better.

On the other hand, controlling the dimension was also a fre-
quent scene for tuning the characteristics of g-C3N4. Fig. 1E showed
the schematic diagram of g-C3N4 in different dimensions, including
bulk, 0D, 1D, 2D and 3D g-C3N4, and the transition processes
among them. 0D g-C3N4 usually meant g-C3N4 dots, which pos-
sessed quantum effects. The morphology of 1D g-C3N4 included
nanotube, nanorod and nanowire. Among them, g-C3N4 nanotubes
were widely studied because the tubular structure can excite addi-
tional excellent properties [14]. In general, 0D and 1D g-C3N4 could
be manufactured via altering the arrangement and number of
3-s-triazine rings. 2D g-C3N4 mainly meant g-C3N4 nanosheets,



Table 1
Effects of different non-metal element doping on the properties of g-C3N4.

Dopant
(s)

Catalyst Synthetic method Bandgap (eV)
(pour vs doping)

SSA (m2/g)
(pour vs
doping)

Application Improved
performance

Reusability and stability
(after 5 cycles)

Ref.

C BTPMC g-
C3N4

thermal condensation 2.75 vs 2.28 48.6 vs 49.6 photocatalytic BPA
degradation

– no significant change [79]

N NDCN-4S thermal treatment 2.51 vs 2.54 18.36 vs 74.79 photocatalytic TC
degradation

2.07 times slightly decreased [68]

N TCN(NH3) supramolecular self-
assembly

– 8.6 vs 135.8 photocatalytic CO2

reduction
17 times maintained at

100 lmol g�1 h�1
[80]

B B/g-C3N4 ionic liquid assistance 3.16 vs 2.22 10.28 vs11.41 photocatalytic H2

production
3 times remained unchanged

after 3rd
[81]

B BCN thermal treatment 2.76 vs 2.50 48 vs 123 photocatalytic N2 reduction nearly 10
times

basically unchanged [60]

O 40 % OA-g-
C3N4

condensation 2.91 vs 2.08 35.3 vs 105.2 photocatalytic BPA
degradation

4.7 times decreased from 100 % to
93 %

[63]

O O-CN thermal
polymerization

– 54.77 vs
127.89

organic pollutants
degradation

– decreased from 100 % to
94 % (BPA)

[62]

S MTCN-6 self-assembling 2.71 vs 2.64 16.3 vs 66.4 photocatalytic H2

generation
11 times no obvious decrease [82]

P P-C3N4 thermal co-poly-
condensation

2.67 vs 2.57 12.37 vs 40.89 photocatalytic Rh B
degradation

18 times decreased from 100 % to
91.2 %

[83]

P CN-SP hydrothermal method 2.75 vs 2.63 8.6 vs 28.2 photocatalytic H2

generation
– – [84]

F CNF-0.5 hydrothermal method 2.69 vs 2.63 – photocatalytic H2

generation
2.7 times without losing of activity

after 4th
[85]

Cl CN-Clx thermal
polycondensation

2.61 vs 2.72 – OER and photodegradation
Rh B

4 times
(degradation)

– [86]

Br CN–Br20 thermal
polymerization

2.8 vs 2.74 9.086 vs
13.397

photoreduction Cr(VI) 2.0 times maintained at 50 % [87]

Br CNU-Br0.1 one-pot co-
condensation

2.86 vs 2.79 - vs 54 photocatalytic water
splitting

– no activity decreased
after 4th

[88]

I g-C3N4-
GLC-NH4I

dynamic gaseous
templates method

2.72 vs 2.50 16.53 vs 81.52 photocatalytic H2 evolution 6.5 times no significant reduction
after 4th

[89]

I IGCNSs in situ ball-milling
technique

2.59 vs 2.37 10.0 vs 80.2 photocatalytic water
splitting

nine-folds high stability after 3rd [90]

Si CNSi thermal treatment 2.77 vs 2.75 39.7 vs 42.4 photocatalytic H2

production and Rh B
degradation

2.7 and 2.5
times

no obvious decrease after
4th

[77]

B-P BPCNNS thermal etching route 2.65 vs 2.61 8.4 vs 85.6 photodegradation OTC and
Rh B

2.9 and 5.9
times

no evident decrease [71]

PAS PSCN-50 in situ thermal
copolymerization

2.70 vs 2.62 6.42 vs 25.87 photodegradation TC and
MO

3.7 and 6.0
times

from 85.85 % to 80.52 %
and 73.25 % to 68.78 %

[91]

CAO OCCN0.25 thermal condensation 2.74 vs 2.03 11.43 vs 18.26 photocatalytic CO2

reduction
4.3-fold remain stable after 4th [92]

P-Cl ClPCN-2 co-pyrolysis 2.68 vs 2.73 32.68 vs 41.78 photodegradation Rh B and
NOR

5.9 and 2.0
times

no dramatic decrease
after 4 cycles (Rh B)

[93]

OAS HGCNOS hydrothermal method 2.68 vs 2.77 14.84 vs 13.62 photocatalytic N2 fixation 4.1 times no significant decrease [94]
S-B SBCN thermal treatment 2.70 vs 2.48 – photocatalytic Rh B

degradation
6.5 times no obvious decrease [70]

PAO PAOAC3N4 hydrothermal method 2.68 vs 2.51 12.8 vs 92.5 photocatalytic Rh B
degradation

27 times no obvious difference
after 3rd

[95]

C-I CNIN0.2 post-thermal treat
and co-
polymerization

2.75 vs 2.81 14.6 vs 54.4 photocatalytic H2 evolution 9.8 times slight change after 4th [96]

SAPAO CN-SPO annealing method 2.4 vs 2.34 12.3 vs 23.2 photocatalytic H2 evolution 5 times – [75]
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and a facile strategy to get it was exfoliation of bulk g-C3N4, includ-
ing thermal exfoliation, acid and alkaline exfoliation [49]. For
instance, Li and his colleagues [50] prepared macroscopic foam-
like porous ultra-thin g-C3N4 nanosheets with abundant pores of
various sizes by thermal oxidation exfoliation of bulk g-C3N4 in
an air atmosphere. The SSA of calculated g-C3N4 nanosheets was
up to 277.98 m2/g, 26-fold higher than that of calculated bulk g-
C3N4 (10.89 m2/g). In addition, 3D spherical g-C3N4 could be com-
posed of several layers of nanosheets. In 2017, Zhang and his co-
workers subjected melamine in aqueous urea for hydrothermal
treatment prior to the calcination step [51]. The obtained original
precursor could be ultimately calcined to be 3D ultra-thin porous
N self-doped g-C3N4 (UM3) after subsequent treatment. The TEM
image (Fig. 1F) showed a mesopore size distribution around
25 � 50 nm, and AFM image (Fig. 1G) showed a height of
about � 3.0 nm, which contained approximately 7 or 8 layers of
4

g-C3N4 sheets. In brief, the morphological structures and optical
characteristics of g-C3N4 could be controlled on the basis of the
synthesis conditions, which had inspired an increasing number of
modifications later.
3. g-C3N4-based metal-free photocatalysts

As we all know, semiconductor-mediated photocatalysis tech-
nology mainly involves the following four consecutive steps: (1)
harvest of light, (2) generation of photoexcited e–/h+ pairs, (3) sep-
aration and migration of photoexcited e–/h+ pairs, and (4) surface
adsorption and redox reactions [53]. Admittedly, g-C3N4-
mediated photocatalysis technology is no exception. When
exposed to light with energy equal to or greater than the bandgap
energy of g-C3N4, electrons can be excited from the VB to CB, and a



Fig. 2. (A) Schematic diagram of electrons excited from N (2px, 2py) to C 2pz or B (2px, 2py). The gray, blue and pink balls represent the C, N and B atoms, respectively.
Reproduced with permission from ref. [58]. Copyright 2019, Wiley-VCH. (B) Spin-resolved charge density of BCN and (C) its most possible O2 adsorption configurations
modeled by supercells. The isosurface value is set to be 0.002 electron/Å3, and the positive and negative densities are shown in yellow and cyan, respectively. Reproduced
with permission from ref. [59]. Copyright 2020, American Chemical Society. (D) High-resolution B 1 s spectra and (E) 11B solid state nuclear magnetic resonance spectra of
BCN. Reproduced with permission from ref. [60]. Copyright 2020, Wiley-VCH. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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subsequent sequence of reactions can occur. This implies that
expanding the light-harvesting range of g-C3N4 increases the
chances of producing more photogenerated carriers. Subsequently,
we will elaborate on the different non-metal modification tech-
niques performed to improve the photocatalytic activity and sta-
bility of g-C3N4.
3.1. Non-metal elements doped g-C3N4 composites

Doping is a conventional strategy used to adjust the electrical
and optical characters of g-C3N4 at atomic level. Thereinto, non-
metal doping is a common means to maintain the metal-free prop-
erties of g-C3N4, and can be divided into single-element doping and
multi-element doping. Table 1 demonstrates the photocatalytic
performance and stability of various non-metal element doped g-
C3N4 composites. The introduction of non-metal elements with dif-
ferent electronegativity and atomic radius from C and N elements
always changes the charge redistribution of g-C3N4, which may be
one of the reasons for the improved catalytic performance. On the
other hand, this may even cause a change in the bond length of the
CAN bond as well. It is important to note that, however, the intro-
duction of impurities may affect the stability of the g-C3N4 frame-
work. Previous excellent results have confirmed that doping with
5

non-metal elements can increase the delocalization of p-
conjugated electrons and enhance visible-light utilization by
decreasing its bandgap. Resulting increased dispersion of the con-
tour distribution of LUMO and HOMO contributed to higher carrier
mobility and charge separation [54]. These improvements enabled
non-metal element doped g-C3N4 composites to have an enhanced
photocatalytic performance.
3.1.1. Single-element doping
Previous articles showed that doping with transition metal

atoms could effectively enhance the catalytic ability of g-C3N4,
which was largely profit from the transition metal d-electron-
induced local magnetism. However, some research findings
demonstrated that boron-doped g-C3N4 (BCN) had semi-metal
magnetism although it lacked d-electron, and BCN could also show
extraordinary catalytic ability comparable to that of transition
metal-doped g-C3N4 [55–57]. For such B-doped g-C3N4, the B
atoms tended to be positioned in the center of the 3-s-triazine
rings, rather than some metal atoms, such as aluminum and cop-
per, which had a tendency to be situated above the center of 3-s-
triazine rings [56]. Usually, B atoms were doped into large cavities
by coordination with double-coordinated N atoms. In the same
plane, the new electron transfer path from N to B was much easier



Fig. 3. (A) Calculated formation energy of OCN. Reproduced with permission from ref. [61]. Copyright 2015, Elsevier. (C, N and alternative O are represented by gray, blue and
red spheres, respectively.) 2D valence-electron density color-filled maps of (B) g-C3N4 and (C) OCN. (C, N, O, and H are presented by gray, blue, red, and white spheres,
respectively.) (D) Room-temperature EPR spectra and (E) EIS spectra of g-C3N4 and O–CN. Reproduced with permission from ref. [62]. Copyright 2018, American Chemical
Society. (F) The valence band X-ray photoelectron spectroscopy and (G) the schematic band structure of g-C3N4 and 40 % OA-g-C3N4. Reproduced with permission from ref.
[63]. Copyright 2017, Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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than the path from N to C (Fig. 2A), which suggested that B doping
could improve electronic excitation and localization [58]. The
electronic and magnetic properties of BCN were studied using
first-principles study and the results showed that B atoms could
induce significant spin polarization on BCN, which was beneficial
for O2 activation (Fig. 2B-C) [59]. According to the ab initio molec-
ular dynamics simulations, dissociating O2 on BCN could occur by
spontaneous under room temperature of 300 K. Additionally, the B
atoms could be doped into g-C3N4 by replacing C atoms in the 3-s-
triazine rings. B-doped g-C3N4 nanosheets could be manufactured
by using dicyandiamide and B2O3 as reactants [60]. Available char-
acterization results showed that instead of forming B � C bonds,
the doped B atoms formed B�(N)3 bonds and N2 � BH bonds in
BCN by substituting the corner- and bay-carbon sites (Fig. 2D-E).
The constitution of B � N A C coordination in BCN due to doping
of B atoms could firmly stabilize these exposed N atoms, which
could be hydrogenated and promoted the synthesis of ammonia
(NH3).

In addition to the introduction of B atoms, the doping of O ele-
ments can also change the electronic structure of g-C3N4, resulting
in an increased electron mobility. In a similar manner, the O atom
also could be doped into g-C3N4 by displacing C or N atom. The five
possible positions (marked as N1, N2, N3, N4 and N5) of the O atom
in the O-doped g-C3N4 (OCN) and the corresponding formation
energy were shown in Fig. 3A [61]. With an eye on the lowest for-
mation energy, the substitution of N2 was much more advanta-
geous than other conditions, which meant that the O atom
preferred to displace the two-coordinated N atom. This was consis-
tent with the findings of Lyu and co-workers [62]. Since the elec-
tronegativity of the O atom was higher than that of the N atom,
the electronic structures of OCN changed when the O atom
replaced the N atom, as evidenced in Fig. 3B-C. O atoms were more
negatively charged, resulting in lower electron density for nearby C
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atoms. The EPR spectra (Fig. 3D) argued for a higher concentration
of unpaired electrons in OCN. The EIS spectra of OCN and g-C3N4 in
Fig. 3E displayed that the improved photocatalytic performance of
OCN could be highly explained by the much smaller arc radius of
OCN compared with g-C3N4, so OCN possessed more effective elec-
trons transfer. Additionally, the introduction of heteroatoms had a
remarkable impact on the energy band structure of semiconduc-
tors, which were strongly associated with the light utilization
capability. Qiu et al. [63] manufactured O-doped porous g-C3N4

(OA-g-C3N4) via the condensation of urea and oxalic acid at high
temperature. The experimental results showed that as a result of
the doping of O atoms, the light adsorption edges of OA-g-C3N4

presented a significant red-shift. For another, the relative position
between the energy band structure of the catalyst and the redox
potential is closely related to the occurrence of the catalytic reac-
tion. One of the disadvantages of pristine g-C3N4 is that the VB
edge is slightly positive, giving it insufficient ability to split water
under visible light irradiation. Tuning the energy band structure of
the catalyst by the intervention of heteroatoms is one of the desir-
able methods. For example, the introduction of the O atoms shifted
the VB edge of OA-g-C3N4 from 1.95 eV to 2.46 eV, as evidenced in
Fig. 3F. This transition allowed the direct generation of.OH radicals
during photocatalytic reactions, since the VB position of OA-g-C3N4

was more positive than the redox potential for.OH /OH� (+1.99 eV
vs NHE) (Fig. 3G). As for the.OH radicals, they were considerable
and nonnegligible substances in the catalytic reactions. These pre-
dominant advantages had resulted in a significant enhancement in
the photocatalytic activity of OA-g-C3N4.

For another, halogens (F, Cl, Br and I) were also frequently
doped into g-C3N4 to modify its electronic structures. In detail,
the doping of halogen atoms resulted in diverse density of states
and repartition of the LUMO and HOMO. Yu et al. showed by DFT
calculations that the system of doping halogen atoms into g-C3N4



Fig. 4. (A) Crystal structure of pristine g-C3N4 and Cl-doped g-C3N4. Valence charge density in (B) (100) and (C) (101) crystallographic planes of Cl-C3N4. Reproduced with
permission from ref. [65]. Copyright 2017, Elsevier. (D) Photocurrent responses and (E) electrochemical impedance spectra of CN, PCN15, OCN0.01 and POCN0.01. Reproduced
with permission from ref. [69]. Copyright 2019, Elsevier. (F) The pathway for electron transport and proposed doping sites for the S, P and O atoms from DFT calculations.
Reproduced with permission from ref. [75]. Copyright 2019, Elsevier.
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by replacing C or N atoms in the 3-s-triazine rings was unstable.
The most likely doping mode was interstitial doping with halogen
atoms occupying the center of large cavities consisting of three 3-
s-triazine rings [64]. The doping of halogen elements into the cav-
ities minified the bandgap of g-C3N4. As the extremely high elec-
tronegativity of F atom, it tended to occupy the VB and HOMO,
while the Cl, Br and I atoms tended to occupy the CB and LUMO.
Also, with the increase of atomic number and the decrease of elec-
tronegativity, more electrons were moved from the halogen atoms
to g-C3N4, which led to the decrease of work function, and that pro-
moted the escape of electrons from g-C3N4 surface [64]. More
interestingly, Liu et al. discovered that in addition to rest on the
p-conjugate plane of g-C3N4, the Cl atom could be located at the
interlayers and covalently bonded to g-C3N4 (Fig. 4A), acting as a
bridge between the monolayer g-C3N4 sheets. As shown in Fig. 4-
B-C, the intercalation of Cl atom changed the valence charge den-
sity and stretched the local 2D p-conjugated system of g-C3N4 to
3D space, which was beneficial for the charge carrier migration
and separation process [65].

As mentioned above, heteroatoms doping could dramatically
improve the catalytic performance of g-C3N4, but there were still
many restrictions. Namely, the heteroatoms could act as defect
sites for photoexcited e–/h+ recombination [66]. A possible
approach to address this one drawback was self-doping for avoid-
ing the introduction of any heteroatoms. Ran et al. [67] synthesized
C self-doped g-C3N4 (CN-C) by the co-pyrolysis of urea and saccha-
rose. The results of DFT calculations indicated the N atoms, used to
attach to three 3-s-triazine rings, would be easily substituted by C
atoms. The C self-doping with localized electrons could activate the
response species, severely inhibit photoexcited e–/h+ pairs recom-
bination and then improve the catalytic ability of g-C3N4. Mean-
while, several papers proved that this improvement could also be
achieved by N self-doping, which could improve light absorption
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[68]. Self-doping can adjust the structural properties and electronic
structures of g-C3N4 without introducing foreign heteroatoms, but
the effects on its energy band structure and catalytic mechanism
need to be investigated in depth.

In brief, we mainly discuss the effects of doping with non-metal
elements including carbon, nitrogen, boron, oxygen, sulfur, phos-
phorus and halogens on the performance of g-C3N4 in this section,
and substitutional and interstitial doping are the two main modes
of these non-metal elements. In other words, one is replacing the C
or N atoms of 3-s-triazine rings, the other is occupying the center
of large cavities consisting of three 3-s-triazine rings. In contrast,
halogens aremore inclined to interstitial dopingbecause of their lar-
ger atomic radius or electronegativity. Rational modulation of dop-
ing sites is essential for designing efficient catalysts. In the case of
doped elements replacing the C atoms, the in-plane conjugation sys-
tem of g-C3N4 may be weakened owing to the absence of graphitic
carbon atoms, resulting in electron delocalization effect, thus,
inhibiting the recombination of photogenerated carriers. Besides,
since N and C have similar physicochemical properties, it is difficult
for electrons to migrate from N to C. Doping of other elements can
provide a new path for electron transfer, which may be an easier
transfer path. As is known to all, the twomajor drawbacks of pristine
g-C3N4 are the unsatisfactory visible light utilization and the rapid
recombination of photogenerated carriers. Elemental doping, on
the one hand, narrows the bandgap of g-C3N4 by elemental orbital
doping thus extending its visible light utilization range. On the other
hand, the recombination of photogenerated carriers is severely hin-
dered by changing the electron transfer path. Thus, elemental dop-
ing is an efficient strategy to significantly improve the
photocatalytic effect of g-C3N4. Notably, these non-metal elements
can be doped into g-C3N4 at the same time to synergistically pro-
mote the photocatalytic effect, which will be discussed in detail in
the next section.
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3.1.2. Multi-element doping
Single non-metal element doping could overcome the inherent

disadvantages and thus significantly enhanced the catalytic ability
of bulk g-C3N4. Therefore, it was reasonable to speculate that mul-
tiple non-metal elements doping could recombine the points of
single element doping to further improve the catalytic ability of
g-C3N4. Surprisingly, this was indeed the case. To degrade fluoro-
quinolone antibiotics, Lv et al. fabricated a phosphorus and oxygen
co-doped g-C3N4 (POCN) in a one-step thermal condensation man-
ner [69]. The lone electron pairs of P atom replacing C atom delo-
calized to the P-doped 3-s-triazine ring, which promoted the Lewis
acid sites creation. While the lone electron pairs of O atom replac-
ing N atom delocalized to the O-doped aromatic system, which
stimulated the charges mobility. All of these enabled POCN to
enjoy a higher efficiency of charge separation (Fig. 4D-E) [69]. In
2018, Han et al. [70] prepared a sulfur and boron co-doped g-
C3N4 via thermal treatment of the mixture of melamine, thiourea
and boron oxide. Among the four samples, pure and doped g-
C3N4, the co-doped g-C3N4 possessed the most sufficient separa-
tion yield of photoexcited e–/h+, which allowed it to show the high-
est removal activity for organic pollutants. The following year, they
reported a phosphorus and boron co-doped g-C3N4 in a similar
method. In the same way, the co-doped g-C3N4 degraded organic
contaminants in wastewater such as dyes and antibiotics much
better than pure and single element doped g-C3N4 [71]. Then, it
Fig. 5. (A) The possible positions where the vacancies occurred. High-resolution XPS spec
Reproduced with permission from ref. [97]. Copyright 2022, Elsevier. Density of states of
ref. [100]. Copyright 2018, Wiley-VCH. (G) Schematic of the transfer of photogenerated
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has been documented that phosphorus and sulfur co-doped g-
C3N4 significantly outperformed both pristine and corresponding
single-element doped g-C3N4 in the field of photocatalytic H2 pro-
duction and degradation of organic contaminants [72–74].

Based on the demonstration that the catalytic ability of g-C3N4

could be substantially enhanced by doping with two non-metal
elements, attempts have been made to dope with three non-
metal elements simultaneously to further perfect its catalytic abil-
ity. In 2019, Liu et al. [75] successfully discovered (S, P, O) co-doped
and exfoliated g-C3N4 nanosheets (CN-SPO). In this process, both
substitutional doping and interstitial doping were involved. In
more detail, in the 3-s-triazine rings, P atoms replaced the C atoms,
O atoms displaced the N atoms, and S atoms took up the interstitial
sites. Then, the photoexcited electrons could transfer through the
P A O � C1 � N2 � S � N0

2 (or N0
2�S � N2 � C1 � O A P) chain

(Fig. 4F) between two abreast 3-s-triazine rings to expedite the
separation of photoexcited carriers. Furthermore, ESR images
showed that almost no TEMPO-e� signal was detected for CN-
SPO, and the TEMPO-h+ intensity also was weaker, which once
again indicated that CN-SPO had the highest photoexcited charge
carrier reactivity.

Accordingly, doping with non-metal elements, which can adjust
the electrical and optical attributes at atomic level to narrow the
bandgap of g-C3N4, is one of facile and achievable methods to
improve catalytic ability of g-C3N4. On the other hand, it must be
tra of (B) C 1 s and (C) N 1 s, and (D) ESR spectra of the pristine g-C3N4 and CCN-600.
(E) bulk g-C3N4 and (F) nitrogen defective g-C3N4. Reproduced with permission from
electrons in vacancies-modified g-C3N4.
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interesting to explore the effects of some unique doping of non-
metal elements on the properties of g-C3N4, such as H [76], Si
[77] and Se [78]. But, there is also a point that needs to be given
great attention by researchers, which is that the introduction of
heteroatoms can disrupt the original structure of g-C3N4, which
may cause structural instability of the new material.

3.2. Vacancies modified g-C3N4 composites

Strikingly, theoretical and experimental results showed that
vacancies introduction, which mainly including C vacancies and
N vacancies, was also an effective strategy to narrow bandgap
and facilitate photogenerated e–/h+ pairs separation [37,97]. Differ-
ent from heteroatom doping, vacancies introduction did not intro-
duce any impurities in the process of changing the frame structure
of g-C3N4. Fig. 5A showed the possible positions of C vacancies and
N vacancies. Normally, the absence of graphitic carbon atoms
weakened the in-plane conjugation system of g-C3N4, and strongly
modified the physicochemical properties of g-C3N4 by changing its
frame structures. In other words, the absence of C atoms reduced
the symmetry of g-C3N4, resulting in electron delocalization effects
and defect states, which was favorable for the photogenerated
electron transfer and promoting the carrier migration efficiency.
More importantly, the introduction of C vacancies produced a large
number of unsaturated N atoms, resulting in abundant -NHx,
which was beneficial for catalytic reactions. Tao et al. obtained C-
vacancy modified g-C3N4 by calcining the samples at 600℃ (la-
beled as CCN-600) [97]. The high-resolution XPS spectra of C 1 s
(Fig. 5B) and N 1 s (Fig. 5C) showed that the ratio of N-C@N bond
to CAC/C@C bond and the content of amino (NHx) were signifi-
cantly increased, indicating the disappearance of some graphitic
carbons. The EPR test (Fig. 5D) further confirmed the existence of
carbon vacancies. Meanwhile, the peak intensity became stronger,
suggesting that the recombination of photogenerated carriers can
be markedly inhibited. Due to the introduction of C vacancies,
the catalytic activity of photoreduction of O2 to H2O2 can be
increased by 14 times compared to pristine g-C3N4 [98].

By contrast, the introduction of N vacancies did not change the
conjugate system of g-C3N4. As shown in Fig. 5A, four possible posi-
tions (C-N@C, N-(C)3, bridging N and -NHx) existed for the intro-
duction of N vacancies, of which the N atoms in terminal -NHx

were the most likely to escape to form vacancies. In addition to
this, the formation of vacancies in other positions caused the
triple-coordinated carbon to convert to double-coordinated car-
bon. Furthermore, in comparison to N-(C)3 and bridging N, the N
atoms in C-N@C were more likely to escape to form nitrogen
vacancies due to the lowest structural energy [99]. Shi and co-
workers demonstrated by experimental result and theoretical cal-
culation that the introduction of N vacancies introduced a defect
state below the CB of g-C3N4 [100]. The defect state can accommo-
date the photoexcited electrons migrated from the VB of g-C3N4,
which greatly inhibited the recombination of photogenerated car-
riers. The calculated density of states (DOS) of nitrogen defective g-
C3N4 owned an evident decrease of intrinsic bandgap compared to
bulk g-C3N4 (Fig. 5E-F), which facilitated the extension of the visi-
ble light reaction range of g-C3N4. On the other hand, the informa-
tion of N vacancies can offer more active sites for O2 adsorption to
produce the O2

�� [101,102], which can participate in a variety of
catalytic reactions.

Briefly, vacancy engineering was an efficient measure to
improve the photocatalytic performance by enhancing the inher-
ent drawbacks of g-C3N4. Introducing vacancies in the tri-s-
triazine rings of g-C3N4 can induce the narrowing of intrinsic band-
gap and the formation of defect state, thus expanding the visible
light response range and suppressing the recombination of photo-
generated e–/h+ pairs (Fig. 5G). However, it was worth pointing out
9

that the mechanism of induced vacancies generation was still
unclear, which needed to be further explored in experimental
studies.

3.3. Quantum dots modified g-C3N4 composites

Compared to modifications on the same material, coupling with
other semiconductors is more likely to achieve suppression of pho-
toexcited e–/h+ pairs recombination as the formation of junction
interfaces. In which, one of the widely reported semiconductors
is quantum dots (QDs). QDs are interesting 0D semiconductor
materials that have recently received a lot of attentions from var-
ious disciplines due to their quantum size effects, dielectric con-
finement effects, and surface effects. By controlling the
morphologies, structures and sizes of QDs, their energy gap can
be readily tuned, which makes them potentially a promising co-
photocatalyst [103–105]. Currently, there have many research
results showed that QDs modified g-C3N4-based catalysts exhib-
ited a better photoactivity than pristine g-C3N4. However, Cd(S,
Se)/Zn(S, Se) QDs, which were extensively reported in the past,
contained heavy metals and were harmful to the environment. In
this section, we mainly discuss in detail the microstructures and
properties of g-C3N4 modified by non-metal QDs, including carbon
dots (CDs, mainly introduce carbon quantum dots (CQDs) and gra-
phene quantum dots (GQDs)), black phosphorus quantum dots
(BPQDs), boron nitride quantum dots (BNQDs) and g-C3N4 quan-
tum dots (CNQDs). Table 2 demonstrates the enhanced properties
of g-C3N4 modified by many non-metal QDs.

3.3.1. Carbon dots
CDs are luminescent carbon nanoparticles that are smaller than

10 nm in size at least one dimension, and are mainly composed of
sp2/sp3 carbon. They have received increasing attention due to
their up-conversion photoluminescence (UCPL), size tunability,
and high water solubility [106]. Therefore, CDs have become
increasingly popular co-photocatalysts, attracting a large number
of researchers to explore the photocatalytic properties of CDs in
combination with g-C3N4.

Loading CDs onto g-C3N4 could prominently improve the light
utilization of CDs/g-C3N4 composites because of the UCPL and good
photoinduced electron transfer properties of CDs. Mostly, 0D CDs
loaded on g-C3N4 surface could convert light at wavelengths
>550 nm to visible light <460 nm, thereby exciting g-C3N4 to pro-
duce more photoexcited e–/h+ pairs. In addition, the interaction of
composites was the p-p stacking interaction, and this non-covalent
interaction prevented the occurrence of defect at the junction
interface of the two materials, resulting in a high-quality contact
interface. Strikingly, the relative energy band alignment of CDs
and g-C3N4 made it easy for photoexcited e– to migrate from g-
C3N4 to CDs, which suppressed the recombination of photoexcited
carriers [107]. Meanwhile, the modification of CDs deformed the
lattice of g-C3N4, and the introduced CDs could act as electron
absorbers to inhibit photoexcited e–/h+ pairs recombination. How-
ever, when loaded with too many CDs, the CDs could again act as a
recombination center to accelerate the recombination of photoex-
cited e–/h+, making the photocatalytic ability of the metal-free
composite heavily reduced [108]. This was in accordance with
the findings of Qu and his co-workers [109]. They reported that
the bandgap of CDs/g-C3N4 composites would vary with the size
and number of introduced CDs, in other words, the larger the lat-
eral size of the CDs, the narrower the bandgap.

Actually, CQDs and GQDs, two typical types of CDs [110], were
frequently used to modify g-C3N4 for improved its catalytic perfor-
mance and stability. Hong et al. [111] loaded CQDs of average size
of 5 nm onto g-C3N4 nanosheets surface. The prepared CQDs/g-
C3N4 samples had a lower PL intensity, in other words, possessed



Table 2
The catalytic performances of some non-metal QDs modified g-C3N4 composites.

QDs Catalyst SSA (m2/g)
Improved /
Pristine

Application Efficiency
Improved /Pristine

Reusability and stability
(after 5 cycles)

Ref.

CDs ag-C3N4-3 M/CDs 19.7 /14.6 photodegradation of Rh B 100 % /32 % 81 % after 4th [126]
CDs g-C3N4/CDs – photodegradation of phenol 100 % /50 % no obvious deactivation [107]
CDs C-dots/g-C3N4 12 /10.3 photocatalytic Rh B degradation 3 times no evident decrease [108]
CQDs C0.50 %/CN 48.495 /6.898 photodegradation of Rh B and TC-

HCl
95.2 % /55.8 %
78.6 % /54.6 %

same activity [111]

S-CQDs HTCN-C(2) 32.982 /10.625 photocatalytic TC degradation 82.67 %/30.16 % about 3.52 % lost [127]
GQDs s-g-C3N4@GQDs – electrocatalytic ORR remarkably enhanced

activity
activity declined after 8000 s [128]

GQDs GQDs/g-CNNR – photodegradation of OTC 80 % /47 % no evident decrease [129]
Hydroxyl-GQDs GQDs/mpg-C3N4 71.3 /158.07 photodegradation of Rh B and TC increase by 42 % (Rh B) no apparent deactivation after

4th
[112]

NGQDs NGQDs (1.66)/g-
C3N4

– photocatalytic H2 evolution 139.6 /18.2 lmol h�1 kept constant during 4 cycles [130]

S, N-GQDs g-C3N4/S, N-GQD 45.53 /52.99 photodegradation of Rh B 96 % /76 % no obvious loss after 9th [131]
g-C3N4 QDs CNQDs/CN-20 – photodegradation of Rh B 100 % /56 % near 85 % [125]
g-C3N4 QDs g-C3N4/S-CNQDs 111.72 /27.58 photocatalytic MO degradation 100 % /30 % no obvious change after 3rd [132]
B doped g-C3N4

QDs
g-C3N4/BCNQDs – photocatalytic H2 evolution 70.05 /1.2 lmol h�1 no significant drop [124]

B doped g-C3N4

QDs
g-C3N4/rGO/
BCNDs

52.13 /20.41 photocatalytic H2 evolution 741.4 /12.2 lmol g�1h�1 slightly down [133]

BPQDs 5 wt% BPQDs/g-
C3N4

– photocatalytic H2 evolution 271 /48 lmol h�1 g�1 no significant loss after 8th [119]

BNQDs BNQDs/UPCN 24.5 /6.2 photodegradation of OTC-HCl 82 % /31 % 77 % after 4th [21]
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a lower recombination rate of photoexcited e–/h+. Benefit by the
UCPL properties of CQDs, the CQDs/g-C3N4 composites could gen-
erate more photoexcited e–/h+ when irradiated by light at wave-
lengths above 600 nm, making the photodegradation capacities
several times higher than g-C3N4 [111]. The following year, another
group at the same institution synthesized GQDs modified meso-
porous g-C3N4 (GQDs/mpg-C3N4) and they also reached a similar
conclusion [112]. By electrostatic attraction, the GQDs were uni-
formly dispersed on g-C3N4 planes, resulted in a gradual enhance-
ment of visible light absorption of as-prepared GQDs/mpg-C3N4

composites from 450 nm to 800 nm.
The CDs modified g-C3N4 photocatalysts have displayed excel-

lent performance, but in the process of application, researchers
found that there are still some challenges, such as strict reaction
conditions and low quantum yield of luminescence [113]. Then,
it had been shown that heterogeneous doping with different
non-metal elements (B [114], N [115], S [116] and P [117]) could
lead to higher fluorescence intensity of CDs at different wave-
lengths. This had the potential to address the limitations of its
low quantum yields. For instance, the N-doped GQDs absorbed vis-
ible and long wavelengths light much better than that of GQDs
[46]. In addition, Seng et al. [118] synthesized N-doped CQDs
(NCQDs) decorated 2D g-C3N4 by a simple hydrothermal route
(Fig. 6A). The p-p interactions on the surfaces of NCQDs and g-
C3N4 promoted their gradation efficiency under LED light
irradiation.

3.3.2. Other quantum dots
The common non-metal QDs used to modify g-C3N4 were not

only CDs but also some other quantum dots, such as BPQDs. BP,
an allotrope of P, was a single-element 2D layered semiconductor
material with many excellent properties, such as a direct-
bandgap tunable with the number of layers (from 0.3 eV of bulk
to 2.0 eV of monolayer), ultra-high mobility of photoexcited hole
(as high as 1000 cm2 V�1 s�1) and relatively high SSA [119,120].
The direct-bandgap property of BP meant that it could be directly
coupled with light, which drastically improved its light absorption
efficiency and could be used directly as a photocatalyst [121]. The
0D BPQDs were formed as the lateral size of BP was reduced to less
than 20 nm. Because of the quantum effects of BPQDs, they had
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more excellent properties than bulk BP, and many researchers
had probed the co-catalytic properties of BPs and g-C3N4. On the
first try, Kong et al. [122] introduced BPQDs to layered g-C3N4 sur-
face by a high-vacuum stirring method. The corresponding charge
distribution of the CB minimum (CBM) and VB maximum (VBM) in
the real space (Fig. 6B) revealed that the CBM and VBM primarily
came from g-C3N4 and BP, respectively. Under the action of the
built-in electric field, the photoexcited electrons and holes would
separately relocate to g-C3N4 and BP. That was, loading BP onto
g-C3N4 surface could significantly stimulate photoexcited e–/h+

pairs separation, and severely suppress their recombination. How-
ever, a similar problem existed here. As shown in Fig. 6C-D, when
the optimal loading content of BPQD was exceeded, the photocur-
rent response and photocatalytic efficiency of the composites were
reduced due to the introduction of the recombination center of
carriers.

BNQDs were another non-metal QDs ordinarily used to modify
g-C3N4. Hexagonal boron nitride (h-BN) had a graphene-like struc-
ture and was known as ‘‘white graphene”. The h-BN could be act as
a promoter of photoexcited holes transferred to improve photocat-
alytic activities of h-BN/g-C3N4 composites. As the size of h-BN
narrowed to quantum dot level, the quantum effect of BN quantum
dots endowed them with intriguing fluorescence properties and
dispersion. On the other hand, since the presence of many negative
electron functional groups on BNQDs surface, such as some
oxygen-containing groups, the BNQDs preferred to act as an attrac-
tor for photoexcited holes, thus, the BNQDs modified g-C3N4-based
composites could synchronously accelerate both the separation of
photoexcited e–/h+ pairs and the transfer of charges [21]. However,
too much BNQDs could reduce photocatalytic efficiency (Fig. 6E)
due to overlapping masking of reactive sites [123]. Surprisingly,
g-C3N4 modified with CNQDs also exhibited more excellent photo-
catalytic properties. Just because the change of g-C3N4 morphology
could also change its electronic band structure, so the separation
and transfer of charges could be facilitated through the heterojunc-
tion interface between g-C3N4 and CNQDs [124]. Zhou and his col-
leagues [125] successfully produced g-C3N4 decorated by g-C3N4

quantum dots (CNQDs/CN) via a simple solvothermal technique.
The as-prepared CNQDs/CN metal-free composites possessed an
exceedingly high charge separation rate and long lifetime of pho-



Fig. 6. (A) Schematic illustration of the hydrothermal route for NCQD/g-C3N4 composite synthesis. Reproduced with permission from ref. [118]. Copyright 2020, Elsevier. (B)
DFT calculation studies of BP-C3N4 sample, the band structure and charge distribution of the VBM and CBM with an isovalue of 0.001 e Å�3. (C) The photocurrent response of
BPQD–C3N4 samples under study under the LED-420 irradiation with 0.2 V bias voltage conditions. (D) Photocatalytic H2 generation of g-C3N4 and BPQD–C3N4 catalysts under
simulated sunlight. Reproduced with permission from ref. [122]. Copyright 2018, Wiley-VCH. (E) Photocatalytic activity of the samples based on the photocatalytic
degradation of naproxen. Reproduced with permission from ref. [123]. Copyright 2022, Elsevier. (F) The possible mechanism for enhanced photocatalysis of QDs modified g-
C3N4-based photocatalysts.
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toexcited charge carriers, which demonstrated favorable activity
for photodegradation of rhodamine B. This self-modification strat-
egy had proven to have many superior properties in the design of
catalysts and could be greatly extended.

Thus, thanks to the modification of QDs, the performance of QDs
modified g-C3N4-based photocatalysts has been improved to a
great extent (Fig. 6F). In these catalysts, on the one hand, QDs
can act as a spectral converter. When the photons energy is equal
to or greater than the bandgap of g-C3N4, g-C3N4 can be excited to
produce photogenerated e–/h+ pairs, and because g-C3N4 has a mild
11
bandgap, only a portion of visible light can be used. The low effi-
ciency of visible light utilization is a severe disadvantage that lim-
its the catalytic performance of g-C3N4. QDs can absorb longer
wavelengths of light, and then convert them into suitable wave-
lengths of light that can be used by g-C3N4, which can greatly
improve the visible light utilization efficiency of g-C3N4. On the
other hand, QDs can also be used as an electron mediator. In these
composites, QDs, as another material distinct from g-C3N4, can
work as a photoexcited electron absorber or holes attractor, in
other words, as a carrier for photogenerated e–/h+ pairs separation



Table 3
The catalytic performances of some non-metal modified g-C3N4 composites.

Composite Catalyst SSA (m2/g)
Improved /
Pristine

Application Efficiency
Improved /Pristine

Reusability and stability Ref.

BP 8 %BP-g-
C3N4

22.86 /28.44 photocatalytic removal of PPCPs 99.2 % /- reduce to 95.9 % after 4th [151]

BP 0.05BPCNS 51.8 /5.9 photocatalytic N2 fixation 347.5 /23.7 lmol L�1h�1 no obvious decrease [134]
PI PI-g-C3N4 21.640 /9.287 photodegradation of BPA 96 % /6% almost unchanged [139]
PDI CNPC3 28 /44.70 piezo-photocatalytic atrazine removal and

H2O2 generation
94 % / 22.0 %
625.54 lM h�1 /-

decrease to 70 % after 4th
-

[152]

rGO g-C3N4/
rGO-N

158.5 /22.8 degradation of multiple pollutants 100 % /poor (AO7) reduced after 4th [140]

rGO 5 %rGO/g-
C3N4

– photocatalytic degradation of TC, b-naphthol
and Rh B

3.89, 5.17 and 6.00 times no obvious decrease (TC) [153]

graphitic
carbon

CN-20 92.6 /85.4 photocatalytic H2 evolution 64 /15 lmol h�1 no significant decrease
after 4th

[141]

CNTs SWCNTs/
CN

13.5 /5.3 photocatalytic H2 production 3.4-fold no obvious loss after 3rd [142]

PEI PEI/C3N4 – photocatalytic water disinfection (E. coli and E.
faecalis)

6.2 logs in 45 min /-4.2 logs in
60 min /-

slightly decrease after
3rd

[145]

PEI PEI-g-C3N4

NSs
4.5 /- detoxification of Cr(VI) 80 % /- progressively decrease [154]

lignin LNRs/GCN-
NRs

– photodegradation of triclosan 99.20 % /- decrease to 89.80 % [155]

biphenyl
diimide

g-C3N4/
BDI50

– photocatalytic H2O2 production 0.70 lmol h�1 /poor – [147]

Fig. 7. (A) The schematic band structure of BP-g-C3N4. DFT calculation studies of the BP/OPCN heterojunction: (B) DOS, (C and D) differential charge density map and
visualization of differential electron density at the BP/OPCN interface. The Fermi level is set to zero. Reproduced with permission from ref. [135]. Copyright 2020, Royal
Society of Chemistry. (E) The synthetic route of PI-g-C3N4. Reproduced with permission from ref. [137]. Copyright 2018, American Chemical Society. (F) The possible
photocatalytic mechanism on non-metal modified g-C3N4-based photocatalysts.
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and suppress its recombination. Notably, it is worth pointing out
that an excess of QDs again acts like a powerful magnet to promote
the recombination of photogenerated carriers. Therefore, care must
be taken to control the loading content of QDs during the material
synthesis process. What is more, QDs with a similar p-conjugated
structure to g-C3N4, such as CDs, can form exceptionally stable
composites with g-C3N4 through strong interactions. These in turn
have attracted more research interest for QDs modified g-C3N4-
based catalysts. At the same time, the adverse effects of the QDs’
12
own size and fluorescence effects on the catalytic efficiency have
yet to be investigated in depth.

3.4. Other non-metal modified g-C3N4 composites

To maintain the metal-free properties of g-C3N4, exploring high-
performance metal-free co-catalysts are an effort to perfect the
photocatalytic efficiency of g-C3N4. Currently, numerous non-
metals have been developed as co-catalysts. Table 3 exhibits the
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catalytic performances of some non-metal modified g-C3N4 com-
posites. As mentioned earlier, BP was an emerging promising 2D
semiconductor material. In addition to the BP quantum dots,
designing BP into other forms was also a desirable strategy, by
way of example, the BP nanosheets. Qiu et al. [134] obtained BP
nanosheets by liquid exfoliation of bulk BP, and as a co-catalyst,
g-C3N4 nanosheets with BP nanosheets composites possessed an
ultra-high catalytic activity. They deeply investigated the state of
the binding bonds between the catalyst and co-catalyst. Results
proved that the possible reason for improved photocatalytic activ-
ity was profit from the formation of C A P covalent bonds, which
rearranged the electrons of composites and speeded up the elec-
trons transfer. But in the other case, Hu and Ma et al. [135,136]
reported that the formation of N A P bonds at the heterojunction
interface was the possible key to improve the catalytic activity of
composites. In fact, it was not surprising that different synthesis
methods could affect the properties of the final products. In these
BP/g-C3N4 composites, the CB edge of g-C3N4 was more negative
than BP and the VB edge of g-C3N4 was more positive than BP
(Fig. 7A). The photoinduced h+ in g-C3N4 would transfer to BP,
while the photoinduced e– leaped from the VB to the CB of g-
C3N4 and subsequently migrated to BP. Then, it is easy to generate.-
O2
– radicals, since the CB potential of BP is negative enough. BP as a

charge acceptor greatly inhibited carrier recombination. This was
consistent with the findings of Hu and his colleagues. They studied
the electron transfer direction at the BP/OPCN interface using the
first-principles calculation (Fig. 7B-D). The photoinduced e– in
OPCN would rapidly migrate to the CB of BP [135].

Except for non-metal elements doping and non-metal quantum
dots modification, up to now, researchers had developed many
other non-metal materials to modify g-C3N4, and the more typical
ones included coupling with perylene imide (PI). PI was a class of
cheap and available n-type organic semiconductor, also known as
perylene-3,4,9,10-tetracarboxylic imide. It could be usually syn-
thesized by the reaction of its parent substance, perylene-3,4,9,1
0-tetracarboxylic dianhydride (PTCDA), with amine groups [137].
On account of the abundance of amine groups in g-C3N4, g-C3N4

modified by PI (PI-g-C3N4), an all-solid-state Z-scheme heterojunc-
tion, could be easily obtained by reacting the parent compound
with g-C3N4 in N2 atmosphere. Thanks to the p-conjugated elec-
tronic structures of both PDCTA and g-C3N4, they underwent sur-
face hybridization by forming O@C � N � C@O covalent bonds,
while g-C3N4 reacted with the unhybridized PDCTA through p-p
stacking [137–139]. Fig. 7E showed the synthetic route of PI-g-
C3N4. This was considerably different from g-C3N4 modified by
BP nanosheets on different molecular layers. Dong et al. thus suc-
ceeded in getting PI-g-C3N4 for photocatalytic removal of NO.
Owing to the modification of PI, the PI-g-C3N4 could utilize more
visible light as emerging absorption bands around 500 and
550 nm, which made the PI-g-C3N4 possess better photocatalytic
activity [138].

In fact, precisely because g-C3N4-based metal-free photocata-
lysts possess so many excellent properties that lots of modification
methods have been tried to improve the photocatalytic abilities.
Moreover, more and more non-metal materials have been devel-
oped as co-catalysts, for instance, graphene [140], graphitic carbon
[141], carbon nanotubes [142], carbon nanospheres (CNS) [143],
red phosphorus [144], polyethylenimine (PEI) [145], lignin [146],
biphenyl diimide [147] and so on. Thereinto, CNS, usually prepared
by hydrothermal treatment of carbon precursors within
160 � 200 �C, have received considerable research interest [148].
Sun and his colleagues have demonstrated for the first time that
CNS can be used as a promising co-catalyst to improve the
photo-oxidation of g-C3N4 [149]. A stable connection can be
formed between g-C3N4 and CNS, which facilitated the separation
of photogenerated e–/h+ pairs. The modification of CNS can
13
enhance the photocatalytic performance of the composites in sev-
eral ways, including promoting the adsorption of substrates,
enhancing the utilization of visible light, and facilitating the migra-
tion of electrons [150]. What is worth mentioning is that, however,
new co-catalysts matched to the g-C3N4 energy level are of para-
mount importance. The presence of a co-catalyst can change the
path of photogenerated electrons directly migrating from VB to
CB of g-C3N4, thus alleviating the dilemma that photogenerated
carriers are prone to recombination (Fig. 7F). Besides, a matched
energy level is more conducive to the construction of a stable cat-
alytic system. This may be an effort to develop a new co-catalyst.

Anyway, g-C3N4-based metal-free catalysts have been applied
in various fields, and this will be detailed in the following section.
Nevertheless, new approaches to modify g-C3N4 remain a hot
research topic with the aim of further enhancing its catalytic per-
formance and stability, which remains both an opportunity and a
challenge from before to present and beyond.
4. Applications of g-C3N4-based metal-free catalysts

It is because g-C3N4-based non-metal photocatalysts exhibit
these astounding properties that they have been widely applicated
in many fields. In this chapter, we focus on the latest progress of g-
C3N4-based non-metal photocatalysts for CO2 reduction, NOx

purification, H2O2 production and bacterial disinfection, and espe-
cially the photocatalytic mechanisms are also described in detail.
4.1. CO2 reduction

It is well known that CO2 is one of the most common green-
house gases, which can lead to evils such as global warming and
ecological damage. If CO2 could be converted into other useful
gases in the presence of H2O, such as carbon monoxide (CO),
methane (CH4) and formic acid (HCOOH), the emission of CO2

would be controlled and resource utilization would be realized
for the purposes of protecting environment and alleviating energy
shortage [156–158]. To date, researchers have practiced many
materials for CO2 reduction, among which g-C3N4 notably stand
out for its low cost, facile synthesis and environmental friendliness.

Photocatalytic CO2 reduction utilizing solar energy was the
most promising manner to simultaneously relieve the crises of
worsening greenhouse effect and energy shortage. Thus, Fu et al.
[159] fabricated O-doped g-C3N4 nanotube (OCN-Tube) for the
photoreduction of CO2 into hydrocarbon fuels (Fig. 8A). The O-
doping endowed OCN-Tube a higher separation efficiency of pho-
togenerated carriers. The results of DFT calculations showed that
OCN-Tube had a narrowed bandgap as compared with bulk g-
C3N4, indicating that OCN-Tube had wider visible-light absorption
range. The optimized CB position of OCN-Tube (Fig. 8B) further sat-
isfied the thermodynamic requirements of CO2 reduction reaction.
Besides, the adsorption energies of CO2 on OCN-Tube and g-C3N4

were �0.21 and 0.02 eV, respectively. The more negative adsorp-
tion energy suggested that OCN-Tube possessed a stronger CO2

adsorption capacity. As we all know, the CO2 adsorption onto the
photocatalyst surface was the first crucial process for CO2 reduc-
tion reactions. As a result, owing to the O-doping, OCN-Tube exhib-
ited an average CH3OH productive rate of 0.88 lmol g�1h�1, which
was about fivefold higher than that of g-C3N4 (0.17 lmol g�1h�1).
Fu et al. [58] declared that the CO2 adsorption free energy on the
B sites of BCN was � 2.2 eV. Both 12CH4 and 12CO were detected
when 12CO2 gas was used as the reactant, and the CH4 yield of
1 % BCN was roughly 32 times better than g-C3N4. Particularly, a
p-type BCNx could be used for photoelectrochemical CO2 reduction
[160], and various kinds of products could be detected as the CB
potential of BCN1.5 was high enough. However, from the experi-



Fig. 8. (A) Original chromatograms of the gas products from bulk g-C3N4 and OCN-Tube after 1 h irradiation. (B) Band alignments of bulk g-C3N4 and OCN-Tube versus the
saturated Ag/AgCl reference electrode. Reproduced with permission from ref. [159]. Copyright 2017, Wiley-VCH. (C) Products analyses of photoelectrochemical reduction of
CO2 over co-catalyst loaded BCN3.0 electrodes. Reproduced with permission from ref. [160]. Copyright 2016, Elsevier. (D) Schematic diagram of photocatalytic CO2 reduction
based on g-C3N4-based metal-free photocatalysts.
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mental results of the comparison experiments with loaded metal
co-catalysts (Fig. 8C), we found a disadvantage of g-C3N4-based
metal-free catalysts that the catalytic performance was far inferior
to that of the metal-containing catalysts. Once again, we were
reminded that improving the catalytic performance of non-metal
g-C3N4-based catalysts was the critical key to expanding their
practical applications.

As shown in Fig. 8D, photocatalytic CO2 reduction was a compli-
cated process involving multiple electrons. Non-metal modifica-
tions can extend the visible light utilization of g-C3N4. In
addition, the bandgap of the modified g-C3N4 allowed it to meet
the thermodynamic requirements of various reactions. In detail,
under visible light or UV irradiation, the g-C3N4-based photocata-
lysts were motivated and generated e�/h+, and then, CO2 adsorbed
on the surface of g-C3N4-based materials could be reduced to other
substances. Even reacted continuously along the reaction path of
CO2 ? HCOOH ? HCHO ? CH3OH ? CH4 in the presence of pho-
toexcited e� [161]. Generally, the process of g-C3N4-based non-
metal materials (CN-X) for CO2 photoreduction mainly involved
the following eight equations:

CN-X + ht ! e� + hþ ð1Þ

H2O + 2 hþ !1/2O2 + 2Hþ ð2Þ

CO2 + 2Hþ + 2e� !CO + H2O ð3Þ

CO2 + 8Hþ + 8e� !CH4 + 2H2O ð4Þ
14
CO2 + 2Hþ + 2e� !HCOOH ð5Þ

CO2 + 4Hþ + 4e� !HCHO + H2O ð6Þ

CO2 + 6Hþ + 6e� !CH3OH + H2O ð7Þ

2CO2 + 12Hþ + 12e� !C2H5OH + 3H2O ð8Þ
The improvement of electron utilization and carrier separation

efficiency was crucial for photocatalytic CO2 reduction of g-C3N4-
based materials. BPQDs-modified g-C3N4 composites assembled
by electrostatic attraction demonstrated superb performance in
photocatalytic CO2 reduction for CO production [162]. In a further
development, the OCN modified by CQDs possessed a remarkable
ability of photocatalytic CO2 reduction to CH4 [163]. The introduc-
tion of CQDs increased the CO2 adsorption site, and the oxygen
doping promoted the dissociation of H2O to produce more sustain-
able supply of H+. Thus, these enabled the best selected sample to
have a CH4 productivity 14-fold higher than pure g-C3N4. Further-
more, 3D macropore C-vacancy g-C3N4 was synthesized by using
polymethylmethacrylate as a template for CO2 photoreduction
[164]. The macropore structure increased the SSA and therefore
offered extensive catalytic active sites. The introduction of
carbon-vacancy restrained the recombination of photoexcited e�/
h+ pairs and therefore raised the utilization of surface carriers.

In summary, positive control of total CO2 in the atmosphere to
alleviate the energy crisis remains an urgent research topic for us.
The photocatalytic conversion of CO2 to clean hydrocarbon fuels
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using g-C3N4-based metal-free catalysts is one of the most desir-
able methods, but there is still a long way to go from the laboratory
to factory, which requires our sustaining and unremitting efforts.

4.2. NOx purification

Excessive NOx emission is extremely damaging to the environ-
ment, as it is one of the main substances in the formation of acid
rain and photochemical smog, as well as an important factor in
the destruction of the ozone layer. As is known to all, nitrogen
monoxide (NO) could not be directly oxidized without catalysts.
But it has been proven in literatures that when exposed to visible
light, it could be photo-oxidized into NO2

� or NO3
� when a photocat-

alyst is present [67]. Meanwhile, g-C3N4 as a cheap photocatalyst
has gained much attention on NOx purification in recent years. Li
et al. [165] used DFT theoretical calculations and experimental
facts to demonstrate that g-C3N4 could efficiently remove NO in
the presence of light.

Researchers also explored the removal of NOx by non-metal
modified g-C3N4. For example, S-doped and carbon-vacancies co-
modified g-C3N4 was lightly synthesized for NOx removal using
desulfurization waste liquid [166]. Fig. 9A showed the photocat-
alytic mechanisms of NOx purification. The adsorption of NO and
O2 was a key to the ability of photocatalysts to remove NOx. This
non-metal modification strategy resulted in an increased electrons
density on the material surface and improved the separation as
well as transfer efficiency of photocarriers, then suppressed pro-
duction of intermediate toxic products, nitrogen dioxide (NO2).
Thus it enhanced the adsorption of NO and activation of O2, which
could contribute to generate more reactive oxygen species (ROS),
for example,.OH,.O2

� and so on. Finally, NOx could be oxidized by
these ROS, and converted into NO2

� and NO3
�. Typically, the process

of CN-X for NO removal mainly involved the following equations:

CN-X + ht ! e� + hþ ð9Þ

O2 + e� !:O2
� ð10Þ

:O2
� + 2Hþ + e� !H2O2 ð11Þ
Fig. 9. (A) Possible mechanisms for photocatalytic NOx removal by g-C3N4-based non-m
irradiation time tested over g-C3N4 and Ns-g-C3N4. (C)First order kinetics fitting for the d
the surface of Ns-g-C3N4. Reproduced with permission from ref. [167]. Copyright 2017,
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H2O2 + e� !:OH + OH� ð12Þ

NO + 1/2:O2
� !NO2 ð13Þ

NO +:OH ! HNO2 ð14Þ

NO2 +:OH ! HNO3 ð15Þ
From the foregoing, in the process of photocatalytic NOx purifi-

cation, the main ROS were.O2
� and.OH and the main final products

were NO2 and HNO3. However, NO2 was more toxic than NO. For-
tunately, recent experimental results have shown that non-metal
modified g-C3N4-based composites could also catalyze the conver-
sion of NO to nitrogen (N2). Dong et al. synthesized C vacancy-
modified g-C3N4 nanosheet (Ns-g-C3N4) for efficient and selective
photoreduction NO to N2 [167]. The NO concentration variation
followed first-order kinetics, and the removal rate over Ns-g-
C3N4 was 5-fold higher than that of g-C3N4 (Fig. 9B-C). DFT simula-
tions proved that the C vacancies on the Ns-g-C3N4 can be used on
the one hand as traps for photoexcited e�, and on the other hand as
chemical adsorption sites for NO. The photocatalytic mechanism
can be described as follows (Fig. 9D): (i) NO was adsorbed onto
the surface of Ns-g-C3N4 by CvAOAN interactions. (ii) The OAN
single bond of CvAOAN was broken by photoexcited e�, thus
releasing decomposed N and O, which further formed N2 and O2.
It was thanks to the non-metal modification that Ns-g-C3N4 exhib-
ited efficient and selective photoreduction of NO to N2, whereas
pristine g-C3N4 can only lead to photoxidation of NO to NO2. Fur-
thermore, photocatalytic N2 fixation to produce NH3 was extre-
mely desirable [168]. Wang et al. successfully fabricated BCN for
photocatalytic N2 reduction to NH3 synthesis and improved the
yield of NH3 by a factor of 10 [60]. To sum up, it was an effective
strategy to use non-metal modified g-C3N4 for photocatalytic NOx

purification and N2 fixation, and it was considered to pave a new
research way for air pollution. At the same time, from the results
of the cyclic experiments, we can see that although these modifica-
tions improve the catalytic performance of g-C3N4, the stability of
these materials need to be enhanced, which may find a way out
from the combination with theoretical calculations.
etal materials. (B) The relative change of NO concentration (C/C0) as a function of
ata obtained from g-C3N4 and Ns-g-C3N4. (D) The decomposition process of NO on
Elsevier.



Fig. 10. (A) Proposed mechanism for selective formation of H2O2 on the photoactivated g-C3N4 surface. Reproduced with permission from ref. [172]. Copyright 2015,
American Chemical Society. Color filled map of the electron localization function of (B) g-C3N4 and (C) PCNHS. (D) LUMO) and (E) HOMO of PCNHS. The isosurface is taken at a
value of 0.002 e/Bohr3. Reproduced with permission from ref. [173]. Copyright 2020, Royal Society of Chemistry.
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4.3. H2O2 production

H2O2, with H2O and O2 as by-products, has received much inter-
est as a promising clean energy alternative. Traditional synthesis
methods of H2O2 based on anthraquinone method or noble metal
catalytic systems consume a great deal of energy or are likely to
engage in hazardous H2/O2 mixed substances. Thus, it is inevitable
to develop economical and green synthesis methods. The direct
conversion of light-driven H2O and O2 to H2O2 is a process that
occurs slowly or difficulty, but the use of catalysts can accelerate
this process. Stunningly, numerous existing research results indi-
cated that g-C3N4 was an ideal photocatalyst for photocatalytic
reduction of O2 for H2O2 production [169–171].

Usually, the photocatalytic O2 reduction to H2O2 generation
process required the use of sacrificial agents as proton donors,
and the most commonly used sacrificial agents were alcohols.
Meanwhile, as shown in Fig. 10A, there was the process of
single-electron reduction of O2 to.OOH generation, which inhibited
the production of H2O2. Therefore, efficient and rapid synthesis of
1,4-endoperoxide species by double-electron reduction of O2 was
the key to perfect the efficiency of H2O2 selectivity [172]. For
instance, a P-doped g-C3N4 hollow spheres (PCNHS) was applied
to the selective synthesis of H2O2 [173]. The results of electron
localization function (Fig. 10B-C) showed that compared to pristine
g-C3N4, electrons were more easily delocalized to other zones in
PCNHS. Furthermore, the LUMO and HOMO delocalization (Fig. 10-
D-E) has been reinforced by P-doping. These adjustments have
allowed the PCNHS to demonstrate an improved carrier mobility
and a suppressed recombination rate of carriers. In this case, the
results certified the doped P substantially promoted 1,4-
endoperoxide species formation, resulting in the H2O2 yields of
1684 lmol g�1h�1 with isopropanol as proton donor, which was
11.2 times more than g-C3N4. Then Wei and his co-workers [174]
probed that oxygen-enriched g-C3N4 also displayed excellent pho-
tocatalytic H2O2 production performance and EPR spectra demon-
strated that 1,4-endoperoxide species rather than.OOH were
produced in this process. This again confirmed the above
discussion.

It was interesting to note that some research results have
proved that photocatalytic H2O2 generation could also proceed
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through a consecutive two-step single-electron O2 reduction reac-
tion (O2 + e� ?.O2

�,.O2
� + 2H+ + e� ? H2O2) [175]. Zhao et al. [176]

reported that combining g-C3N4 with carbon nanotubes (CNTs) by
amidation reaction could tune the CB level of g-C3N4. Specifically,
there was a negative shift of CB level when formed g-C3N4/CNTs,
which could make a sufficient potential difference from single-
electron reduction of O2 to.O2

�, thereby promoting the ability of
H2O2 generation. In addition, considering that the use of sacrificial
agents would increase the cost, the researchers were again work-
ing on the synthesis of H2O2 without any sacrificial agents. A com-
mon substitution method currently used was the catalytic
conversion of H2O and O2 to H2O2, which has 100 % atomic effi-
ciency. In this catalytic system, firstly, H2O was oxidized to the
generation of H+ and O2, and then, H2O2 was produced by a
double-electron O2 reduction reaction (2H2O + 4 h+ ? 4H+ + O2,
O2 + 2H+ + 2e� ? H2O2) [169,177]. However, it was easy to find
that in terms of the efficiency of H2O2 production, it was much bet-
ter with the sacrificial agents than without them. In brief, although
a lot of efforts have been done on H2O2 generation, there are still
many challenges to be solved. Typically, much experimental and
theoretical work needs to devoted to further reveal the reaction
mechanism, which will facilitate our precise preparation for fur-
ther promoting the efficiency of H2O2 production.

4.4. Bacterial disinfection

Infectious diseases caused by pathogenic bacteria such as
viruses, bacteria and fungus in the water environment pose a seri-
ous threat to human health. Meanwhile, it is urgent to develop
effective and economical water/wastewater disinfection technolo-
gies to alleviate the shortage of water resources worldwide. The
photocatalytic water disinfection based on non-metal semiconduc-
tor photocatalysts has an incomparable excellent bacterial inacti-
vation effect than traditional disinfection methods, and they have
the advantage of killing most pathogenic bacteria without produc-
ing toxic by-products [178,179]. Among them, g-C3N4 has been
applied in the exploration of photocatalytic water disinfection.
For example, Ding et al. [180] used g-C3N4 to inactivate multiple
antibiotic-resistant bacteria isolated and purified from secondary
wastewater, and gained promising outcomes.
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Experimental and theoretical results suggested that the bacteri-
cidal activities of g-C3N4-based photocatalysts were mainly
achieved via generating ROS with strong oxidization (Fig. 11A),
such as.OH,.O2

� and H2O2, that bound directly or indirectly to bac-
terial cells [181]. The destruction of cell membranes and walls sug-
gested the important role of the ROS in the photocatalytic
Fig. 11. (A) The possible mechanism of photocatalytic disinfection on g-C3N4-based me
band-bending effects near the edge of g-C3N4-30. (C) HOMO of Melem

+ , Melem-OH+, and M
numbers), Melem-OH+ (red numbers), and Melem-COOH+ (orange numbers). (E) The disinf
degrees under full-spectrum solar-light irradiation. (a, g-C3N4-30; b, g-C3N4-reduction
permission from ref. [182]. Copyright 2019, Elsevier. (F) Illustration of the roles of PEI on
from ref. [145]. Copyright 2020, Elsevier. (For interpretation of the references to color in
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disinfection. Currently, two strategies were commonly used to per-
fect the photocatalytic water disinfection ability of g-C3N4. The first
was to tune the position of CB of g-C3N4 to produce more and
longer lifetime ROS. The second was to strengthen the interaction
between bacteria and g-C3N4-based materials. Based on the above
considerations, Teng et al. [182] declare that edge-functionalized
tal-free photocatalysts. (B) Schematic diag ram of possible depletion layer and the
elem-COOH+. (D) Mulliken charge distribution of different C atoms in Melem

+ (black
ection performances of films of different g-C3N4 samples with different oxidization
; c, g-C3N4-45; d, g-C3N4-60; e, bulk-g-C3N4) Reproduced with permission with
C3N4 for enhanced photocatalytic bactericidal activity. Reproduced with permission
this figure legend, the reader is referred to the web version of this article.)
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g-C3N4 nanosheets exhibited excellent bacterial inactivation per-
formance. On the one hand, ESR spectrum showed as-prepared
photocatalysts possessed a stronger signal of.O2

�, because the intro-
duction of electron withdrawing groups at the margins of g-C3N4

nanosheets, which bended their energy band upward (Fig. 11B),
and thus enhanced the generation of H2O2. On the other hand,
the edge functionalization induced an anisotropic built-in electric
field, which inhibited photoexcited e�/h+ pairs recombination.
DFT calculations further certified that the functional groups can
enhance the charge separation efficiency by changing the orbital
status of neighboring C atoms (Fig. 11C-D), resulting that the pho-
togenerated e� favored to gather at the edge of g-C3N4 nanosheets.
In aqueous solution, H2O2 had a remarkably long lifetime, so this g-
C3N4 nanosheets exhibited admirable disinfection performance
(Fig. 11E) with a first-order disinfection rate of 0.081 min�1

(R2 = 0.90). And Zeng et al. [145] enhanced the photocatalytic bac-
tericidal ability of g-C3N4 through PEI modification. The presence of
amino groups on PEI promoted the production of long lifespan ROS
(.O2

� and H2O2), as well as enhanced the interaction between bacte-
ria and photocatalysts through electrostatic adhesion (Fig. 11F).
These two aspects made the PEI/g-C3N4 composites had efficient
inactivation for both gram-negative Escherichia coli and gram-
positive Enterococcus faecalis.

H2O2 was a crucial disinfectant for achieving efficient bacterial
inactivation, and it was clear from the above description that H2O2

could be produced by both a consecutive two-step single-electron
and one-step double-electron O2 reduction reaction. Further, Xiao
and co-workers reported that by introducing a large amount of sur-
face amino groups to synthesize amino-rich holey ultrathin g-C3N4

nanosheets (AHUCN) [183], this could lead to a transformation of
O2 reduction path from two-step single-electron reduction to
one-step double-electron reduction. This transformation greatly
improved the disinfection efficiency due to the stimulated genera-
tion of H2O2. The results showed that AHUCN was able to com-
pletely inactivate Escherichia coli within 2 h, where H2O2 was the
dominant species. And it was in possession of the strongest inacti-
vation rate compared to previously studied g-C3N4-based
photocatalysts.

In addition to these strains, g-C3N4-based metal-free photocat-
alysts had good bactericidal activity against many species of bacte-
ria. For example, Tang and co-workers fabricated CQDs/g-C3N4

heterojunctions for Staphylococcus aureus inactivation in vitro
and in vivo [184]. More importantly, toxicity analyses confirmed
it had excellent non-toxicity. Then, a O-doped g-C3N4/hydrother-
mal carbonation carbon heterojunction photocatalyst was
employed for human adenovirus type 2 inactivation, where.OH
was the dominated ROS [185]. Besides, as we all know, both chem-
ical oxidation and physical action were known to produce damage
to microorganisms. Unsatisfactorily, most of the current literatures
were devoted to expose the photocatalytic performance of g-C3N4

for disinfection, while few studies had investigated the physical
action of g-C3N4-based materials for disinfection, such as prepared
sharp edges. One promising approach was physical damage first
led to bacterial cell membrane rupture and cell death, and then
radicals oxidized various components of the cell. Presumably this
synergistic effect of physical damage and ROS oxidation could
achieve rapid inactivation of pathogenic bacteria in water, and this
was bound to be really interesting.

In conclusion, g-C3N4-based metal-free photocatalysts have
demonstrated excellent application prospects in CO2 reduction,
NOx purification, H2O2 production and bacterial disinfection. The
CB position of the photocatalyst satisfying the thermodynamic
requirements for the selective reduction of CO2 is a prerequisite
for photocatalytic reducing of CO2 to useful substances. Simultane-
ously, the amount of CO2 adsorption by the photocatalyst is one of
the important factors affecting the efficiency of photocatalytic CO2
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reduction. Likewise, the adsorption capacity of NO and the activa-
tion capacity of O2 can directly affect the catalytic efficiency of
photocatalytic NO reduction. Generally speaking, the larger the
SSA of the catalyst, the greater the adsorption capacity of the gas.
Therefore, increasing the SSA of g-C3N4-based metal-free photocat-
alysts is one of the feasible strategies to enhance its photocatalytic
efficiency. In addition, H2O2 can be generated by one-step two-
electron or two-step single-electron O2 reduction reaction. The
current state of research indicates that the photocatalytic effi-
ciency with sacrificial agents (often alcohols) is much greater than
without. Bacterial disinfection relies primarily on the production of
strongly oxidizing substances (.OH,.O2

� and H2O2) to inactivate bac-
teria. To summarize, it is not hard to see that the process of activat-
ing O2 plays a crucial role in all these applications, which may be
the direction of future efforts to design and develop improved
photocatalysts.
5. Conclusions and prospects

In conclusion, g-C3N4-based metal-free catalysts are motivating
new excitement in future research due to their promise to solve or
alleviate the environmental problems and energy crisis. Based on
the metal-free nature of g-C3N4, in this review, we present the
unique structures, attractive properties and emerging applications
of various non-metal modified g-C3N4, and briefly summarize the
latest developments in these fields. As far as the current develop-
ment status is concerned, we have made great progress in the
study of non-metal modified g-C3N4, but there are still many chal-
lenges and developments.

First of all, to ensure a high catalytic efficiency, most methods of
material synthesis require a tightly controlled reaction environ-
ment, but this is not applicable to mass production. We need to
develop more mild and effective synthesis methods for industrial
production at large scale of high-quality g-C3N4-based non-metal
catalysts. It is also necessary to develop additional modification
strategies to improve its catalytic performance, for example,
exploring more various forms of g-C3N4, looking for more dopants.

Secondly, most studies only reveal the relationship between
material structures and experimental results, and a few articles
cover the catalytic mechanism, but still do not explain it thor-
oughly. Further research is needed on more precise reaction prin-
ciples, for instance, the mechanism of ROS generation and
conversion. The development of in-situ characterization techniques
may help us in further understanding. Further clarification of the
catalytic mechanism will greatly heighten the application perfor-
mance of g-C3N4 and expand the broader application areas.

Thirdly, the latest research trends show that g-C3N4-based
materials in photocatalysis have gradually shifted to these inter-
esting applications, including CO2 reduction, NOx purification,
H2O2 production and bacterial disinfection, which will inevitably
lead to a new research boom. Meanwhile, this shift is inevitable,
and this review is timely. But, there are still some limitations of
g-C3N4-based metal-free catalysts for above-mentioned applica-
tions. For instance, the difficulty of recycling powdered materials,
the need to use sacrificial agents for achieving high efficiency,
and the generation of undesirable intermediates from material
self-decomposition. The interaction of g-C3N4-based materials
with ROS might cause potential deactivation of the catalysts or sec-
ondary contamination [186]. All these are to be studied in depth.

Fourthly, the rise of computational chemistry has provided the-
oretical guidance for our experimental studies, allowing us to
design catalysts with better performance, as well as providing an
important theoretical basis for in-depth studies of the catalytic
mechanism. For example, the reusability and stability of the cata-
lysts is an important indicator to assess performance. Loss of active
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sites leading to blocked catalytic reaction and pore blockage lead-
ing to decreased adsorption performance are important factors
affecting the reusability of the material. Proper doping sites, com-
pounding two semiconductors with matched energy levels, these
are necessary to design a stable catalyst. The use of theoretical cal-
culations to determine the reactive sites or stable doping sites
before designing the catalysts can provide a research idea to
enhance the reusability and stability of the materials. Therefore,
combining theoretical calculations with experimental studies will
certainly open a new door for us in future research.

Fifthly, g-C3N4-based metal-free materials are photocatalysts
with good prospects for practical applications, but have many
inherent shortcomings, such as complicated and difficult recovery
process, the loss of catalytic activity of recovered particles. To
address these challenges, finding immobilized supports with large
specific surface area and favorable particle dispersion is one of the
possible solutions, such as films, foams, sponges, aerogels and so
on [187–191].

Sixthly, g-C3N4-based metal-free materials have been widely
used in photocatalysis because of its excellent properties, but
now there are also some research results demonstrated that these
catalysts have promising prospects in other catalytic fields such as
electrocatalysis [192–194], photoelectrocatalysis [195,196], Fen-
ton reaction [197,198] and sulfate-based advanced oxidation pro-
cesses [199]. For example, N-vacancy engineered g-C3N4 can
achieve a faraday efficiency for CH4 formation of 44 % with a partial
current density of 14.8 mA/cm2 at � 1.27 V vs reversible hydrogen
electrode [200]. In another work, hierarchical B-doped g-C3N4

nanoplatelets possessed excellent property in photoelectrochemi-
cal water splitting for H2 production, which was about 2.5-fold
greater than that of pristine g-C3N4 [201]. Therefore, in the future
research, non-metal modified g-C3N4-based catalysts can also do
some in-depth exploration in other catalytic fields.

Finally, with the continuous development of science and tech-
nology, more and more materials with good catalytic properties
will emerge. Combining these materials with g-C3N4 is bound to
stimulate interesting properties, and the challenges that exist
now regarding g-C3N4-based catalysts must certainly be addressed.
To sum up, combined with the current scientific research and the
higher requirements for material development by environmental
protection, g-C3N4-based non-metal materials are bound to shine
in the new materials field in the future.
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