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in g-C3N4 quantum dots:
synthesis, properties and applications in
photocatalytic degradation of organic pollutants

Teng Wang,†a Chunyang Nie,†a Zhimin Ao, *a Shaobin Wang b

and Taicheng An a

Graphitic-carbon nitride quantum dots (g-C3N4QDs), as a rising star in the carbon nitride family, show great

potential in many fields involving bioimaging, fuel cells, and photo(electro)catalysis, due to their fascinating

optical and electronic properties. Especially, the efficient light capture, tunable photoluminescence and

extraordinary up-conversion photoluminescence properties of g-C3N4QDs may offer promising

potential for full utilization of the solar spectrum, thus promoting their applications in photocatalytic

reactions. Some reviews on g-C3N4 have been presented; while most of them have concentrated on g-

C3N4 in 3-dimensional (3D) or 2D structures, few focused on g-C3N4QDs. Therefore, this review aims to

summarize the recent advances in g-C3N4QDs regarding their synthesis, optical and electronic

properties and photocatalytic applications for degrading organic pollutants. Moreover, crucial issues in

g-C3N4QD future application in these flourishing research areas are discussed, with prospects towards

the final realization of efficient and long-term stable g-C3N4QD-based photocatalysts.
1. Introduction

Photocatalysis is considered as a promising solution to the ever
growing energy shortage and environmental pollution since
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solar energy is sustainable and green.1 Photocatalytic reactions
have been demonstrated to be effective for obtaining hydrogen
from water splitting,2 mineralization of organic pollutants,3–7

disinfection of bacteria,8–11 reduction of carbon dioxide,12 etc. In
photocatalytic processes, the photocatalyst is the key compo-
nent. Historically, metallic semiconductors with a response to
ultraviolet (UV) light including TiO2, CdS, ZnO, and GaP have
been commonly used as photocatalysts in various photo-
catalytic technologies.13 However, many metallic resources on
the Earth are not renewable, and some metals are harmful to
the environment and human health,14,15 such as Pb, Co, etc.
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Therefore, metal-free photocatalysts are of great importance.
On the other hand, visible light and near-infrared (NIR) light
activated photocatalysts are very attractive because the propor-
tion of visible and NIR light in the solar spectrum is over 97%,
much higher than that of UV light (�3%).16

Polymeric graphitic carbon nitride (g-C3N4) was rstly
demonstrated as a suitable heterogeneous catalyst for Friedel–
Cras reactions in 2006 17 and it became the research focus of
photocatalysis in 2009 when it was discovered to be a good
metal-free photocatalyst (band gap ¼ 2.7 eV) for water splitting
under visible light.18 Subsequently, g-C3N4 was widely applied as
a photocatalyst for solar energy transfer, water purication and
so on.19

The story of g-C3N4 could be dated back to 1834 when Ber-
zelius rst synthesized a polymeric derivative of C3N4 and Liebig
named it melon.20 Melon is considered as a linear polymer
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consisting of connected tri-s-triazines via secondary nitrogen
rather than interconnected tri-s-triazines via tertiary amines
contained in 2-dimensional (2D) g-C3N4 sheets. The structure of
g-C3N4 is similar to that of graphene, where N heteroatoms
substitute C atoms in the graphene framework forming p-
conjugated systems containing sp2 hybridized N and C atoms.
However, the stacking distance of two layers in g-C3N4 (d ¼
0.326 nm) is slightly higher than that in crystalline graphite.21 In
addition, the interplanar interaction between layers in g-C3N4 is
somehow stronger than that in graphite, which accounts for the
good chemical stability of g-C3N4 in most solvents.22 Moreover,
g-C3N4 is only composed of carbon and nitrogen elements that
are both abundant on the Earth, which enables its easy and
controllable synthesis at low cost. Up to now, g-C3N4 has been
commonly synthesized by pyrolysis of carbon-rich and nitrogen-
rich precursors such as cyanamide,23 melamine,24 and urea25 via
condensation or bulk reactions. A large number of articles and
reviews on the synthesis and applications of g-C3N4 could be
found elsewhere.21,26,27

Despite the aforementioned advantages, bulk g-C3N4 still
encounters several drawbacks including a low specic surface
area and poor quantum yield, which are not benecial to its
practical applications in various photocatalytic reactions.28 To
address these issues, a lot of efforts to engineer the nano-
structure of g-C3N4 (nanosheets, mesoporous, hollow spheres,
and nanorods) or introduce heteroatoms (metals or non-metals)
into bulk g-C3N4 were made.21,22,29–31 Furthermore, peculiar
optical and electronic properties can be induced when the size
of bulk g-C3N4 is diminished down to 10 nm to obtain quantum
dots (QDs) or nanoribbons because strong quantum conne-
ment and edge effects can occur with such a small size.32 For
instance, the conduction and valence bands of g-C3N4QDs are
shied in opposite directions with respect to bulk g-C3N4,
resulting in a wider band gap and a signicant difference in the
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Fig. 1 A schematic of g-C3N4QD preparation via “top down” and
“bottom up” routes.
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photophysical properties and photoexcited charge carriers for g-
C3N4QDs.33 Therefore, g-C3N4QDs and g-C3N4QD-based
composites have been commonly applied for photocatalytic
water splitting,28,34 photo(electro)catalytic abatement of organic
pollutants,35–37 and other reactions.38–40

On the other hand, semiconductor QDs have been applied
for optoelectronic devices, biological labelling, etc. in the past
few years owing to their excellent uorescence performance and
biochemical properties.41–47 However, conventional QDs have
caused some serious health and environmental concerns due to
the use of heavy metals as the essential elements, which limits
their wide application. Consequently, considerable attention
has been paid to develop new metal-free QDs with similar
optical properties. Various studies on the preparation of
carbon-based QDs like carbon nanodots, graphene QDs, and g-
C3N4QDs have been carried out. Compared to carbon nanodots
and graphene QDs, g-C3N4QDs exhibit a higher photo-
luminescence (PL) quantum yield,33,48 which makes them better
candidates as biosensors.49–52 As a result, more and more efforts
have been devoted to the synthesis and potential applications of
g-C3N4QDs in recent years. Hence, it is necessary to provide
reviews summarizing the synthesis methods of g-C3N4QDs and
elaborating their potential applications in diverse elds. In
contrast to the plentiful reviews on the synthesis, properties and
various applications of bulk g-C3N4 and g-C3N4 nanosheets,
relevant articles on g-C3N4QDs have been barely documented in
the literature.

Herein, a comprehensive overview on the recent progress in
the synthesis and applications of g-C3N4QD-based photo-
catalysts is presented. First, the preparation of g-C3N4QDs by
different methods is summarized and their advantages and
disadvantages are systematically compared. Next, the optical
properties of g-C3N4QDs including optical absorption and PL
are thoroughly discussed. Furthermore, this review is dedicated
to the applications of g-C3N4QD-based composite photo-
catalysts in the abatement of organic pollutants. Finally, some
concluding remarks and prospects on the future research of g-
C3N4QD-based photocatalysts are given.

2. Synthesis strategy of g-C3N4QDs

The strategy of synthesizing g-C3N4QDs is similar to that of
carbon-based QDs, which can be classied into two routes
depending on the size development of the precursors: top-down
and bottom-up routes (as shown in Fig. 1). For the top-down
route, the synthesis of g-C3N4QDs is started from macroscopic
g-C3N4 structures, followed by a series of treatments including
sonication,44,47,53–61 hydrothermal treatment,28,36,38,40,46,62–70 and
evaporation–condensation and hydrolysis approaches.33,45 to
form 2D nanosheets, 1D nanowires or nanoribbons, and nally
to obtain 0D QDs. For the bottom-up route, g-C3N4QDs are
obtained using carbon and nitrogen sources as a precursor by
solid phase reactions,39,43,71–79 the microwave-assisted sol-
vothermal method,41,42,80–89 and quasi-chemical vapor deposi-
tion (CVD).34,90 For example, the nitrogen source is urea or
thiourea, and the carbon source is citric acid, sucrose or
glucose. Herein, the representative g-C3N4QD preparation
This journal is © The Royal Society of Chemistry 2020
methods and their advantages and disadvantages are revealed
in Table 1.
2.1 Top-down route

2.1.1. Sonication method. It has been reported that ultra-
sonic waves can generate both low pressure and high pressure
waves in a liquid, which gives rise to the formation and collapse
of smaller vacuum bubbles.15 The cavitation leads to a high-
speed impact jet, forming a strong hydrodynamic shear
force.44,56,58 Therefore, the energy of the ultrasound can be
utilized to exfoliate bulk 3D g-C3N4 into 2D nanosheets, 1D
nanowires or nanoribbons, and nally into 0D QDs. For
instance, sonication of a water suspension of bulk g-C3N4,
which was prepared by calcination of dicyandiamide for 10 h,
was employed by Yuan and co-workers to obtain g-C3N4QDs.56

Notably, the resulting product from sonication was actually
a composite of g-C3N4QDs and g-C3N4 nanosheets in which QDs
with diameters below 10 nm were embedded in the nanosheets
forming a heterojunction. Li et al.58 reported the synthesis of
pure phenyl-modied g-C3N4QDs by sonicating an aqueous
suspension of bulk g-C3N4 containing phenyl groups, followed
by a centrifugation step to remove the un-stripped bulk g-C3N4.
More precisely, the as-prepared products should be described as
g-C3N4 nanosheets because atomic force microscopy (AFM) and
transmission electron microscopy (TEM) observations revealed
that the nanosheets have a large diameter (several tens of
nanometers) with a thickness of 5–6 nm (Fig. 2a–c). Photo-
graphs of phenyl-modied g-C3N4QD powder with a yellow color
and aqueous solution of QDs are shown in Fig. 2d. The modi-
cation with phenyl groups on g-C3N4QDs can inuence the p-
electron delocalization in the conjugated carbon nitride
network, resulting in a high quantum yield up to 48.4% in the
aqueous suspension and a much higher Stokes shi than that
J. Mater. Chem. A, 2020, 8, 485–502 | 487
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Table 1 Comparison of the advantages and disadvantages of different g-C3N4QD preparation methods

Methods Merits Demerits Ref.

Top-down One-step sonication method Simple steps and easy
operation

Low yield and long synthesis
cycle

44, 53–56, 58, 60 and 61

Sonication coupled with
chemical oxidation

Good yield and high purity High cost and complicated
steps

47, 57 and 59

One-step hydrothermal
method

Simple steps and low cost Low yield and long synthesis
cycle

35, 36, 38, 40, 46, 62, 65, 67,
68 and 70

Hydrothermal coupled with
chemical oxidation

Good yield and high purity High cost and complicated
steps

28, 63, 66 and 69

Bottom-up Solid-phase method High yield, high quantum
yield, and adjustable PL
performance

Time-consuming in
purication post-treatment

39, 43 and 71–79

Microwave-assisted
solvothermal method

Simple steps, short synthesis
cycle and low cost

Low quantum yield 41, 42 and 80–89

Quasi-chemical vapor
deposition (CVD) method

Closely integrated when
preparing composite
materials

High energy consumption
and demands further
separation and purication
post-treatments

34 and 90

Fig. 2 (a) TEM image and (b) AFM image of the synthetized phenyl
modified g-C3N4QDs. (c) The corresponding height profile of two
random nanoparticles from the AFM image of phenyl modified g-
C3N4QDs. (d) Illustration of the preparation of a phenyl modified g-
C3N4QD colloidal aqueous suspension. Reprinted with permission
from ref. 58. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Fig. 3 Schematic illustration of the formation of F-C3N4 quantumdots
in ethylene glycol. Reprinted with permission from ref. 44. Copyright
2016 Elsevier Ltd.
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of reported carbon nitride based uorophores.58 Another
example of synthesizing g-C3N4QDs by sonication was reported
by Ai's group.44 To improve the performance of QDs, they
fabricated uorine-doped g-C3N4QDs (F-C3N4QDs) from bulk
uorine-doped g-C3N4 (F-C3N4) prepared with melamine and
ammonia uoride precursors. Notably, F-C3N4 was exfoliated in
ethylene glycol instead of water during the sonication process
(Fig. 3). The ethylene glycol solvent played two roles in the
fabrication: (i) preventing the recombination of F-C3N4 sheets
by scavenging the active C and N radials contained in the F-C3N4

sheets; (ii) limiting the aggregation of QDs due to the suitable
viscosity of ethylene glycol. The prepared F-C3N4QDs have a size
distribution of 1.5–2.0 nm in the ethylene glycol solvent and
present a higher uorescence intensity than pure g-C3N4QDs.44
488 | J. Mater. Chem. A, 2020, 8, 485–502
It should be noted that sonication treatment can also be
coupled with other methods to exfoliate bulk g-C3N4 into g-
C3N4QDs. Several studies reported a combination of a chem-
ical oxidation method with sonication for the synthesis of g-
C3N4QDs.47,57,59 Generally, bulk g-C3N4 is rstly oxidized into
porous g-C3N4 using acids with a strong oxidizing ability and
then exfoliated into porous nanosheets under high tempera-
ture and high pressure. Aerwards, an ultrasound bath treat-
ment is performed to break up the nanosheets into QDs,
followed by a nal purication step with centrifugation and
dialysis. Xie et al.47 used a mixture of concentrated H2SO4 and
HNO3 to treat bulk g-C3N4 and then a hydrothermal treatment
on the oxidized products dispersed in concentrated ammonia
hydroxide solution to prepare porous g-C3N4 nanosheets.
Finally, the nanosheets were sonicated in water, forming QDs
(Fig. 4a). The as-prepared g-C3N4QDs show a diameter distri-
bution ranging from 2–6 nm with the highest proportion at
4 nm and an average thickness of �0.35 nm, which is close to
the thickness of a C–N monolayer (Fig. 4b–d). In addition, the
surface of such single-layered QDs is negatively charged,
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Schematic illustration of the strategy for the preparation of
g-C3N4QDs. (b) TEM image and the corresponding size distribution of
the g-C3N4QDs. (c) and (d) AFM and corresponding height image of
the g-C3N4QDs. Reprinted with permission from ref. 47. Copyright
2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
8 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 G
ua

ng
do

ng
 T

ec
hn

ol
og

y 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

3/
5/

20
20

 2
:2

6:
13

 A
M

. 
View Article Online
which makes the g-C3N4QD suspension particularly stable in
a few weeks. Zhang et al.57 reported the preparation of single-
layered g-C3N4QDs by a similar modied Hummers' method
(Fig. 5a). Briey, a large amount of bulk g-C3N4 and sodium
nitrate was rstly oxidized with concentrated H2SO4 at room
temperature, forming an intermediate with a chain-like
structure and was further oxidized with potassium perman-
ganate in order to obtain smaller akes of g-C3N4 nanosheets.
Subsequently, the resultant products were dispersed in ice
water containing hydrogen peroxide. Finally, QDs were ob-
tained by ultrasonication. With this modied Hummers'
method, the QDs show a thickness of �0.4 nm with a large
diameter of 31 nm (Fig. 5b–e).
Fig. 5 (a) Proposed synthetic protocol for the g-C3N4QDs. (b) The
TEM image and (c) size distribution of the g-C3N4QDs; the inset of (c)
shows the Tyndall effect of the g-C3N4QD aqueous dispersion. A
representative AFM image (d) and the corresponding height analysis (e)
along the lines marked in the AFM image. Reprinted with permission
from ref. 57. Copyright 2015 The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2020
2.1.2. Hydrothermal method. The hydrothermal method as
a simple, green and economical technique has been widely
employed to synthesize various nanomaterials including
QDs.35,36,38,40,46,62,65,67,68,70 By taking advantage of the thermal
shear force under high temperature and high pressure, 3D g-
C3N4 can also be gradually exfoliated into 0D QDs with
a hydrothermal uid. Zhan et al.46 proposed a simple one-step
hydrothermal synthesis of g-C3N4QDs, in which bulk g-C3N4

was initially dispersed in a mixture of concentrated KOH and
ethanol solution and the resulting suspension was then trans-
ferred into an autoclave and heated at 180 �C for 16 h (Fig. 6a). It
should be pointed out that the presence of KOH not only
facilitates the exfoliation of g-C3N4 resulting from the interca-
lation of potassium and hydroxyl into layers but also helps the
oxidization of the edges of g-C3N4 sheets. The as-prepared g-
C3N4QDs only consist of a monolayer or a few layers of g-C3N4

sheets and their average diameter was �3.3 nm (Fig. 6b–d).
Similar to the sonication method, hydrothermal treatment

can also be combined with other pre-treatments like chemical
oxidation to fabricate g-C3N4QDs.28,63,66,69 Wang et al.28 used
oxidation of bulk g-C3N4 in air to destroy the hydrogen bonds
between the g-C3N4 layers and obtain g-C3N4 nanosheets, which
were then subjected to acidic etching with concentrated H2SO4

and HNO3 for cleaving the nanosheets into nanoribbons with
widths less than 10 nm, and a nal hydrothermal reaction was
conducted to generate g-C3N4QDs (Fig. 7a). The resultant g-
C3N4QDs have particle sizes ranging from 5 to 9 nm, well-
crystallized structures and good water solubility (Fig. 7b–d).
Recently, Jin et al.66 took a similar approach to prepare g-
C3N4QDs and fabricated a composite electrode of ZnO nanowire
arrays coated with the as-prepared g-C3N4QDs for photocatalytic
water splitting. In addition, Li et al. described a two-step
synthesis of g-C3N4QDs involving a prior chemical oxidation
and a subsequent hydrothermal treatment.63 Compared to
Wang's work,28 the QDs fabricated by Li et al. are much larger
Fig. 6 (a) Schematic illustration of the synthesis of size-controlled g-
C3N4 nanosheets and QDs via ethanol-thermal treatment in the
presence of KOH. (b) AFM image of the g-C3N4QDs (inset: height
profile along the white line corresponding to the AFM image). (c)
HRTEM image of g-C3N4QDs. (d) Size distribution of g-C3N4QDs.
Reprinted with permission from ref. 46. Copyright 2017 The Royal
Society of Chemistry and the Centre National de la Recherche
Scientifique.

J. Mater. Chem. A, 2020, 8, 485–502 | 489
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Fig. 7 (a) Schematic illustration of the controllable synthesis of g-
C3N4 nanosheets, nanoribbons and QDs. (b) TEM images of g-
C3N4QDs; (c) diameter distribution of the g-C3N4QDs; (d) HRTEM
image of a single g-C3N4QD. Reprinted with permission from ref. 28.
Copyright 2014 The Royal Society of Chemistry.
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(the mean size is �20 nm), suggesting that a previous thermal
oxidation treatment is favorable to the preparation of smaller g-
C3N4QDs.

2.1.3. Other methods. Besides the aforementioned
methods, one-pot evaporation–condensation and hydrolysis
approaches have also been reported.33,45 Han et al.45 used
a household microwave oven to heat a crucible containing
a mixture of bulk g-C3N4 powder and silicon carbide particles
for 5 min, followed by centrifugation to remove the large
particles from g-C3N4QDs (Fig. 8). During this evaporation–
condensation process, silicon carbide particles can provide
sufficient vibrational kinetic energy for the cleavage of g-C3N4

layers, resulting in the formation of small g-C3N4 pieces for the
further generation of QDs. Compared with the conventional
methods, this microwave-assisted approach is easier and less
time-consuming and it can reach a yield of g-C3N4QDs as high
as 40%. Moreover, the produced g-C3N4QDs exhibit high crys-
tallinity, excellent uorescence, and relatively concentrated size
distribution. Because of those advantages, this evaporation–
Fig. 8 Schematic illustration of (a) the fabrication device, (b) the
evaporation–condensation process, and (c) distribution of g-C3N4(g)
during the transport process. (d) TEM image of the as-prepared g-
C3N4QDs. (e) SEM image of bulk g-C3N4. Reprinted with permission
from ref. 45. Copyright 2017 Elsevier B.V.

490 | J. Mater. Chem. A, 2020, 8, 485–502
condensation approach may be considered as a potential
strategy for the large-scale synthesis of g-C3N4QDs. Zhang and
co-workers33 used H2O, which is a protic solvent to initiate the
hydrolysis of bulk g-C3N4 in H2SO4 solution, to obtain a mixture
of g-C3N4QDs and g-C3N4 nanoleaves. The resultant QDs
possess a narrow size distribution varying from 2 to 4 nm and
the resultant nanoleaves show a length ranging from 200 to
500 nm. Interestingly, the authors found that g-C3N4 nanorods
could also be prepared by using another protic solvent, i.e.,
CH3OH. More importantly, the as-prepared g-C3N4QDs exhibi-
ted a superior quantum yield of 46%, much higher than that of
most g-C3N4QDs prepared by other methods.
2.2 Bottom-up route

2.2.1. Microwave-assisted solvothermal method. The rst
reported synthesis of g-C3N4QDs was realized by the microwave-
assisted solvothermal method.88 The heat energy generated
from microwave irradiation can destroy the chemical bonds in
the carbon-containing and nitrogen-containing precursors and
trigger polymerization or carbonization to rapidly form g-
C3N4QDs. Meanwhile, uniform thermal energy can be provided
by the microwave irradiation, which ensures that the size of the
generated QDs is evenly distributed.91–93 Therefore, the
microwave-assisted solvothermal method has been widely
employed to prepare g-C3N4QDs due to its high efficiency and
low cost. In the pioneering work,88 microwave heating of
a mixture of CCl4 and 1,2-ethylenediamine (EDA) was con-
ducted and photoluminescence g-C3N4QDs with diameters of 2–
4 nm (Fig. 9) were obtained. Note that reux heating or sol-
vothermal heating of CCl4 and EDA can also result in g-
C3N4QDs. Later on, a large-scale synthesis of uorescent g-
C3N4QDs by heating N,N-dimethylformamide solution80 or
organic amines like dimethylamine, ethylamine or tripropyl-
amine in the presence of acids including chlorosulfonic acid,
Fig. 9 (a) A schematic (not to scale) illustrating the formation process
of g-C3N4QDs. (b) TEM image and (c) the corresponding particle size
distribution histograms of the g-C3N4QDs obtained by refluxing
a mixture of CCl4 and EDA at 80 �C for 60 min. Reprinted with
permission from ref. 88. Copyright 2011 The Royal Society of
Chemistry.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 (a) Mechanism for the formation of highly fluorescent g-
C3N4QDs. (b) TEM image of the g-C3N4QDs. The inset shows
a representative HR-TEM image of an individual carbon nitride dot. (c)
Size distribution histogram of g-C3N4QDs. (d) AFM image of g-
C3N4QDs deposited on a mica substrate and (e) the height profile
along the line in (d). Reprinted with permission from ref. 73. Copyright
2013 The Royal Society of Chemistry.
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H2SO4, HCl, or HNO3 under microwave irradiation was re-
ported.84 In addition, the fabrication of g-C3N4QDs with
a narrow size distribution by the microwave-assisted sol-
vothermal method with single or two organic precursors
including formamide, chitosan, guanidine hydrochloride and
EDTA, folic acid, citrate and urea or thiourea was also found in
the literature.41,42,81–86 Especially, with the amine-terminated
precursor (chitosan) or sulfur-containing precursor (thiourea),
the synthesis of amino-functionalized or sulfur and oxygen co-
doped g-C3N4QDs is accomplished. These QD samples exhibit
good dispersion in water and strong uorescence and thus
show potential applications in the detection of ions or chlorine
in water and bioimaging.

On the other hand, hydrothermal treatment can also provide
the required energy for the formation of g-C3N4QDs starting
from organic precursors. He and co-workers employed a one-
pot hydrothermal synthesis to carbonize 1-butyl-3-
methylimidazolium ([Bmim]BF4), a typical ionic liquid (IL), in
water and obtained QDs with a mean diameter of 4.15 �
1.95 nm.87 However, the fractions of C and N elements in the
resultant QDs are determined to be 48.97 and 8.56 wt%,
respectively, from elemental analysis. Hence, the IL-derived
QDs are dened as CNQDs rather than g-C3N4QDs.

2.2.2. Solid-phase method. Previous studies have shown
that solid-state organic precursors can be decomposed by heat
energy and then turned into carbon QDs.94 In a similar fashion,
g-C3N4QDs can be prepared by a solid-phase method. Particu-
larly, the elemental composition, surface functional groups,
size and defect degree of the synthesized QDs can be modied
by changing the ratio of the carbon and nitrogen sources,
making the optical properties of g-C3N4QDs tunable.39,43,71–78,95

In addition, the solid-phase method offers the merits of easy
operation, cost-effectiveness, a solvent-free approach and high
tolerance to the precursors. Zhou et al.73 rstly launched the
solid-phase method for the preparation of g-C3N4QDs, in which
sodium citrate and urea were heated in an autoclave at 180 �C
for 1 h. Because the decomposition of urea generates a large
quantity of ammonia to increase the vessel pressure, sodium
citrate is then decomposed and reacts with the decomposed
urea, inducing the formation of g-C3N4QDs (Fig. 10a). Well-
crystallized QDs with an average size of 4.3 nm and a typical
topographic height of 1.5–2.5 nm were generated (Fig. 10b–d).
Remarkably, such g-C3N4QDs show good water stability, strong
blue uorescence and a high quantum yield of 42%, which are
mainly attributed to the presence of defects and the oxygen-
containing functional groups in QDs. Moreover, the authors
observed that the increased carbon content in g-C3N4QDs by
decreasing the molar ratio of urea to sodium citrate from 12 : 1
to 9 : 1 resulted in a slight red-shi of the emission peak, while
a further decrease of the molar ratio between the two reactants
led to an obvious blue-shi of the emission peak due to the
increase of oxygen-rich groups on the surface of QDs. Subse-
quently, utilization of other precursors such as urea and citric
acid, thiourea and sodium citrate, and melamine and EDTA to
prepare g-C3N4QDs with different characteristics by the solid
phase method has been also reported.43,72,75,95 For instance, Li
et al.95 obtained sulfur-doped g-C3N4QDs (SCNQDs) starting
This journal is © The Royal Society of Chemistry 2020
from thiourea and sodium citrate and the doped QDs show
a smaller average diameter and slightly increased light
absorption edge compared to the un-doped QDs (Fig. 11).

2.2.3. Quasi-chemical vapor deposition (CVD). In the
quasi-CVD method, a substrate is generally placed on the top of
a crucible and the carbon and nitrogen-containing precursor is
placed at the bottom of the crucible. Upon thermal heating of
the crucible in a furnace, the precursor is sublimated and then
decomposed into QDs on the substrate. In this way, composites
of substrate/g-C3N4QDs are synthesized directly. To collect pure
g-C3N4QDs, the substrate deposited with QDs is usually
immersed in a suitable solvent and then sonicated to peel QDs
off the substrate. So far, g-C3N4QDs with a TiO2 nanotube array
(TiO2-NTA) substrate via a quasi-CVD process have been re-
ported.34,90 Li et al.34 and An et al.90 obtained composites of TiO2-
NTAs/g-C3N4QDs by heating melamine or dicyandiamide at
550 �C for several hours, respectively (Fig. 12). It is well known
that the thermal decomposition of melamine or dicyandiamide
can result in the formation of g-C3N4.96 Surprisingly, during the
quasi-CVD process the small molecules produced from the
decomposition of the precursor only polymerize into QDs, and
the TiO2-NTA substrate can prevent the further polymerization
of QDs into large particles or nanosheets. It is interesting to
note that g-C3N4QDs conned in the interior of TiO2-NTAs were
observed in Li's work while g-C3N4QDs decorated on the surface
of TiO2-NTAs were demonstrated by An et al. Such a discrepancy
J. Mater. Chem. A, 2020, 8, 485–502 | 491
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Fig. 11 (a) The XRD pattern of the prepared SCNQDs. (b) TEM images
of SCNQDs (the inset in (b) shows a high resolution image of bare
SCNQDs) and (e) g-C3N4QDs, the size distribution of (c) SCNQDs and
(f) g-C3N4QDs, and (d) the UV-vis absorption spectra of bulk C3N4, g-
C3N4QD and SCNQD powders. Reprinted with permission from ref.
95. Copyright 2017 World Scientific Publishing Company.

Fig. 12 (a) A schematic illustrating the fabrication of g-C3N4QDs/
TiO2-NTAs. (b) TEM and SAED (inset) images of g-C3N4QDs in g-
C3N4QDs/TiO2-NTAs. Reprinted with permission from ref. 34. Copy-
right 2015 Elsevier Ltd. (c) Schematic illustration of the CVD process for
the synthesis of g-C3N4QDs on TiO2-NTAs in an aluminum crucible
device. (d) TEM of TiO2-NTAs/g-C3N4QDs. Reprinted with permission
from ref. 90. Copyright 2016 American Chemical Society.
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possibly results from the different structures of the two TiO2-
NTA samples prepared by different methods. In addition, the
mean diameter of g-C3N4QDs encapsulated inside TiO2-NTAs is
estimated to be �2.4 nm, lower than that of QDs coated on the
TiO2-NTAs (�5� 2 nm), implying that the connement effect in
the interior of TiO2-NTAs is stronger.
492 | J. Mater. Chem. A, 2020, 8, 485–502
2.3 Summary of the synthesis of g-C3N4QDs

Overall, both top-down and bottom-up methods are feasible for
g-C3N4QD synthesis and they show different advantages and
disadvantages. In terms of cost, the microwave-assisted sol-
vothermal method and solid phase method are the most
economical methods among them due to the low demand on
equipment and relatively simple and quick synthesis. However,
the stoichiometry and bond congurations of QDs produced
from the two bottom-upmethodsmay be different from those of
g-C3N4. As for the one-step sonication method and one-step
hydrothermal method, although they are easy operations and
require low-cost equipment, the long synthesis cycle increases
the electricity consumption and thus increases the cost. Espe-
cially when they are combined with chemical oxidation pre-
treatments for attaining a higher yield, the cost of g-C3N4QD
production is further increased. The Quasi-CVD method should
be the most expensive method among the abovementioned
methods because of the higher demand on equipment, energy
consumption and low yield. However, this method can produce
composite materials with good contact between g-C3N4QDs and
the substrate via a single step. Moreover, g-C3N4QDs prepared
by different methods probably show different structural prop-
erties and surface chemistry like average diameters, surface
functionalities, element compositions and defective structures,
which affects the electronic structures and optical properties of
the as-prepared g-C3N4QDs accordingly and makes these QDs
act differently in practical applications. For example, the g-
C3N4QDs prepared by the hydrothermal method exhibit strong
blue light emission and special upconversion photo-
luminescence behavior. These properties can be used as spec-
tral conversions in photocatalytic systems.28 In addition, with
a microwave-assisted solvothermal method, the synthesis of g-
C3N4QDs and doped QDs can be realized simultaneously by
selecting suitable precursors. The resultant g-C3N4QD samples
have good dispersibility and strong uorescence in water and
therefore show potential applications in the bioimaging and
detection of ions or chlorine in water. Additionally, compared to
the bottom-up method, the yield of QDs given by the top-down
method is usually lower. Therefore, g-C3N4QDs prepared by the
top-down method are oen combined with other materials to
obtain composites used as photo(electro)catalysts, fuel cell
electrodes and so on, whereas the g-C3N4QDs prepared by the
bottom-up method are mostly employed for biosensing, bio-
logical imaging, etc.
3. Properties

Due to the special electronic structure and quantum size effect,
g-C3N4QDs show fascinating optical properties, including pho-
toluminescence, chemiluminescence and adjustable light
absorption, making them appealing photocatalysts for
hydrogen evolution and degradation of pollutants.
3.1 Optical absorption

g-C3N4QDs generally exhibit a broad optical absorption ranging
from the UV to the visible region with the characteristic
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (a) The upconversion PL spectra of the g-C3N4QDs. Reprinted
with permission from ref. 28. Copyright 2014 The Royal Society of
Chemistry. (b) PL emission spectra (with progressively longer excita-
tion wavelengths from 360 to 540 nm on the left in 20 nm increments)
of the g-C3N4QD dispersion. Inset: the normalized PL emission
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absorption peak centered in the UV region (Fig. 13). Compared
to bulk g-C3N4, the absorption pattern of g-C3N4QDs shows
a signicant blue shi, which is likely ascribed to the opposite
movement of the conduction band and valence band induced
by the size effect.33 For instance, g-C3N4QDs produced from
a microwave heat-treatment of dimethylamine show a strong
absorption band at 262 nm (Fig. 13a).84 Occasionally, absorp-
tion shoulders arising from the introduction of oxygen groups
or heteroatoms into g-C3N4QDs are present in the absorption
spectra.63,65,73 For example, g-C3N4QDs synthesized by the low-
temperature solid-phase method34 show two absorption peaks
located around 240 nm and 344 nm, respectively (Fig. 13b). The
rst peak is assigned to the p–p* electronic transitions of
carbon nitrides consisting of s-triazine rings and the second
peak originates from the conjugated carbonyl groups or
carbonyl moieties. Wu et al. observed two peaks in the
absorption spectrum of phosphorus doped g-C3N4QDs centered
at 230 nm and 402 nm, respectively, whereas the latter was
attributed to the n–p* transition of the p-p orbital between the
phosphorus atoms and s-triazine rings.65
spectra. Reprinted with permission from ref. 88. Copyright 2011 The
Royal Society of Chemistry. (c) PL spectra of g-C3N4QDs at different
excitation wavelengths. Reprinted with permission from ref. 45.
Copyright 2017 Elsevier B.V., and (d) PL spectra of colloidal g-C3N4QDs
upon excitation at wavelengths from 300 to 400 nm. Reprinted with
permission from ref. 58. Copyright 2016 Wiley-VCH Verlag GmbH &
3.2 Photoluminescence (PL)

As a class of emerging metal-free uorescent nanomaterials, the
unique PL of g-C3N4QDs has offered enormous opportunities
for applications in photocatalysis and other elds. In general,
Fig. 13 (a) UV-vis absorption (black) and photoluminescence (blue)
spectra of the g-C3N4QD dispersion. Inset: photograph of the g-
C3N4QD dispersion under UV light (365 nm). Reprinted with permis-
sion from ref. 84, Copyright 2012 The Royal Society of Chemistry. (b)
UV-vis absorption (red line) and photoluminescence (black line)
spectra of the obtained g-C3N4QDs. The inset shows a digital picture
of the g-C3N4QD dispersed in pure water. Reprinted with permission
from ref. 73, Copyright 2013 The Royal Society of Chemistry. (c) The
UV-vis spectrum of the obtained g-C3N4QDs. Inset: the photographs
under illumination of white (left) and UV (365 nm, right) light. Reprinted
with permission from ref. 83, Copyright 2015 Elsevier B.V., and (d) UV-
vis absorption spectrum (red) of the g-C3N4QDs and FL spectra of g-
C3N4QDs with the excitation wavelength at 330 nm to 460 nm. Inset:
photographs of g-C3N4QDs under visible light (left) and 365 nm UV
light (right). Reprinted with permission from ref. 72, Copyright 2015
The Royal Society of Chemistry.

Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2020
the PL emission wavelength of g-C3N4QDs is longer than the
excitation length, which follows the typical Stokes type emis-
sion. Despite the frequent demonstration of PL emissions of g-
C3N4QDs in the literature, the relevant PLmechanism is still not
clear. It is commonly suggested that the origin of the PL of g-
C3N4QDs is attributed to the optical selectivity of different sized
nanoparticles (quantum effect), emissive traps on the surface
including defects, surface groups, and surface states. Unfortu-
nately, systematic investigations on the inuences of nano-
particle sizes, various surface groups, defects, and surface states
on the PL properties of g-C3N4QDs are absent so far.

First, the PL emission of g-C3N4QDs is found to be depen-
dent on the excitation wavelength, similar to that of carbon-
based QDs (Fig. 14).28,41,46,72,80,81,83,85,88 In most cases, the PL
emission wavelength of g-C3N4QDs prepared by different
methods is red-shied with regard to the excitation wavelength
and the emission intensity also varies with the increase of the
excitation wavelength (Fig. 14b). For example, Sun's group re-
ported that uorescent g-C3N4QDs fabricated by the polymeri-
zation of CCl4 and 1,2-ethylenediamine show excitation
wavelength-dependent PL emission from 430 to 550 nm with
the excitation wavelengths ranging from 360 to 540 nm.88 This
excitation wavelength-dependent PL behavior was also observed
by other groups for g-C3N4QDs synthesized by different
approaches.47,65,72,73 It is worth noting that an excitation
wavelength-independent feature was revealed for g-C3N4QDs in
a few studies (Fig. 14c and d). Cui et al.58 and Han et al.45

observed that the intensity of PL emission changed but the
J. Mater. Chem. A, 2020, 8, 485–502 | 493
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emission wavelength remained unchanged when the excitation
wavelength increased from 300 to 400 nm or from 310 to 380 nm
for phenyl-modied g-C3N4QDs and g-C3N4QDs, respectively.
Secondly, g-C3N4QDs demonstrate a pH-dependent PL feature
and the pH environment has different impacts on the PL
emission (mainly the uorescence intensity) of g-C3N4QDs
prepared by different methods (Fig. 15).41,46,72,80,87,88 Barman and
Sadhukhan discovered that the PL emission wavelength
remained unchanged while the uorescence intensity of their g-
C3N4QDs obtained from a microwave mediated method
decreased with increasing solution pH from 2 to 13 (Fig. 15a),
which implied that acidic sites were responsible for the PL
emission of their g-C3N4QDs.82 However, the g-C3N4QDs
prepared by Hu et al. using a facile hydrothermal method dis-
played stronger PL intensity with the increase of solution pH,
accompanied by a subtle blue shi under alkaline conditions
(Fig. 15b).46 Such pH sensitivity may be ascribed to the presence
of nitrogen atoms containing lone-pair electrons which can be
protonated at low pH, partly deactivating the PL emission state
of the g-C3N4QDs, which is restored at high pH, resulting in the
recovery of uorescence. In addition, several studies found that
the PL intensity rst increased with the pH but then decreased
with the further rising of pH (Fig. 15c).42,53,58,88 Surprisingly, it
Fig. 15 (a) Left: pH dependent fluorescence spectra of g-C3N4QDs
displaying the change of fluorescence intensity when pH is switched
between 2 and 13, and right: plot of fluorescence intensity vs. pH of the
medium (excitation wavelength¼ 340 nm). Reprinted with permission
from ref. 82. Copyright 2012 The Royal Society of Chemistry. (b) pH-
dependent PL intensity of g-C3N4QD aqueous solution. Reprintedwith
permission from ref. 46. Copyright 2017 The Royal Society of Chem-
istry. (c) Florescence spectra of g-C3N4QD solution under different pH
conditions. Reprinted with permission from ref. 53. Copyright 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) PL intensities of
g-C3N4QDs at different pH values. Reprinted with permission from ref.
43. Copyright 2015 The Royal Society of Chemistry.

494 | J. Mater. Chem. A, 2020, 8, 485–502
was observed that oxygen and sulfur co-doped g-C3N4QDs
exhibited a stable PL emission in a pH range from 5 to 9
(Fig. 15d),43 revealing that the PL properties of g-C3N4QDs can
also be tuned by heteroatom doping.

3.3 Upconversion PL (UCPL)

Upconversion is a phenomenon that simultaneous or sequen-
tial absorption of two or more photons with lower energy leads
to the generation of higher-energy photons, i.e., the excitation
wavelength is longer than the emission wavelength.97 Several
studies show that g-C3N4QDs present the UPCL emission
feature. Wang et al.28 used long-wavelength light (705–862 nm)
to excite g-C3N4QDs obtained from a hydrothermal cutting
process and observed luminescence in the range of 350 to
600 nm with the strongest emission at 440 nm (Fig. 14a), indi-
cating that g-C3N4QDs possess UCPL properties. The authors
attributed the upconversion emission to the multiphonon
active process. Yang et al.38 also observed that irradiating g-
C3N4QDs with near infrared light (700 to 820 nm) generated the
emission of visible light (350 to 600 nm) with the strongest
emission at 450 nm, which conrmed the UCPL feature of g-
C3N4QDs. Currently, two possible mechanisms have been
postulated for the upconversion emission: the multiphoton
active process and anti-Stokes photoluminescence. Several
researchers attributed the upconversion emission of g-C3N4QDs
to the multiphoton active process owing to the reason that the
energy difference between the excitation light and the emission
light in the upconversion process is not a xed value.98 However,
more solid proof should be provided in future to fully under-
stand the intrinsic mechanisms.

3.4 Chemiluminescence (CL)

CL is the product of electromagnetic radiation by a chemical
reaction between at least two reagents, in which an obtained
electronically excited intermediate or product is subsequently
relaxed to the ground state with the further emission of light.
With the outstanding advantages of simple instrumentation,
excellent sensitivity, being undisturbed by background scat-
tered light, and automatic and versatile determination of a wide
variety of species, CL has turned out to be a potential tool in
analytical elds over the past few decades.99–101 There are some
different CL applications for g-C3N4QDs synthesized by
different preparation methods. Several studies show that g-
C3N4QDs have the characteristics of CL and thus can be applied
for the detection of specic substances like free chlorine, metal
ions, and so on. For instance, Lv et al. reported that the addition
of NaClO solution to a g-C3N4QD suspension gave rise to
a strong CL emission which was red-shied compared to the PL
of g-C3N4QDs (Fig. 16a and b), suggesting that such QDs exhibit
promising applications for the detection of free chlorine in
water.81 The CL mechanism involved in the g-C3N4QDs–NaClO
system is attributed to the following two reasons (Fig. 16c): (i) g-
C3N4QDs can accept holes from the strongly oxidizing NaClO
because of their unique band structures and the QDs are thus
converted to oxidized g-C3N4QDs (g-C3N4QDsc

+), whereas the
excited electrons in the high energy band of g-C3N4QDsc

+

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 (a) The CL kinetic file obtained when the NaClO solution was
added into the control solution (guanidine hydrochloride or EDTA
upon microwave treatment) (black line) and g-C3N4QD solution (red
line). Conditions: the concentration of g-C3N4QDs and NaClO was
0.01M and 1 mM. The inset shows the CL spectrumof the g-C3N4QDs–
NaClO systemobtained by using a fluorescence spectrometer with the
xenon lamp turned off. (b) Flow injection signals for the determination
of free chlorine concentration in the range from 2.0 � 10�8 to 1.0 �
10�5 M (various concentrations of chlorine: 0.02, 0.05, 0.1, 0.5, 1, 3, 5,
7, and 10 mM). Conditions: g-C3N4QDs with a concentration of 0.01 M.
(c) Schematic illustration for the preparation of g-C3N4QDs and the CL
mechanism of the g-C3N4QDs–NaClO system. Reprinted with
permission from ref. 81. Copyright 2014 American Chemical Society.
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recombine with the holes quickly, producing CL emission; (ii)
singlet oxygen (1O2) or dimol singlet oxygen, which is evolved
from the interactions between the as-formed reactive oxygen
species in the g-C3N4QDs–NaClO system like O2c

� that is
produced by the reaction between g-C3N4QDs and oxygen
(primarily coming from the decomposition of NaClO and
a small fraction coming from the dissolved air in solution) and
cOH that originates from the oxidation of OH� by g-C3N4QDsc

+,
can transfer energy to g-C3N4QDs to form excited-state g-
C3N4QDs, and relaxation of such excited g-C3N4QDs also gives
CL emission. In addition, Lv's group reported the applications
of other g-C3N4QD-based CL systems including g-C3N4QDs–
K3[Fe(CN)6] system72 and Ce(IV)–SO3

2�–g-C3N4QD system71 for
the detection of divalent mercury and dopamine in water and
iodide ions in urea samples, respectively.
3.5 Summary of the properties of g-C3N4QDs

The optical features of g-C3N4QDs are mainly resulted from the
special size effect. g-C3N4QDs can act as photosensitizers in
photo(electro)catalytic reactions due to their excellent light
absorption performance. The peculiar PL and UCPL properties
of g-C3N4QDs enable them to serve as spectral converters in
photocatalysis, especially the UCPL behavior can result in the
utilization of NIR light with longer wavelengths. The occurrence
of PL of g-C3N4QDs is possibly attributed to the optical selec-
tivity of differently sized nanodots (quantum effect), emissive
traps on the surface including defects, surface groups, and
surface states, yet further insight into the intrinsic PL
This journal is © The Royal Society of Chemistry 2020
mechanism is required. Meanwhile, the UCPL character is
commonly suggested to have resulted from the multiphoton
active process. With those optical features, photon utilization of
g-C3N4QDs in photocatalysis is greatly extended. Regarding the
CL emission of the g-C3N4QD-based system, it is caused by the
returning of excited-state g-C3N4QDs that are induced by the
electron and hole transfer between QDs and CL reagents to the
ground-state QDs, during which energy and photons are
produced. The CL characteristic of g-C3N4QDs can be adopted
to the quick and intuitive detection of certain ions or special
substances. Therefore, the unique properties of g-C3N4QDs
spark their plentiful applications, especially in photocatalysis.

4. Applications in photocatalysis

As a semiconductor with optical absorption in the visible light
region, g-C3N4QDs are usually employed as photosensitizers to
combine with many traditional wide-gap photocatalysts which
can only be activated by UV light, in order to enhance the effi-
ciency of solar light for photocatalytic performances. The good
water solubility80 and chemical stability47 of g-C3N4QDs can
facilitate the large-scale fabrication of g-C3N4QD-based
composite materials. In addition, g-C3N4QDs are also coupled
with visible-light-driven photocatalysts to further extend the
spectral responsive range of the photocatalytic system to the
NIR region because of the UPCL properties of g-C3N4QDs.28

Notably, the conductive band (CB) potential of some semi-
conductors is close to or higher than that of O2/cO2

�, which is
unbenecial to the production of cO2

�, a reactive species during
the photocatalytic process. In this respect, construction of g-
C3N4QD-based composite photocatalysts can improve the
production of cO2

� and boost the photocatalysis owing to the
much more negative CB potential of g-C3N4QDs.37,76 Further-
more, the heterojunctions formed between g-C3N4QDs and
other semiconductors in the composites are able to slow down
the recombination of electrons and holes and increase the
charge separation efficiency, because the photoinduced g-
C3N4QDs can act as both good electron donors and acceptors.35

Owing to these multiple effects, the construction of compounds
of g-C3N4QDs as photocatalysts is an effective way to boost the
photocatalytic reactions. So far, various g-C3N4QD-based
composite photocatalysts have been prepared and applied for
hydrogen evolution,28,34 photoelectrochemical sensing,39,40 solar
cells,38 and degrading organic pollutants.35–37 In this section, we
mainly discuss their applications in the degradation of organic
pollutants.

TiO2 is one of the most popular photocatalysts owing to its
good stability, low cost, efficient charge transfer, and non-
toxicity. However, the wide band gap of TiO2 (band gap ¼ 3.0–
3.2 eV) that is mostly photoactive under UV irradiation limits its
promising application in photocatalysis. To address this issue,
attempts to construct g-C3N4QDs/TiO2 composites for elimi-
nating organic contaminations were made. Lv et al.37 fabricated
a series of hybrid photocatalysts composed of Z-scheme rutile
TiO2 (rTiO2) loaded with different amounts of g-C3N4QDs (g-
C3N4QDs–rTiO2) for visible-light-driven photocatalytic degra-
dation of Rhodamine B (RhB) and oxidation of NO (Fig. 17).
J. Mater. Chem. A, 2020, 8, 485–502 | 495
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Fig. 17 (a) Photocatalytic removal mechanism of RhB and NO by the
g-C3N4QDs–rTiO2 photocatalyst under visible-light irradiation. (b)
Photocatalytic degradation profiles of RhB by a series of g-C3N4QDs–
rTiO2 catalysts with different loadings of g-C3N4QDs (the molar ratios
between g-C3N4QDs and rTiO2 of 0.05 : 1, 0.15 : 1, and 0.25 : 1 were
named S5, S15, and S25, respectively). (c) Comparison of the photo-
catalytic NO removal efficiencies in a single-pass flow of air over
different g-C3N4QDs–rTiO2 photocatalysts under visible-light irradi-
ation. Reprinted with permission from ref. 37. Copyright 2016 Elsevier
B.V.

Fig. 18 (a) Schematic illustration of charge separation and pollutant
degradation processes using g-C3N4QDs/TiO2 NTA photoanodes
under solar light. (b) Photoelectrochemical (PEC) degradation of
phenol using TiO2, g-C3N4 nanosheets/TiO2 (CNNSs/TiO2) and g-
C3N4QDs/TiO2 NTAs. (c) PEC degradation of RhB using TiO2 and g-
C3N4QDs/TiO2 NTA photoelectrodes. Reprinted with permission from
ref. 76. Copyright 2016 Elsevier B.V.
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With these hybrid catalysts, much higher removal efficiencies of
RhB and NO were achieved with respect to pure g-C3N4 and
rTiO2 and the sample with a nominal 15 at% QD loading
showed the best photocatalytic performance among all the
hybrid catalysts. As illustrated in Fig. 17a, the incorporation of
g-C3N4QDs improves visible light harvesting ability and subse-
quently produces more photo-induced electrons and holes. Due
to different CB and valence band (VB) edges between g-C3N4QDs
and rTiO2, photo-induced electrons are transferred from the CB
of rTiO2 to the VB of g-C3N4QDs, further excited to the CB of g-
C3N4QDs, facilitating the separation of charge carriers. Mean-
while, the electrons in the CB of g-C3N4QDs and the holes in the
VB of rTiO2 react with the adsorbed oxidant (O2) and reductant
(OH�/H2O) respectively to generate cOH and cO2

� radicals with
a strong oxidizing ability, which are responsible for the subse-
quent oxidation of pollutants. In addition, several researchers
reported the enhanced photocatalytic activity of g-C3N4QD
modied TiO2 NTAs as a membrane or electrode in degrading
organic pollutants under visible light illumination.34,55,67,76 Chen
et al.76 observed that nearly 100% removal of RhB and phenol
was achieved under simulated solar light with a g-C3N4QDs/
TiO2 NTA photoanode in 120 min and 180 min, respectively,
while only 50% of RhB and 30.1% of phenol were degraded by
the TiO2 NTA electrode under the same conditions. In the het-
erostructured g-C3N4QDs/TiO2 NTA photocatalyst, g-C3N4QDs
act as the photosensitizer to harvest visible phonons for
improving the yield of charge carriers and the interfacial
interaction between g-C3N4QDs and TiO2 NTAs retards the
electron–hole pair recombination, thereby enhancing the pho-
tocatalytic activity of the composite. Fig. 18a depicts the pho-
tocatalytic mechanism diagram of pollutant degradation over
the g-C3N4QDs/TiO2 NTA electrode. It can be seen that
496 | J. Mater. Chem. A, 2020, 8, 485–502
photogenerated electrons in the CB of g-C3N4QDs are rst
transported to the CB of TiO2 NTAs and then to the negative
electrode to generate cOH for mineralizing pollutants, whereas
photogenerated holes in the VB of g-C3N4QDs react with OH�/
H2O to form cOH and for oxidizing the pollutants.

Bismuth phosphate (BiPO4) is a new oxy-acid salt photo-
catalyst with a wider band gap (3.85 eV) and higher photo-
catalytic activity compared to TiO2. To broaden the exploitable
spectrum of BiPO4, Fang et al.102 designed a novel composite
architecture made up of g-C3N4QDs and BiPO4 nanocrystals and
tested its visible light-induced photocatalytic performance by
selecting hazardous methylene orange (MO) as the target
pollutant (Fig. 19). A degradation efficiency of 92% is achieved
by the g-C3N4QDs/BiPO4 composite in 180 min with a degrada-
tion rate constant k of 0.0135 min�1, which is much higher than
that achieved by BiPO4 nanocrystals (less than 10%) and pure g-
C3N4 (75%, 0.0079 min�1). On one hand, the much higher
specic surface area of the g-C3N4QDs/BiPO4 composite (39.4
m2 g�1) than that of pristine BiPO4 nanocrystals (8.3 m2 g�1) is
benecial for the adsorption of the pollutant onto the photo-
catalyst and the exposure of more active sites.104 On the other
hand, the heterojunctions formed between g-C3N4QDs and
BiPO4 nanocrystals signicantly enhance the separation and
transport of charge carriers in the composite catalyst. Such a g-
C3N4QDs/BiPO4 composite catalyst also possesses a good
stability as shown in Fig. 19c.

Other than TiO2, bismuth complex oxides have also been
considered as potential candidates of photocatalysts in recent
years since they can be photoactivated by visible light.
Unluckily, these oxides suffer from low CB levels and insuffi-
cient visible light absorption.105,106 To overcome the above
drawbacks, several studies paid attention to the construction of
This journal is © The Royal Society of Chemistry 2020
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Fig. 19 (a) Photocatalytic activities and (b) corresponding rate
constant k of MO degradation for g-C3N4QDs/BiPO4, BiPO4 and g-
C3N4; (c) cycling runs of MO degradation on single g-C3N4 (curve A)
and g-C3N4QDs/BiPO4 (curve B) photocatalysts; (d) schematic
diagram of the separation and transport of photogenerated electron–
hole pairs at the g-C3N4QDs/BiPO4 interface. Reprinted with
permission from ref. 102. Copyright 2014 The Royal Society of
Chemistry.

Fig. 20 Photocatalytic degradation of (a) RhB under visible light irra-
diation; (b) TC under visible light irradiation; (c) TC under near-infrared
light irradiation with different g-C3N4QDs/BiWO photocatalysts; (d)
a Z-schememechanism of the g-C3N4QDs/BiWOphotocatalyst under
wide spectrum light irradiation. Reprinted with permission from ref.
103. Copyright 2019 Elsevier Inc.
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g-C3N4QDs/bismuth complex oxide composites like g-C3N4QDs/
Bi2WO6 (g-C3N4QDs/BiWO), g-C3N4QDs/Bi2Ti2O7, and g-
C3N4QDs/Bi2Mo2O6.36,39,102,103,107 For example, Zhang et al.103

developed a direct Z-scheme photocatalyst (g-C3N4QDs/BiWO)
by loading g-C3N4QDs onto ultra-thin Bi2WO6 nanosheets for
the elimination of RhB and tetracycline (TC) under broad
spectrum light illumination. The authors found that loading of
various amounts of g-C3N4QDs increased the photocatalytic
activity of Bi2WO6 nanosheets toward the pollutant degradation
under both visible light and NIR light irradiation, and the
composite catalyst with a loading amount of 5 wt% g-C3N4QDs
(5% g-C3N4QDs/BiWO) exhibited the best photocatalytic activity
among all the samples (Fig. 20a and b). Particularly, the
degradation efficiency of TC by 5% g-C3N4QDs/BiWO was
around twice that by pure Bi2WO6 nanosheets under NIR light
irradiation (Fig. 20c), attributable to the UCPL behavior of g-
C3N4QDs. A Z-scheme mechanism of the photocatalytic degra-
dation of organic pollutants over g-C3N4QDs/BiWO was
proposed as shown in Fig. 20d. Under visible light illumination,
photogenerated electrons in the CB of Bi2WO6 can be trans-
ferred to the highest occupied molecular orbital (HOMO) of g-
C3N4QDs to inhibit the recombination of the photogenerated
carriers, whilst the remaining electrons and holes in the lowest
unoccupied molecular orbital (LUMO) of g-C3N4QDs and the VB
of Bi2WO6 could help to form reactive oxygen species (cOH and
cO2

�) to attack organic pollutants. In addition, holes in the VB
of Bi2WO6 can also oxidize the organics directly due to the high
VB edge of Bi2WO6. With the improved charge separation effi-
ciency, more electrons and holes are accumulated in the
composite and subsequently generate more reactive species,
hence leading to the enhanced removal of organic pollutants.
Under NIR light irradiation, g-C3N4QDs serve as a spectral
converter to generate visible light emission, taking advantage of
This journal is © The Royal Society of Chemistry 2020
their UPCL features. Subsequently, a similar photocatalytic
degradation process to that under visible light irradiation
occurred.

Besides the aforementioned binary g-C3N4QD-based
composite catalysts, ternary compounds involving g-C3N4QDs
have also been assembled to obtain high-performance photo-
catalysts. In the ternary compound system, there are at least two
contact interfaces, which enable the separation of photo-
generated electrons and holes more efficiently and further
boost the photocatalytic performance. A few examples demon-
strated the improved photocatalytic degradation of organic
pollutants with g-C3N4QD-based ternary compounds.35,36 Che
et al.35 assembled g-C3N4QDs on the surface of leaf-like InVO4/
BiVO4 nanocrystals (g-C3N4QDs/InVO4/BiVO4) and investigated
the photocatalytic activity of the as-prepared composite photo-
catalyst toward RhB degradation. As shown in Fig. 21, g-
C3N4QDs/InVO4/BiVO4 is more photoactive than all one-
component and two-component samples and it achieves
a �100% removal of RhB in 40 min under visible light irradia-
tion (Fig. 21a). The noticeable decrease of the PL intensity of g-
C3N4QDs/InVO4/BiVO4 (Fig. 21b) reveals that the photoinduced
electrons in the CB of g-C3N4QDs can be transferred to InVO4

and then to BiVO4 or directly moved to BiVO4, and photoin-
duced holes in the VB of BiVO4 are transported to g-C3N4QDs
straightly or via two steps, which effectively suppress the
recombination of photogenerated electrons and holes in the
ternary system and thus improve the photocatalytic activity.
Fig. 21c describes the possible pathways of the separation and
migration of photogenerated carriers in the ternary compound.
Because the VB potential of BiVO4 is slightly higher than that of
OH�/cOH, it is difficult to generate cOH radicals for degrading
organic pollutants with the g-C3N4QDs/InVO4/BiVO4 photo-
catalyst, which is consistent with the results of quenching
J. Mater. Chem. A, 2020, 8, 485–502 | 497
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Fig. 21 (a) Photodegradation efficiencies of RhB as a function of
irradiation time for different photocatalysts. (b) Room temperature PL
spectra of the as-synthesized samples under an excitation wavelength
of 325 nm. (c) Schematic diagram of the separation and transfer of
photogenerated charges in the ternary heterostructure under visible
light irradiation. (d) Trapping experiment of active species during the
photocatalytic degradation of RhB over the g-C3N4QDs/InVO4/BiVO4

sample under visible light irradiation. Reprinted with permission from
ref. 35. Copyright 2016 Elsevier B.V.
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experiments (Fig. 21d), showing that cO2
� radicals are the main

reactive species involved in the photocatalytic reactions.
Later, Chang et al.36 further proved that g-C3N4QD-based

ternary composite photocatalysts were more efficient than the
corresponding binary composite systems in their work on
nanoheterostructured Bi2MoO6 nanosheets deposited with Ag
and g-C3N4QDs. As shown in Fig. 22a, the as-prepared g-
C3N4QDs/Ag/Bi2MoO6 composite shows a 100% removal of RhB
Fig. 22 (a) Photodegradation efficiencies of RhB as a function of
irradiation time for different photocatalysts. (b) Photocatalytic mech-
anism scheme of the g-C3N4QDs/Ag/Bi2MoO6 composite under
visible light irradiation (k > 420 nm). (c) Trapping experiments of active
species during the photocatalytic degradation of RhB over the g-
C3N4QDs/Ag/Bi2MoO6 sample under visible light irradiation. (d)
Cycling runs for the photocatalytic degradation of RhB over the g-
C3N4QDs/Ag/Bi2MoO6 sample under visible light irradiation. Reprinted
with permission from ref. 36. Copyright 2017 Elsevier B.V.

498 | J. Mater. Chem. A, 2020, 8, 485–502
in 30 min under visible light irradiation, much higher
compared with pure Bi2MoO6, Ag/Bi2MoO6 and g-C3N4QDs/
Bi2MoO6. For this ternary compound, g-C3N4QDs and Bi2MoO6

mainly act as photosensitizers to absorb visible light, and Ag
serves as the electron-conduction bridge due to its small band-
gap to accept electrons from the CB of Bi2MoO6 and holes from
the VB of g-C3N4QDs (Fig. 22b). In this way, the separation of
photoinduced electrons and holes in both g-C3N4QDs and
Bi2MoO6 is remarkably accelerated during photocatalysis,
further promoting the degradation of RhB. In addition, the
surface plasmon resonance of Ag can enhance the visible light
absorption of the composite, which was benecial for the
photocatalytic reaction.

Furthermore, the integration of g-C3N4QDs with other types
of semiconductors other than the above semiconducting metal
oxide as photocatalysts for organic pollutant remediation can
also be found in the literature. Yuan et al.56 reported the pho-
tocatalytic performance of a composite containing ultrathin g-
C3N4 sheets embedded with g-C3N4QDs (g-C3N4QDs-utg-C3N4)
and Sb2S3 upon NIR irradiation. Sb2S3 has a suitable band gap
that covers both the visible and NIR regions of the solar spec-
trum,108 while the intrinsic low photoelectric conversion effi-
ciency limits its practical application. Due to the peculiar
photoinduced electron transfer properties of g-C3N4 sheets and
QDs, the integration of Sb2S3 with g-C3N4 sheets and QDs is an
effective strategy to improve the photocatalytic activity of Sb2S3.
Fig. 23a–c demonstrate that g-C3N4QD composites with
different loadings of g-C3N4QDs-utg-C3N4 (the as-prepared g-
C3N4QD samples with an expected g-C3N4QDs-utg-C3N4 volume
of 10, 35 and 50 ml were labeled CNS-1, CNS-3, and CNS-5,
respectively.) exhibit enhanced photocatalytic performance
toward methyl orange (MO) under light illumination spanning
from the UV to the NIR region compared to Sb2S3. By optimizing
the loading amount of g-C3N4QDs-utg-C3N4, the CNS-3 sample
can even realize 70% removal of MO under NIR irradiation in
120 min, attributed to the UCPL properties of g-C3N4QDs. In
addition, the higher photocurrent response of CNS-3 than Sb2S3
under UV, visible light and NIR illumination conrms that the
electron transfer and charge carrier separation are improved,
which leads to better photocatalytic activity. A schematic illus-
tration of photocatalytic degradation of MO on the CNS
composite under NIR illumination is shown in Fig. 23e. As seen,
g-C3N4QDs are the main spectral converter and absorb NIR light
and convert it to shorter wavelength light, subsequently
producing electrons and holes. The electrons are injected from
the CB of g-C3N4 to that of Sb2S3 while the holes le in the VB of
Sb2S3 are transferred to that of g-C3N4, hindering the recombi-
nation of the carriers. Aerwards, MO is decomposed by the
separated holes and cO2

� produced from the reaction between
excited electrons and the O2 adsorbed on the surface of Sb2S3,
which can be supported by the results of radical scavenging
experiments (Fig. 23d).

An enhanced photoelectrocatalytic activity of a photocathode
composed of Si nanowires (SiNWs) coated with g-C3N4QDs
(SiNWs@g-C3N4QDs) towards the degradation of 4-chlor-
ophenol was reported by Yu et al.54 In order to prevent the easy
passivation of Si nanowires in aqueous solution, the authors
This journal is © The Royal Society of Chemistry 2020
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Fig. 23 (a) MO degradation photocatalytic performance of g-
C3N4QDs-utg-C3N4 under near-infrared (NIR), (b) ultraviolet (UV), and
(c) visible (Vis) irradiation. (d) Proposed mechanism for the MO
degradation on the g-C3N4QD composites under NIR irradiation. (e)
Effect of different reactive species scavengers on MO photo-
degradation by CNS-3 under NIR irradiation. Reprinted with permis-
sion from ref. 56. Copyright 2016 Elsevier B.V.

Fig. 24 (a) I–V curves of SiNW and SiNWs@g-C3N4QD photocathodes
and (b) 10 cycles of cyclic voltammetry curves of SiNW and SiNWs@g-
C3N4QD photocathodes in 0.5 M H2SO4 solution under xenon lamp
illumination (100 mW cm�2). Consecutive runs of the photo-
electrocatalytic degradation of 4-chlorophenol (C0 ¼ 10 mg L�1) with
the (c) SiNW photocathode and (d) SiNWs@g-C3N4QD photocathode
(�1.2 V vs. SCE) under visible light irradiation (l > 400 nm, I ¼ 100 mW
cm�2). Reprinted with permission from ref. 54. Copyright 2017 The
Royal Society of Chemistry.

Fig. 25 The role of g-C3N4QDs in photocatalytic and photo-
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used g-C3N4QDs as a protection material to wrap the Si nano-
wires due to their superior photocorrosion resistance. Addi-
tionally, the unique optical absorption and electronic properties
of g-C3N4QDs favor the photoelectrochemical process. As evi-
denced by the photocurrent curves in Fig. 24a, the photocurrent
of SiNWs@g-C3N4QDs is much higher than that of SiNWs,
attributable to the heterojunction formed between the SiNWs
and g-C3N4QDs that can facilitate the electron transfer. A
degradation efficiency of 85.1% for 4-chlorophenol is achieved
with the SiNWs@g-C3N4QD photocathode, higher than that
achieved with the SiNW photocathode (52.0%). Furthermore,
a better photoelectrocatalytic stability is exhibited by the
SiNWs@g-C3N4QD electrode compared to the SiNW electrode
(Fig. 24b–d), proving that g-C3N4QDs act effectively as a protec-
tive layer.

Therefore, g-C3N4QDs play an important role in photo-
catalytic and photoelectrocatalytic degradation of pollutants as
a photosensitizer, spectral converter (sp-converter) and photo-
stabilizer to prevent photocorrosion (Fig. 25). For example, by
combining traditional wide-gap photocatalysts, the composites
(e.g. g-C3N4QDs/TiO2, g-C3N4QDs/bismuth complex oxides, etc.)
not only absorb ultraviolet light but also expand the light
adsorption to the visible region, improving the utilization of
This journal is © The Royal Society of Chemistry 2020
photons. In addition, g-C3N4QDs can be used as a sp-converter
in the photocatalytic process due to the effect of UCPL. The
combination of g-C3N4QDs and certain semiconductors, like
Sb2S3 semiconductors, exhibits enhanced photocatalytic
performance under light illumination spanning from the UV to
the NIR region. Interestingly, g-C3N4QDs also have excellent
photocorrosion resistance to prevent photocatalysts from being
passivated during photoelectrocatalytic reactions and improve
the photoelectrocatalytic performance. Denitely, there are still
many potential applications for g-C3N4QDs in the elds of
electrocatalytic degradation of pollutants.

J. Mater. Chem. A, 2020, 8, 485–502 | 499
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photocatalysis and photoelectrocatalysis. It is hoped that g-
C3N4QDs can be further explored for application in relevant
elds by summarizing the studies of pre-existing photocatalysis
by g-C3N4QDs here.

5. Summary and outlook

The unique optical properties, electronic structures, good water
solubility and biocompatibility of g-C3N4QDs have stimulated
the research on their synthesis, modications and applications.
g-C3N4QDs prepared by different methods show varying char-
acteristics, enabling them to be widely applied in bio-imaging,
ion detection, energy storage and conversion, and environ-
mental remediation. To date, a diversity of simple, low-cost and
size-controllable methods have been developed for the fabri-
cation of g-C3N4QDs with different physicochemical properties.
These methods are grouped into two major synthetic strategies,
i.e. top-down strategy and bottom-up strategy. The top-down
strategy primarily includes the sonication method, hydro-
thermal method and other methods, while the bottom-up
strategy involves the solid-phase method, microwave-assisted
solvothermal method and quasi-CVD method. The g-C3N4QDs
prepared by these methods exhibit effective absorption of light,
tunable PL and special UCPL. Those excellent optical properties
make g-C3N4QDs competent for photon utilization under a wide
range of wavelengths (from UV to IR). Therefore, g-C3N4QDs are
used as a multifunctional material during photocatalytic reac-
tions. For example, as a photosensitizer, they can be combined
with a wide-bandgap semiconductor to greatly improve the
photon utilization during photocatalysis processes. In addition,
it can also be used as a converter to extend the spectral utili-
zation of the photocatalyst to the NIR region. Interestingly, due
to the good stability of g-C3N4QDs, they show the ability of
preventing photocorrosion in photoelectrocatalytic processes.

Although remarkable progress has been made in this eld,
there are still many issues that need to be addressed:

(i) Methods for large scale synthesis of g-C3N4QDs are still
unavailable. Among the diverse routes, the solid phase method
appears to be the most promising one to be scaled up, but the
yield of this method needs to be further enhanced to reduce the
dialysis post-treatment time and optimization of the experi-
mental parameters for size-controlled synthesis is of necessity.
Therefore, efforts on the mass production of g-C3N4QDs with
good quality and uniform size in future are urgent.

(ii) Available approaches to accurately engineer the number
of defects in g-C3N4QDs are still lacking, while the defects of g-
C3N4QDs have an important inuence on their optical and
electronic properties. Consequently, more attention should be
paid to the well-dened structural synthesis of g-C3N4QDs.

(iii) Surface modications of g-C3N4QDs can also affect their
electronic and photocatalytic properties, but relevant studies
are limited so far. For example, several studies demonstrated
that doping g-C3N4QDs with heteroelements like sulfur, phos-
phorus, uorine, and boron could improve the optical proper-
ties, while the effect of doping on the photocatalytic properties
of g-C3N4QDs is unknown. In addition, the properties of g-
C3N4QDs may be changed owing to the type and number of
500 | J. Mater. Chem. A, 2020, 8, 485–502
surface functional groups and defects. Hence, simple and
controllable functionalization and doping of g-C3N4QDs for
better PL control and higher efficiency for many applications
are extremely desirable in future.

(iv) Further theoretical and experimental studies on the
mechanisms of g-C3N4QD-related properties are necessary in
order to achieve a full utilization of their specic properties. For
instance, theoretical calculations on the inuences of defects,
functional groups and doping on the band structure and pho-
tocatalytic properties of g-C3N4QDs are helpful for the control-
lable synthesis of high-performance g-C3N4QDs. Meanwhile,
modelling of g-C3N4QD-based composites is essential for
further understanding the role of g-C3N4QDs in the photo-
catalytic process and the reaction process, such as the electron
distribution in g-C3N4QD composites before and aer the
photo-activation. By combining the calculation with experi-
mental results, insight into the photocatalytic activation
processes can be gained.

(v) In view of the good photocatalytic performances of g-
C3N4QD-based composite photocatalysts in the removal of
aqueous organic pollutants, these composite photocatalysts can
also be applied for the elimination of pollutants in air (e.g.
volatile organic compounds, NO, SO2, H2S, etc.) which is also
one of the major environmental problems around the world.
Unfortunately, related research has rarely been reported. Thus,
more efforts should be devoted to the applications of g-C3N4QD-
based composite photocatalysts in air purication.

Overall, many challenges and opportunities are waiting for
researchers to explore the huge potential of g-C3N4QDs in
various areas in the future. We wish that this review is able to
offer clues on the rational design of g-C3N4QD-based photo-
catalysts in order to achieve efficient and long-term stable
photocatalysts for practical applications.
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