
 

 

 ISSN 1998-0124 CN 11-5974/O4 

2020, 13(1): 18–37 https://doi.org/10.1007/s12274-019-2589-z 

 

R
ev

ie
w

 A
rti

cl
e

 
 

Graphitic carbon nitride with different dimensionalities for energy
and environmental applications 
Qiang Hao1, Guohua Jia2, Wei Wei1, Ajayan Vinu3, Yuan Wang4, Hamidreza Arandiyan5, and Bing-Jie Ni1 () 

 
1 Centre for Technology in Water and Wastewater (CTWW), School of Civil and Environmental Engineering, University of Technology Sydney

(UTS), Sydney, NSW 2007, Australia 
2 Curtin Institute of Functional Molecules and Interfaces, School of Molecular and Life Sciences, Curtin University, Perth, WA 6845, Australia
3 Global Innovative Centre for Advanced Nanomaterials (GICAN), School of Engineering, Faculty of Engineering and Built Environment, The

University of Newcastle, Callaghan, NSW 2308, Australia 
4 School of Chemistry, Faculty of Science, The University of New South Wales, Sydney, NSW 2052, Australia 
5 Laboratory of Advanced Catalysis for Sustainability, School of Chemistry, The University of Sydney, Sydney, NSW 2006, Australia 
 
© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 
Received: 9 October 2019 / Revised: 20 November 2019 / Accepted: 28 November 2019 

 

ABSTRACT 
As a metal-free semiconductor, graphitic carbon nitride (g-C3N4) has received extensive attention due to its high stability, nontoxicity, 
facile and low-cost synthesis, appropriate band gap in the visible spectral range and wide availability of resources. The dimensions 
of g-C3N4 can influence the regime of the confinement of electrons, and consequently, g-C3N4 with various dimensionalities shows 
different properties, making them available for many stimulating applications. Although there are some reviews focusing on the 
synthesis strategy and applications of g-C3N4, there is still a lack of comprehensive review that systemically summarises the synthesis 
and application of different dimensions of g-C3N4, which can provide an important theoretical and practical basis for the development 
of g-C3N4 with different dimensionalities and maximises their potential in diverse applications. By reviewing the latest progress of 
g-C3N4 studies, we aim to summarise the preparation of g-C3N4 with different dimensionalities using various structural engineering 
strategies, discuss the fundamental bottlenecks of currently existing methods and their solution strategies, and explore their 
applications in energy and environmental applications. Furthermore, it also puts forward the views on the future research direction 
of these unique materials. 
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1 Instructions for using the template 
According to the dimensionality of the nanostructure and their 
components, materials can be classified into zero-dimensional 
(0D), one-dimensional (1D), two-dimensional (2D) and three- 
dimensional (3D) materials [1, 2]. 0D materials are nanosized 
particles whose width and length are in the nanometre range, 
in which electrons are confined in three dimensions. Quantum 
dots, nanoparticles and nanopowders are the few examples of 
0D materials [3–5]. Materials are considered as 1D materials 
in which one dimension is outside the nanoscale wherein 
electrons have confinement in two directions and nanowires, 
nanotube and nanorod are all typical 1D materials [6–12]. The 
2D materials refer to the materials in which electrons are 
confined at a non-nanoscale, such as nanofilm, nanosheet, 
superlattice and quantum well [13–26]. The 3D nano-materials 
preserve some superiorities of nano-size effect, but electrons 
in 3D materials can move freely in three non-nanoscale scales 
[12, 27, 28]. Due to the confinement of the nanostructure to 
electrons, materials with different dimensionality have highly 
profoundly different performance in various fields. Nanostructured 
materials with different dimensions exhibit unique structural 
features, and elemental composition has unique semiconducting,  

conducting and insulating properties in various fields. Among 
these nanostructures, carbon nitride-based nanomaterials have 
received a lot of attention owing to their unique semiconducting 
and essential properties and high thermal and chemical stability 
[29–32]. Based on the dimensionality and the chemical structure 
and composition, the properties of these unique materials are 
varied.  

The study of carbon nitride (CN) can be dated back to 1834 
when Berzelius firstly obtained a linear CN polymer and named 
it as “melon” [33, 34]. Since then, the investigation of CN has 
begun. In 1922, Franklin discovered a type of graphitic carbon 
nitride (g-C3N4) by the thermal decomposition of mercuric 
thiocyanate [35]. In 1989, it was predicted that if C could replace 
Si in the structure of β-Si3N4, a super hard β-C3N4 material 
could be obtained [36]. In 1996, Teter and Hemley predicted 
five types of CN with different phases including α-C3N4, β-C3N4, 
c-C3N4, p-C3N4 and g-C3N4 (Fig. 1) [37]. According to the 
crystal structure, the CNs are all super hard materials except for 
g-C3N4 [38]. Thus, it is much easier to modify the morphology 
and structures of g-C3N4. As a result, the study of g-C3N4 became 
a hot topic, and a series of g-C3N4 with different structures 
and functionalities have been reported. 
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Figure 1 Structure of (a) α-C3N4, (b) β-C3N4, (c) g-C3N4, (d) cubic-C3N4 
and (e) pseudocubic-C3N4 view from the [001] axis. The grey spheres 
represent carbon atoms, and the blue spheres represent nitrogen. 

In g-C3N4, both C and N atoms are sp2 hybridised. They are 
connected by σ bonds, forming a hexagonal structure. This 
hexatomic ring is called triazine ring. Each of the triazine 
rings is linked to a small unit, which is connected by a C–N 
bond. It is generally accepted that graphitic carbon nitride may 
have two chemical structures: g-C3N4 with a triazine ring (C3N3) 
which belongs to an R3m space group and other one has the 
structure that consists of a tri-s-triazine ring (C6N7) with a space 
group of P6m2 [39]. In g-C3N4, each triazine ring is connected 
by the N atom at the end, forming an infinitely expanded planar 
grid structure. From the illustrational graph of g-C3N4 (Fig. 2(a)), 
the length of C–N bond in the g-C3N4 ring is 0.1315 nm and 
the C–N–C bond angle is 116.5 °C. The length of C–N bond 
outside the g-C3N4 ring is 0.1444 nm and the C–N–C bond 
angle is also 116.5 °C. In Fig. 2(b), the length of C–N bond in 
the g-C3N4 ring is 0.1316 nm and the C–N–C bond angle is 
116.6 °C. The length of C–N bond outside the g-C3N4 ring is 
0.1442 nm and the C–N–C bond angle is also 120.0 °C [39]. In 
these two allotropes, the electronic structure and thermodynamic 
stability are different because of the different-sized nitrogen 
holes in the structure. It is reported that the g-C3N4 with the 
tri-s-triazine ring is more thermodynamically stable than that 
with triazine structure [40]. 

In these two types of g-C3N4, both C and N atoms belong to 
sp2 hybridisation, which can form highly conjugated π bonds 
with the lone electron pairs on pz orbitals. As a result, a highly 
delocalized conjugated system is composed. The absorption 
edge of g-C3N4 is about 460 nm and its bandgap is about 2.7 eV, 
with the conduction band (CB) at −1.13 eV and the valence 
band (VB) at +1.74 eV [41–43]. Since the low-coordinated N 
atoms contribute to both the CB and VB, the significant π bonds 
formed have low delocalisation, which is one of the main reasons 
for the relatively high electron–hole recombination rate of 
bulk g-C3N4. Generally, thermal decomposition of high nitrogen- 
containing carbon precursors is one of the most commonly 
used techniques for the synthesis of g-C3N4. However, the 
obtained g-C3N4 is usually bulk and non-porous in nature with 
a strong van der Waals forces between g-C3N4 layers. As a 
result, the bulk g-C3N4 exhibits poor specific surface area with 
irregular stacking of thick layers, which significantly restricts 
its application in catalysis due to the limited contact area with 
reactants. In addition, the photogenerated charge carriers cannot 
rapidly transfer to the surface of materials to participate in 

the reaction, which greatly reduces the separation and transfer 
efficiency of photogenerated carriers and limits the catalytic 
performance of g-C3N4. More importantly, the calcined g-C3N4 
has a low polymerisation degree, low crystallinity and abundant 
surface defects, which deteriorate its performances and impede 
its widespread applications in various fields covering sensing, 
adsorption and separation and catalysis. The dimension of g-C3N4 
is another important factor that can be controlled by altering 
the synthesis parameter. The control of dimensions plays a 
significant role in the performance of these nanostructures 
towards various applications related to the energy and 
environment, as the influence on the specific surface area, pore 
structure, optical properties, transfer path, and separating rate 
of electron–hole pairs of the g-C3N4. 

The schematic illustration of the transitions among bulk, 
0D, 1D, 2D g-C3N4 and 3D g-C3N4 is shown in Fig. 3. Like 
graphene, g-C3N4 manifests 2D layered structure. In each layer, 
the 3-s-triazine rings are bound by forming an infinitely 
expanded network-like planar structure, while interlayer 
interaction is van der Waals forces. Therefore, inspired by 
graphene stripping, 2D g-C3N4 nanosheets with the larger specific 
surface area can also be obtained by stripping bulk g-C3N4. 
Besides, 0D and 1D g-C3N4 can be synthesised by modifying 
the number and arrangement of structural units. For example, 
template growth method can be used to synthesise 1D g-C3N4. 
Via different methods, 0D, 1D, 2D and bulk g-C3N4 can be 
prepared. Under the treatment of solution and external force, 
bulk g-C3N4 can be converted into 0D, 1D, 2D or 3D structure. 
In the meanwhile, 0D g-C3N4 can also be assembled into 1D 
g-C3N4, and 2D g-C3N4 can be converted into 1D nanostructure 
with special treatment. Thus, it is significant to develop g-C3N4 
with various dimensionality to maximise its potential in diverse 
applications. 

Currently, most researchers pay attention to the modification 
strategies of g-C3N4 to improve its photocatalytic performance 

 
Figure 2 Triazine- (a) and tri-s-triazine-based connection patterns (b) 
of potential g-C3N4 allotropes. 

 
Figure 3 Schematic illustration of the transitions among bulk, 0D, 1D, 
2D and 3D g-C3N4. 
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[44–48], including energy conversion, pollutant degradation 
[49–51], and microbial control etc. [52]. Although there are a 
few reviews focusing on the strategies for the modification of 
g-C3N4, such as the construction of g-C3N4-based heterostructure 
photocatalysts or elements doping [53, 54], as well as the 
first-principle calculation studies on tri-s-triazine-based g-C3N4 
or magnetically separable g-C3N4 [55, 56], a comprehensive 
review on the synthesis of g-C3N4 with various dimensionalities 
and their effects on various applications related to energy and 
environment is still lacking. In this work, we provide an 
up-to-date review of the synthetic methods of g-C3N4 with various 
dimensionalities and its energy and environmental-related 
applications. We also give a brief overview of the research status 
and propose the future development trend of g-C3N4 and their 
potential applications. 

2 General synthesis of g-C3N4 
Various synthetic approaches have been developed for the 
preparation of a variety of low-dimensional g-C3N4 through a 
simple treatment of bulk g-C3N4. In this section, we firstly 
summarise various synthetic approaches of bulk g-C3N4, which 
mainly include solid-state reaction, electrochemical deposition, 
solvothermal reaction and thermal decomposition (Fig. 4). 

2.1 Solid-state reaction 

The solid-state reaction is generated by contact, reaction, 
nucleation, and crystal growth between solid interfaces at high 
temperature [57–59]. This was successfully applied by 
Kouvetakis et al. in 1994, who reported on the preparation  
of 2,4-difluoro-6-bis(trimethylsilyl)imido-l,3,5-triazine and 
2,4-dichloro-6-bis(trimethylsilyl)imido-1,3,5-triazine and used 
them as precursors to fabricate thin films of C3N4 [60]. 
Khabashesku et al. also synthesised g-C3N4 via the reaction of 
lithium nitride with cyanuric chloride or its fluoro analogue 
in a stainless steel reactor [61]. Reaction parameters such as 

synthesis temperature and pressures are varied to control the 
morphology, crystallinity and the dimensionalities and the 
properties of the g-C3N4. For example, Zhang et al. reported 
two strategies for the synthesis of g-C3N4, one of which is the 
self-reaction of 2-amino-4,6-dichloro-1,3,5-triazine and the 
other is the reaction of melamine and cyanuric chloride. Both 
approaches were carried out at the pressures between 1.0 and 
1.5 GPa and the temperatures of 500 to 600 °C [62]. Gu et al. 
prepared g-C3N4 using calcium cyanamide and cyanuric chloride 
as a reactant precursor at about 550 °C [63]. However, the 
prepared sample was contaminated with calcium chloride and 
required an additional purification process to obtain a high-quality 
g-C3N4. In 2007, Lu et al. adopted a high-pressure approach 
to preparing g-C3N4 material with tunable crystallinity [64]. In 
this approach, 1,3,5-trichlorotriazine and sodium azide were 
mixed for the reaction under 40 MPa and 220 °C. It is worth 
noting that the crystallinity of g-C3N4 was increased as the 
pressure of the vessel was increased. Most importantly, the 
morphology was also changed into nanowires when Zn particles 
were added into the reactor. 

2.2 Electrochemical deposition 

Electrochemical deposition is a technique in which current 
migrates through positive and negative ions in an electrolyte 
solution under the influence of an external electric field, and 
electrons are oxidised and reduced on the electrodes to form 
coatings. This technique has been quite attractive as it can 
improve the quality and properties of products [65–67]. Fu et 
al. first used electrodeposition technique for the preparation 
of g-C3N4 from the solution of dicyandiamide in acetone [68]. 
Various precursors in different solvents have been employed 
in this technique for controlling the properties of g-C3N4. Li et al. 
successfully demonstrated the room temperature fabrication 
of highly crystalline g-C3N4 thin films with the acetonitrile 
solution of melamine and cyanuric chloride through a simple 
electrochemical deposition [69]. Templating approach, coupled 

 
Figure 4 Synthetic approaches of g-C3N4 including (a) solid-state reaction, (b) electrochemical deposition, (c) solvothermal reaction and (d) thermal
decomposition. 
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with the electrochemical deposition, was used for the control 
of morphology and the particle diameter of g-C3N4. For example, 
Bai et al. reported hollow g-C3N4 microspheres using silica 
nanospheres with different diameters as templates. The average 
diameters of the spheres are about 1 μm, and they are composed 
of nanoparticles with a size range of 5 to 30 nm [70].  

2.3 Solvothermal reaction 

Solvothermal is a synthetic method of reacting the original 
mixture in an airtight system (such as an autoclave) with organic 
or non-aqueous solvents at certain temperature and pressure 
in the solution. The materials obtained by this method have good 
crystallinity, controllable morphology and good dispersity 
[71–74]. In 2000, Montigaud et al. reported the first synthesis 
of g-C3N4 by a solvothermal reaction with melamine and 
cyanuric chloride in triethylamine under 130 MPa and 250 °C 
[75]. Guo et al. used cyanuric chloride and sodium amide via 
benzene-thermal reaction at 180–220 °C to prepare g-C3N4 
nanocrystallites [76]. Interestingly, when sodium amide was 
replaced with sodium azide, g-C3N4 nanotubes were obtained, 
probably because sodium azide might affect crystal growth, 
and alignment [77]. Bai et al. prepared g-C3N4 by heating 
carbon tetrachloride and ammonium chloride at 400 °C [78]. 
Additionally, solvothermal reaction of dicyandiamide or melamine 
in carbon tetrachloride at 290 °C and 4.5 MPa can also produce 
g-C3N4 [79]. 

2.4 Thermal decomposition 

Thermal decomposition is one of the most commonly used 
synthetic approaches for mass production of g-C3N4, due to its 
wide resources, facile operation and low cost. In 2000, Gillan 
reported a synthesis of g-C3N4 via the thermal decomposition 
of 2,4,6-triazido-1,3,5-triazine [80]. The obtained samples had 
different C/N ratios when the reaction was conducted at different 
reaction temperatures and pressures. Lotsch and Schnick 
used ammonium, guanidinium and melaminium to modify 
tricyanomelaminate to obtain CNx [81]. They proposed the 
possible decomposition pathways as fallow: Upon heating, 
ammonium and guanidinium tricyanomelaminate uniformly 
passed through the crystalline, heptazine (C6N7)-based inter-
mediate melem (C6N7(NH2)3), which decomposed and formed 
a semi-amorphous CNxHy material with a pronounced layered 
structure. Identical pyrolysis products were obtained for the 
melaminium salt, a classical triazine (C3N3)-based CNx precursor, 
after passing an intermediate, possibly cross-linked phase at 
low temperatures. The thermal decomposition of nitrogen-rich 
precursors such as cyanamide, dicyandiamide, melamine,  
urea, sulfocarbamide, guanidinium thiocyanate or guanidine 
hydrochloride can also be used to prepare g-C3N4 [82–89].  

Overall, solid-state reaction, electrochemical deposition, 
solvothermal reaction and thermal decomposition can all be 
used to prepare g-C3N4. The solid-state reaction requires 
high temperature and high pressure, which is high-cost and 
environmentally unfriendly, thus it is not applied widely. With 
electrochemical deposition, g-C3N4 film or spheres can be 
obtained at room temperature, which may have more wide 
application, such as sensor or photoelectrocatalyst. While this 
approach may be not suitable for mass production. The 
solvothermal reaction can also be used to prepare g-C3N4 with 
special morphology, while this process is more complex, and it 
needs high pressure. Using thermal decomposition method to 
synthesize g-C3N4 is the most widely applied approach, as it 
has facile operation and low cost. However, the process needs 
a lot of heat and a large amount of ammonia will be generated. 
What is worse, the g-C3N4 obtained by the thermal decomposition 

method usually has a bulk structure, which limits its performance 
in various area. All in all, different syntheses of g-C3N4 have 
different advantages and researchers should consider what they 
want when they want to select a proper approach to preparing 
g-C3N4. 

3 Synthesis of various dimensions of g-C3N4 

3.1 0D g-C3N4 

0D g-C3N4 is also termed as g-C3N4 quantum dots (CNQDs), 
in which electrons and holes are unable to move freely. Many 
synthetic methods of CNQDs have been reported, such as 
microwave-assisted synthesis, solid state reaction and exfoliation 
of bulk g-C3N4. In 2011, Liu et al. prepared CNQDs with excellent 
photoluminescent (PL) with CCl4 and 1,2-ethylenediamine (EDA) 
by separate methods, including facile refluxing, microwave, 
or solvothermal heating [90]. Besides, they also developed an 
acid-driven and microwave-assisted approach to synthesise 
CNQDs using N,N-dimethylformamide (DMF) as the solvent 
[91]. The microwave heating of organic amines (dimethylamine 
(DIA), ethylamine (EA) or tripropylamine (TPA)) and acid can 
also be employed to fabricate CNQDs [92]. In 2012, Barman 
and Sadhukhan employed a facile microwave mediated synthesis 
of highly blue fluorescent CNQDs using formamide as a 
precursor [93]. The prepared CNQDs has high efficiency as 
sensors to detect mercuric and iodide ions in aqueous. Tang  
et al. used guanidine hydrochloride and EDTA as precursors 
to prepare CNQDs by a microwave-assisted approach [94]. 
The obtained chemiluminescence CNQDs was used to detect 
free residual chlorine in water (Figs. 5(a) and 5(b)). Li et al. 
used microwave oven (700 W) to heat the mixture of citric 
acid, thiourea and water to produce CNQDs [95]. Microwave 
heating of the mixture of citric acid monohydrate, urea and 
oleic acid are also reported as an approach for the synthesis of 
CNQDs [96]. Besides the microwave-assisted method, solid-state 
reaction can also be used to prepare CNQDs. Zhou et al. reported 
a facile synthesis of CNQDs with highly florescent and tunable 
emission by heating the mixture of urea and sodium citrate  
of different ratios at 180 °C [43]. In addition to synthesising 
CNQDs with small nitrogen-containing organic molecules, 
exfoliating bulk g-C3N4 is also an important strategy to prepare 
CNQDs. In 2014, Zhang et al. reported a way to tailor bulk 
g-C3N4 [97]. Firstly, bulk g-C3N4 was treated by a mixture of 
sulfuric acid (H2SO4) and nitric acid (HNO3). After that, the 
produced porous g-C3N4 was dispersed in ammonia monohydrate 
(NH3·H2O) and heated at 180 °C for 12 h. During this progress, 
porous g-C3N4 transferred to porous nanosheets. Then the porous 
g-C3N4 nanosheets were dispersed in water and sonicated for 
6 h. After being dialyzed, CNQDs was successfully achieved, 
which can be used for imaging of cellular nucleus by two-photon 
fluorescence (Fig. 5(d)). Although this method can be used to 
fabricate CNQDs, it is too complex as it involves many steps. 
To simplify the exfoliating process, Bai et al. developed a more 
facile synthesis to tailor bulk g-C3N4 by stirring, sonicating 
and heating bulk g-C3N4 in the mixture of H2O2 and NH3·H2O. 
The obtained CNQDs have much better photocatalytic activity 
in hydrogen production than bulk g-C3N4 [98].  

CNQDs can also be prepared by sonicating bulk g-C3N4 in 
acid (mixture of H2SO4 and HNO3) and filtered with microporous 
membrane [99]. Wang et al. used a modified Hummers method 
to prepare CNQDs by tailoring bulk g-C3N4 with concentrated 
H2SO4, NaNO3, H2O2 and potassium permanganate (KMnO4) 
[100]. Song et al. used HNO3 to treat bulk g-C3N4 and heated 
the suspension at 200 °C for 12 h to obtain CNQDs [101]. 
Acid tailor can be used to synthesise CNQDs, but it is not  
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environmentally friendly as this method consumes a large 
amount of acid. Fan et al. reported a facile and green tailor 
method to prepare CNQDs. Firstly, the uniform mixture of 
melamine and ethylenediamine tetra acetic acid (EDTA) was 
heated at 350 °C of 1 h. Then the products were dissolved in 
water and purified by dialysis membrane. CNQDs obtained by 
this method can be used in chemiluminescent dopamine sensing 
(Fig. 5(c)) [102]. 

3.2 1D g-C3N4 

In 1D g-C3N4, electrons can only move freely in one direction. 
g-C3N4 with such characteristics usually refers to g-C3N4 
micro-nano rods, g-C3N4 micro-nano tubes and g-C3N4 

micro-nano wires. Herein, the synthetic approaches of 1D 
g-C3N4 and its relevant applications are discussed in detail. 

3.2.1 g-C3N4 micro-nano rods 

Template-assisted methods have been employed for the synthesis 
of g-C3N4 micro-nano rods. In 2011, Li et al. prepared g-C3N4 
micro-nano rods using anodic alumni oxide (AAO) membrane 
as a template (Fig. 6(a)) [103]. This method provides an efficient 
way to improve the crystallinity of g-C3N4 and water splitting 
ability, for the better optical absorption and charge-carriers 
separation. Other templates such as SBA-15 silica or SiO2 
micro-nano rods can also be employed to fabricate g-C3N4 
micro-nano rods with excellent photocatalytic activity for 
hydrogen evolution reactions [104, 105]. Template-assisted 
method is easy to operate, while strong acid or alkali is needed 
to remove the templates. Heating bulk g-C3N4 in solutions can 
also obtain g-C3N4 micro-nano rods. Bai et al. stirred and 
refluxed bulk g-C3N4 in methanol-water solution, and they got 
high performance g-C3N4 micro-nano rods on the degradation 
of organic pollutants in water (Fig. 6(b)) [106]. Firstly, bulk 
g-C3N4 transfer to nanosheets in methanol. During the process 
of reflux, some surface defects of g-C3N4 nanosheets are repaired, 
which may result in the rolling of nanosheets on edge, producing 
g-C3N4 micro-nano rods. Xu et al. used a more facile solvothermal 
method (NH4Cl solution) to modify bulk g-C3N4, and they also 
obtained g-C3N4 micro-nano rods with photoelectrochemical 
sensing of trace Cu2+ ions [107]. Hu et al. calcined the mixture 
of thiourea and ammonium hydrogen phosphate to prepare S 
and P co-doped g-C3N4. Then the S and P co-doped g-C3N4 was 

transferred to a 100 mL Teflon inner liner with 80 mL water in 
it and heated to 150 °C. After the hydrothermal reaction, the 
obtained S and P co-doped g-C3N4 turned out to be micro-nano 
rods and had much better performance on degrading organic 
pollutants [108]. Tang et al. used H2SO4, HNO3 and hydrogen 
chloride (HCl) to treat melamine, and they obtained g-C3N4 
micro-nano rods with various lengths, diameters and specific 
surface area (ABET) [109]. All the g-C3N4 micro-nano rods have 
higher photocatalytic activity than bulk g-C3N4. Can g-C3N4 
be synthesised by direct thermal decomposition reaction? Li 
et al. reported a very interesting synthesis of g-C3N4 micro-nano 
rods [110]. In a typical synthesis, a certain amount of 
dicyandiamide was spread on the bottom of an alumina boat, 
and another empty alumina boat was covered on top of it. 
Then they used infrared (IR) light to heat the precursors to 
achieve g-C3N4 micro-nano rods. The formation of micro-nano 
rods structure was attributed to the unique IR heating, and the 
obtained samples showed excellent photocatalytic water splitting 
ability. 

3.2.2 g-C3N4 micro-nano tubes 

Chemical vapour deposition (CVD) is an effective approach 
for preparing well-constructed C3N4 micro-nano tubes, although 
it requires complex and expensive equipment [111, 112]. Tragl 
et al. prepared several types of g-C3N4 micro-nano tubes with 
cyanuric chloride and various nitrogen sources. In this synthesis, 
N(C3N3Cl2)3 formed initially in the reaction process can act as 
the template for the formation of micro-nano tube structure 
[113]. Bian et al. used AAO membrane as the template to 
prepare g-C3N4 micro-nano tubes [114]. The obtained g-C3N4 
micro-nano tubes were used as the support of platinum particles 
constituting hybrid Pt-g-C3N4 micro-nano tubes, which can be 
used as catalyst carriers in cyclohexene hydrogenation. Except 
for CVD and template methods, some special treatment can 
also be used to obtain g-C3N4 micro-nano tubes. Li et al. mixed 
cyanuric chloride and melamine with ball crusher and heated 
the precursors at 150 °C for 24 h to remove moisture and 
oxygen [115]. Moreover, then the solid was calcined at 800 °C 
in vacuum electric furnace to obtain g-C3N4 tubes. Cao et al. 
heated cyanuric chloride and sodium with Ni-based catalyst in 
a stainless steel autoclave to prepare g-C3N4 micro-nano 
tubes [116]. Cyanuric acid, melamine and caffeine can form a 

Figure 5 (a) Schematic illustration for the preparation of CNQDs by a microwave-assisted method; (b) the TEM image and size distribution of the prepared
CNQDs (reproduced from Ref. [94] with permission, © American Chemical Society 2014). (c) Schematic illustration for preparation of CNQDs through a 
thermal condensation process, TEM image of obtained prepared CNQDs and its size distributions (reproduced from Ref. [102] with permission, © The
Royal Society of Chemistry 2015). (d) Schematic illustration of the strategy for the preparation of CNQDs (reproduced from Ref. [97] with permission, © 
Wiley-VCH 2014).  
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supramolecular complex, which formed g-C3N4 micro-nano 
tubes after calcination (Figs. 6(c) and 6(d)). The g-C3N4 
micro-nano tubes have better photocatalytic performance than 
bulk g-C3N4 [117]. Guo et al. prepared phosphorous-doped 
g-C3N4 micro-nano tubes by the treatment of precursor [118]. 
Firstly, melamine and phosphorous acid were dissolved in 
deionised water and heated in a Teflon liner at 180 °C for 10 h. 
Then the samples were washed, dried and calcined, resulting 
in the formation of phosphorus-doped g-C3N4 micro-nano 
tubes. The hydrothermal reaction product was washed several 
times to completely remove the phosphorous acid, the final 
product obtained was g-C3N4 micro-nano tubes (Figs. 7(a) 
and 7(b)). By hydrothermal treatment heating procedure at 
500 °C for 4 h, Jin et al. also successfully prepared g-C3N4 
micro-nano tubes [119].  

3.2.3 g-C3N4 micro-nano wires 

g-C3N4 micro-nano wires is also a type of 1D g-C3N4 materials 
which have multi functionalities. In 2013, Tahir used a 
template-free method to prepare g-C3N4 micro-nano wires 
[120]. Firstly, melamine was dissolved in ethanol and treated 
by HNO3. Then the product was washed, dried and heated to 
450 °C in a CVD furnace to produce g-C3N4 micro-nano wires 
(Figs. 7(c) and 7(d)). The synthesised g-C3N4 micro-nano 
wires have better optical, electrochemical and photocatalytic 
performance than bulk g-C3N4. Cyanuric chloride-melamine 
complex was also used as the precursor to fabricate g-C3N4 
micro-nano wires using a 100 mL Teflon-lined autoclave. 
g-C3N4 micro-nano wires can be obtained after the calcination 
of the obtained powder at 500 °C. The g-C3N4 micro-nano 
wires obtained using this approach have better photocatalytic 
degradation efficiency than bulk g-C3N4 [121]. Han et al. 
prepared g-C3N4 micro-nano wires by another method [122]. 
The used ultrasonic to make dicyandiamide dissolved in water. 

After that, the precursor was put in a Teflon-lined autoclave 
and kept at 200 °C for 4 h. Then it was frozen in liquid 
nitrogen to freezing assisted assembly. Finally, the powder was 
heated to 500–650 °C and g-C3N4 micro-nano wires with 
better photocatalytic hydrogen evolution ability were obtained. 
Zhang et al. reported a method of tailoring iodine-doped bulk 
g-C3N4 to quantum dots and its self-assembly to synthesis g-C3N4 
micro-nano wires [123]. Firstly, they prepared the iodine-doped 
bulk g-C3N4. Then hydrothermal reaction in H2O2 solution 
was employed to downsize the bulk-iodine-doped g-C3N4. As a 
result, g-C3N4 quantum dots can be obtained, which gradually 
self-assembled to g-C3N4 micro-nano wires in solvents with 
different polarities. By changing the solvents, the g-C3N4 
micro-nano wires with different diameters, tunable bandgaps 
can be obtained. 

In summary, the synthesis methods of 1D g-C3N4 including 
g-C3N4 micro-nano rods, g-C3N4 micro-nano tubes and g-C3N4 
micro-nano wires were summarised. The electrons in 1D g-C3N4 
have free movement in the elongated direction of the particles, 
resulting in a significantly promoted separation efficiency of 
photogenerated charge carriers, which illustrates the reason 
why 1D g-C3N4 is mostly applied as photocatalysts. Due to its 
low luminescence quantum efficiency, 1D g-C3N4 is not suitable 
for the applications in lighting and displays. Template method 
is one of the most frequently used approaches to achieve 1D 
g-C3N4. As the examples mentioned above, g-C3N4 micro-nano 
rod arrays and g-C3N4 micro-nano tube arrays can be prepared 
by using AAO as templates. Employing physical (thermal, 
ultrasonic, high-pressure and mechanical effect) and chemical 
effects can exfoliate and re-assemble bulk g-C3N4 into 1D 
structure. Besides, physical and chemical treatment may influence 
the phase, crystallinity and arrangement of the precursors, 
and result in the formation of 1D g-C3N4 with distinguished 
properties. 

 
Figure 6 (a) Schematic illustration for the preparation of g-C3N4 nanorods (reproduced from Ref. [103] with permission, © American Chemical Society
2011). (b) Schematic illustration of the formation process of g-C3N4 nanorods from g-C3N4 nanoplates and its TEM image (reproduced from Ref. [106] with
permission, © American Chemical Society 2013). (c) Reaction path of caffeine-modified g-C3N4 nanotubes from cyanuric acid-melamine supramolecular 
complexes and (d) its SEM image (reproduced from Ref. [117] with permission, © Wiley-VCH 2015). 
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3.3 2D g-C3N4 

2D g-C3N4 usually refers to g-C3N4 nanosheets in which electrons 
are predominantly confined in the thickness direction and can 
only move freely in two dimensions. As a result of this, we 
summarised the synthetic methods of 2D g-C3N4. 

3.3.1 Post-calcined method 

The post-calcined method is a facile top-down strategy to 
weaken the van der Waals forces between bulk g-C3N4 layers 
for the synthesis of g-C3N4 nanosheets [124]. Niu et al. calcined 
bulk g-C3N4 at 500 °C for 2 h and obtained g-C3N4 nanosheets 
with a thickness of around 2 nm [124]. The nanosized g-C3N4 
has a much larger specific surface area, enhanced transfer of 
electrons along an in-plane direction, longer lifetime of charge 
carriers and enhanced photocatalytic activity (Fig. 8(d)). Li 
et al. also obtained g-C3N4 nanosheets by heating bulk g-C3N4 
at 520 °C for 4 h and they found that if the heating time is 
expanded to 6 h, holey ultrathin g-C3N4 nanosheets can be 
obtained [125]. The ultrathin layered and hollow structures led 
to a highly enhanced photocatalytic hydrogen generation ability 
(Figs. 8(a)–8(c)). Besides calcination in air, heating bulk g-C3N4 
in argon gas or ammonia gas can also convert bulk g-C3N4 into 
nanosheets, improving the photocatalytic activity [22, 126]. 

3.3.2 Liquid exfoliated method 

Liquid exfoliated is an approach to prepare low-dimensional 
materials with the chemical and/or physical effects of solvents 
and external force (such as ultrasonic wave, pressure or thermal 
energy). It is another approach to prepare g-C3N4 nanosheets. 
Zhang et al. reported a green liquid exfoliated method to 
prepare g-C3N4 nanosheets (2.5 nm thick) by sonicating bulk 
g-C3N4 in water for 16 h, which showed high performance in 
bioimaging (Fig. 9) [127]. Due to the strong polarity, water is a 

better solvent to swell and exfoliate g-C3N4 nanosheets compared 
to ethanol, methanol, DMF or formamide. Sonicating bulk 
g-C3N4 in methanol, isopropanol (IPA), anionic polyacrylamide 
or anhydrous ethylenediamine can also obtain g-C3N4 nanosheets 
[128–131]. Nevertheless, how can atomic single layer g-C3N4 
be prepared? In 2013, thin layer of g-C3N4 nanosheets (0.4 nm 
thick) was successfully synthesised by Xu et al., using H2SO4  
to exfoliate bulk g-C3N4 [132]. However, in this preparation 
method, strong acid (H2SO4) is required, which may cause 
environmental concerns and need extra care in handling. Are 
there any greener and more facile methods? If post-calcined 
g-C3N4 nanosheets are treated by liquid exfoliated method, the 
thickness of g-C3N4 nanosheets can reduce, and even atomic 
single layer can be successfully fabricated [133–135].  

3.3.3 Other methods 

In addition to the methods mentioned above, other methods 
were also employed to synthesise g-C3N4 nanosheets. Bojdys  
et al. reported an ionothermal method by heating the mixture 
of dicyandiamide, lithium chloride and potassium chloride to 
prepare hexagonal g-C3N4 nanosheets [136]. Cheng et al. heated 
melamine and potassium borohydride in argon atmosphere 
and synthesised g-C3N4 nanosheets with a thickness of 1.5 nm 
[137]. The introduction of potassium borohydride can help 
weaken the van der Waals force and decrease the planar size 
of g-C3N4 layers. Heating dicyandiamide and ammonium 
chloride can also obtain g-C3N4 nanosheets (Figs. 10(a) amd 
10(b)) [138, 139]. Dong et al. prepared g-C3N4 nanosheets by 
calcining the mixture of melamine and cyanuric acids [140]. 
The product has carbon vacancies and exhibited highly 
photocatalytic performance in the reduction of NO to N2 and 
O2. Yin et al. reported a liquid ammonia-assisted lithiation 
method to exfoliate bulk g-C3N4 (Figs. 10(c) and 10(d)) [141]. 
Yu et al. found that using microwave to heat the mixture of  

 
Figure 7 (a) The formation process of phosphorus-doped g-C3N4 nanotubes; (b) the SEM and TEM images of prepared g-C3N4 nanotubes (reproduced 
from Ref. [118] with permission, © Wiley-VCH 2016). (c) Schematic representation of chemical reaction for the synthesis of g-C3N4 nanowires and (d) its 
SEM image (reproduced from Ref. [120] with permission, © American Chemical Society 2014). 
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melamine and carbon fibre can produce g-C3N4 nanosheets 
ultra-rapidly [142]. 

3.4 3D g-C3N4 

Thermal decomposition is the most commonly used synthetic 
method for mass production of g-C3N4, and it can only be 
used to produce bulk g-C3N4, which is a 3D irregular blocky 
structure. Some other types of 3D g-C3N4 have been developed 
to overcome the shortages of bulk g-C3N4 and broadly 
functionalise the materials.  

3.4.1 Porous 3D g-C3N4 

Porous materials generally have the advantages of low relative 
density, high specific strength, high specific surface area and 
lightweight, and thus can be used in a variety of applications 
[143]. Dong and Zhang found that replacing melamine with 
melamine hydrochloride as the precursor, porous 3D g-C3N4 

can be obtained [144]. The ABET of synthesised porous g-C3N4 
is 38.8 times as that of bulk g-C3N4 and its photocatalytic 
performance was improved significantly. Liang et al. reported 
a 3D porous g-C3N4 monolith (28 mm  14 mm  14 mm) with 
strong self-support structure [145]. They first made a melamine 
sponge, completely adsorbed urea, and then heated to 550 °C 
in N2 atmosphere. As a result, the 3D porous g-C3N4 monolith 
can be obtained (Fig. 11(a)). Wu et al. prepared a loofa sponge-like 
3D network porous N-doped carbon/g-C3N4 with excellent 
oxygen reduction reaction (ORR) and oxygen evolution reaction 
(OER) performance [146]. Firstly, urea, chitin, NaOH and 
g-C3N4 were dispersed in water. Then the mixture was frozen 
and thawed several cycles to improve the solubility of chitin. 
After that, the solution was spread on glass and immersed in 
ethanol to form a hydrogel. When NaOH and urea were removed, 
the sample was heated at 800 °C and the final product was 
obtained (Fig. 11(b)). Tian et al. developed a 3D porous g-C3N4  

 
Figure 8 (a) Top-down process for the synthesis of ultrathin g-C3N4 nanosheets during post-calcined method. TEM images of bulk g-C3N4 (b) and 
ultrathin g-C3N4 nanosheets (c). Reproduced from Ref. [125] with permission, © Wiley-VCH 2016. (d) Tapping-mode AFM image of g-C3N4 nanosheets 
obtained by the post-calcined method (reproduced from Ref. [124] with permission, © Wiley-VCH 2012). 

 
Figure 9 (a) Schematic illustration of liquid-exfoliation process from bulk g-C3N4 to ultrathin nanosheets; (b) TEM image and the Tyndall effect of g-C3N4

ultrathin nanosheets. (c) AFM image and (d) corresponding height image of the 2D g-C3N4. Reproduced from Ref. [127] with permission, © American 
Chemical Society 2013. 
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by a facile and novel method [147]. They employed hydrothermal 
treatment to melamine and urea solution, and melamine was 
converted to the monoclinic phase, besides the NH3, and CO2 

produced in the heating process were acting as porogen to 

create porous structure. After calcining the hydrothermal product 
at 520 °C for 4 h, 3D porous g-C3N4 with a higher apparent 
quantum efficiency (27.8% at 420 ± 15 nm) and superior 
hydrogen evolution ability was successfully fabricated. Wang 

 
Figure 10 (a) Schematic illustration of the synthesis process of the bulk and ultrathin nanosheets of g-C3N4; (b) TEM image of g-C3N4 nanosheet 
(reproduced from Ref. [139] with permission, © The Royal Society of Chemistry 2014). (c) Real-time Li intercalation of bulk g-C3N4 in liquid ammonia; 
(d) schematic diagram of the lithiation and exfoliation of g-C3N4 nanosheets from bulk g-C3N4 (reproduced from Ref. [141] with permission, © The Royal 
Society of Chemistry 2014). 

 
Figure 11 (a) Illustration of the preparation of a macroscopic 3D porous g-C3N4 monolith (reproduced from Ref. [145] with permission, © Wiley-VCH
2015). (b) SEM image of carbon/g-C3N4 3D network (reproduced from Ref. [146] with permission, © Elsevier Inc. 2016). (c) The synthesis process of 3D 
porous g-C3N4/C nanosheets composite (reproduced from Ref. [148] with permission, © Elsevier B.V. 2018). (d) Schematic diagrams of the preparation 
process of the PCN/AgBr/rGO nanocomposite (reproduced from Ref. [149] with permission, © Elsevier B.V. 2018). 



Nano Res. 2020, 13(1): 18–37 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

27 

et al. prepared 3D porous g-C3N4/carbon nanosheets by heating 
the mixture of melamine and soybean oil [148]. The composite 
nanosheet materials had the ABET of 454.2 m2/g, which is 59.7 
times as bulk g-C3N4, at the same time, the photocatalytic 
reduction CO2 ability improved about 25 times (Fig. 11(c)). 
Zhou et al. used NaHCO3 as porogen to create pores on bulk 
g-C3N4, leading to 3D porous net-structure [149]. Loading AgBr 
and reduced graphene oxide (rGO) on the 3D porous g-C3N4 
can efficiently enhance the photocatalytic performance of g-C3N4 
(Fig. 11(d)). Calcining the freeze-dried mixture of thiourea 
and sodium chloride is also an effective strategy to prepare 3D 
porous g-C3N4 [150]. 

3.4.2 3D g-C3N4 spheres 

By employing a specific synthetic method, hollow g-C3N4 spheres 
or spheres consisting of g-C3N4 nanosheets can be obtained. 
Usually, hollow g-C3N4 spheres are prepared by using silica 
spheres as templates. Sun et al. used silica nanoparticles as a 
template and prepared hollow g-C3N4 spheres with a controllable 
thickness. They found that the amounts of defects increased as 
the thickness of the shell increased. The sample with a shell 
thickness of 56 nm exhibited the optimum photocatalytic 
performance due to its suitable length of migration path of 
charge carriers, a suitable amount of defects and the inner 
optical reflection inside the hollow spheres (Fig. 12) [151]. With 
the various size of silica particles, the hollow g-C3N4 spheres 
with different diameters can be obtained. All the hollow g-C3N4 
spheres have a much higher specific surface area and can allow 
multiple reflections of light inside the spheres, which is helpful 
for its photocatalytic performance [42, 152, 153]. Coating 
g-C3N4 on the surface of hollow Pt modified TiO2 spheres can 
form a structured sandwich photocatalyst with high performance 
on the degradation of organic pollutants [154]. Jun et al. dissolved 
melamine and cyanuric acid in dimethyl sulfoxide (DMSO) 
solution and then mixed the suspension, washed and dried it 
[155]. The resulted powder was heated at high temperatures, 
and spheres consisting of g-C3N4 nanosheets were achieved. 
With different heating temperature, the samples have different  

 
Figure 12 Surface morphology of hollow carbon nitride spheres 
(reproduced from Ref. [151] with permission, © Macmillan Publishers 
Limited 2012). 

C/N ratios and different specific surface area. When the 
temperature is 400 °C, the obtained sample has a specific surface 
area of 77 m2/g which is 12.8 times as bulk g-C3N4. 

3.4.3 3D g-C3N4 hydrogels 

3D hydrogels own the advantages of high adsorption capacity, 
good reproducibility and large specific surface area [156]. Tong 
et al. reported a facile synthesis of 3D g-C3N4/graphene oxide 
(GO) hydrogel by the hydrothermal reaction, and it has high 
performance on the photodegradation of organic pollutants 
(Fig. 13(a)) [157]. Wang et al. found that g-C3N4/graphene 
hydrogel also has good performance on the removal of 
chromium(VI) in water [158]. This group also found that the 
introduction of polypyrrole to g-C3N4/rGO hydrogel can accelerate 
the separation of photogenerated charge carriers [159]. Besides 
graphene, other materials can also form 3D hydrogels with 
g-C3N4. In our previous work, we reported the synthesis of 
polyacrylamide/bentonite/g-C3N4 3D hydrogel and its high 
performance in water purification (Fig. 13(b)) [12]. Zhang  
et al. prepared g-C3N4/agar and g-C3N4/SiO2 and studied their 
synergistic effect of adsorption and photodegradation of organic 
pollutants (Fig. 13(c)) [160, 161]. Compared to bulk g-C3N4, 
these jelly-like 3D hydrogels have much higher adsorption ability;  

 
Figure 13 (a) Schematic illustration for the synthetic procedure of 
g-C3N4/graphene aerogels (reproduced from Ref. [157] with permission, 
© American Chemical Society 2015). (b) Preparation progress flowchart 
of PAM/bentonite/g-C3N4 3D-hydrogel (reproduced from Ref. [12] with 
the permission, © Elsevier B.V. 2018). (c) Schematic illustration of the 
preparation of C3N4-agar hybrid hydrogel (reproduced from Ref. [148] 
with permission, © Elsevier B.V. 2018). 
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more importantly, they are separation-free and can be recycled 
easily. Besides photodegradation of organic compounds, 3D 
g-C3N4 hydrogel also has application in the gas sensor. Yan  
et al. prepared g-C3N4 hydrogel by the hydrothermal reaction of 
g-C3N4 and 1-hexadecyl-3-methylimidazolium halide, which 
exhibited superior response on H2S at room temperature [162]. 
It can also be used to detect NH3, SO2 and NO2. Zhang et al. 
reported a 3D hydrogel network g-C3N4 by hydrolysing bulk 
g-C3N4 in alkaline conditions. They dissolved bulk g-C3N4 in 
NaOH solution, stirred and sonicated the suspension several 
times. When the concentration of NaOH was 3 M, the 3D 
hydrogel network g-C3N4 can be obtained. The synthesised 
network g-C3N4 had a high performance on the adsorption of 
organic dyes, such as methylene blue (MB), azure B, acriflavine 
and safranin O [163].  

In summary, 3D g-C3N4 including porous 3D g-C3N4, 3D 
g-C3N4 spheres and 3D g-C3N4 hydrogels has a much larger 
specific surface area, higher adsorption capacity and greatly 
enhanced catalytic performance compared to bulk g-C3N4. 3D 
hollow g-C3N4 spheres or spheres consisting of g-C3N4 nanosheets 
are both 3D g-C3N4 spheres. In the hollow g-C3N4 spheres, 
multiple reflections of light inside spheres are the main reason 
for its better photocatalytic performance. For spheres consisting 
of g-C3N4 nanosheets, it has stronger optical absorption, wider 
bandgap and longer photogenerated-charge-carrier lifetime. 
Thus its catalytic activity is enhanced. Combining g-C3N4 with 
other materials can form separation-free 3D g-C3N4 hydrogels 
with multi-functions, such as adsorbent materials, photocatalysts 
and sensors. 

3.5 Comparison of synthesis and scale of various 

dimensional g-C3N4 

As shown in Table 1, the synthesis and scales of g-C3N4 with 
various dimensionalities are compared. The 0D CNQDs can 

be synthesised by microwave heating, solid-state reaction or 
chemical tailoring of bulk g-C3N4. In tailoring process, the 
strong acid and/or other strong oxidising are required, which is 
detrimental to the environment. Meanwhile, special protection 
is needed during operation to prevent safety hazards. Heating 
melamine and EDTA at 350 °C for 1 h can also obtain CNQDs, 
while the products should be dialyzed for 48 h. Therefore, 
microwave heating is a better option to prepare CNQDs and 
the process only lasts 40 s to 3 h. Besides, the diameters of 
microwave synthesised CNQDs are usually smaller than that 
achieved by tailoring method, which is between 1 to 14 nm. 
The synthesis of 1D g-C3N4 includes template method, near- 
infrared thermal decomposition or some special treatment. The 
1D g-C3N4 obtained by template method has equal diameter 
and length. While the 1D g-C3N4 micro-nano rods obtained 
by near-infrared thermal decomposition method exhibit 
inhomogeneous structure. Employing acid treatment, or 
solvothermal reaction can change the crystal structure, crystal 
phase and crystal growth direction. When appropriate synthetic 
conditions are employed, the 1D g-C3N4 can be successfully 
synthesised. Besides, some special treatment can weaken the 
van der Waals’ force between g-C3N4 layers and reassemble them 
into 1D structure. The post-calcined method, liquid exfoliated 
method or Li-ion intercalation method can also weaken the 
van der Waals’ force between g-C3N4 layers and convert bulk 
g-C3N4 to 2D nanosheets. Adding additional materials to the 
precursors may also reduce the interlayer van der Waals’ force 
and result in 2D nanosheets. Among these approaches, the 
post-calcined method is the most environmentally friendly 
route because it does not consume other chemicals. Heating 
nitrogen-rich precursors with other materials can prepare porous 
3D g-C3N4. 3D g-C3N4 spheres can be obtained by template 
method and 3D g-C3N4 hydrogels are usually prepared by the 
polymerisation or hybridisation of other materials.  

Table 1 Comparison of synthesis and scale of various dimensional g-C3N4 

Dimension Precursors Synthesis Scale Ref. 

CCl4 and EDA Reflux, microwave, or  
solvothermal heating 

1–5 nm [90]

Acid (chloro sulfonic acid (CSA), H2SO4, HCl,  
or HNO3) and DMF 

700 W microwave, 40 s 1–6 nm [91]

DIA, EA or TPA with acid (CSA, H2SO4, HCl,  
or HNO3) 

Microwave, 60 s 2–8 nm [92]

Formamide Microwave, 180 °C, 3 h 0–14 nm [93]

Guanidine hydrochloride and EDTA Microwave, 2 min 3–7 nm [94]

Citric acid and thiourea 700 W microwave, 7 min 2–4 nm [95]

Citric acid monohydrate, urea and oleic acid 180 °C for 5 min under 1,200 r/min  
magnetic stirring 

1–5 nm [96]

Urea, sodium citrate 180 °C, 1 h 2–6 nm [43]

Bulk g-C3N4, H2SO4 and HNO3 

NH3·H2O 
Acid treatment, 2 h 

180 °C, for 12 h 
Ultrasound in water, 6 h 

2–6 nm [97]

Dicyandiamide, NH3·H2O, H2O2 70 °C 10–15 nm [98]

Bulk g-C3N4, H2SO4 and HNO3 Ultrasound in acid, 20 h 10–20 nm [99]

Bulk g-C3N4, NaNO3, H2SO4, KMnO4, H2O2 Treat in acid, 28 h 
Ultrasound in acid, 1 h 

15–50 nm 
 

[100]

Bulk g-C3N4, HNO3 Sonicate in acid, 1 h 
Reflux 24 h 
200 °C, 12 h 

Sonicate in water, 4 h 

1–5 nm [101]

0D 

Melamine, EDTA, 350 °C, 1 h 
Dialyze, 48 h 

3–8 nm [102]
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(Continued) 
Dimension Precursors Synthesis Scale Ref. 

1D-rods Cyanamide, AAO, HCl 600 °C, 2 h d: 260 nm 
L: several μm 

[103]

 Cyanamide, SBA-15 NH4HF2 550 °C, 4 h d: 10 nm 
L: several μm 

[104]

 SiO2 nanorod, cyanamide, NH4HF2 550 °C, 4 h d: 80 nm 
L: 200 nm 

[105]

 Bulk g-C3N4, methanol−H2O Reflux, 3 h d: 100–150 nm 
L: 0.5–3 μm 

[106]

 Bulk g-C3N4, NH4Cl Sonicate for 30 min 
60 °C, 12 h 

d: 20 nm [107]

 Thiourea, (NH4)2HPO4 water 520 °C, 2 h 
150 °C, 10 h 

N/A [108]
 

 Dicyandiamide Infrared heating (50% power) d: 100–500 nm 
L: several μm 

[110]

 Melamine, H2SO4, HNO3, and HCl 80 °C, 20 min 
520 °C, 2 h 

N/A [109]

1D-tubes Ethylenediamine, CCl4 

AAO 
Reflux, 90 °C, 12 h 

120 °C, 12 h 
600 °C, 5 h 

d: 300 nm 
Thickness: 30 nm 

L: several μm 

[114]

 C3N3Cl3, melamine Low-pressure desorption, 24 h 
800 °C, 2 h 

d: 0.5–5 μm 
Thickness: 200–250 nm

L: tens of μm 

[115]

 NiCl2, cyclohexane, Na 
C3N3Cl3 

230 °C, 6 h 
230 °C, 10 h 

d: 50–100 nm 
Thickness: 17 nm 

L: N/A 

[116]

 Melamine, phosphorous acid Stir, 30 min 
180 °C, 10 h 
500 °C, 4 h 

d: 60–100 μm 
Thickness: N/A 
L: 300–500 μm 

[118]

 Melamine 200 °C, 24 h 
550 °C, 4 h 

d: 80 nm 
Thickness: 12 nm 

L: N/A 

[119]

 Cyanuric acid, melamine, caffeine 500 °C N/A [117]
1D-wires Melamine, ethanol, HNO3 450 °C, 2 h d: 100 nm 

L: 20 μm 
[120]

 
 Cyanuric chloride, melamine Stir 12 h, 

180 °C, 24 h 
d: 20–30 nm 

L: hundreds μm 
[121]

 Dicyandiamide, 200 °C, 4 h 
Freeze-dried at 500–650 °C 

d: about 500 nm 
L: N/A 

[164]

 Melamine, hydroiodic acid 
H2O2 

H2O2 and C2H5OH 

550 °C, 5 h 
180 °C, 12 h 

Self-assembly in solution, 12 h 

d: 100 nm 
L: N/A 

[123]

2D Bulk g-C3N4 Grind, 500 °C, 2 h Thickness: 1.65–2.62 nm [124]
 Bulk g-C3N4 520 °C, 6 h Thickness: 9.2 nm [125]
 Bulk g-C3N4 Ultrasound in water, 16 h Thickness: 2.5 nm [127]
 Melamine, IPA 

 
 

520 °C, 4 h 
550 °C, 3 h 

Ultrasound in IPA, 8 h 

Thickness: 0.5 nm [133]

 Bulk g-C3N4, H2SO4 Stir in acid, 8 h Thickness: 0.4 nm [132]
 Dicyandiamide, lithium chloride and  

potassium chloride 
400 °C, 6 h 

600 °C, 12 h 
Hexagonal, 100–200 nm [136]

 Melamine, KBH4 550 °C, 4 h Thickness: 1.5 nm [137]
 Dicyandiamide, NH3Cl 550 °C, 4 h Thickness: 3.2 nm [139]
 Melamine, cyanuric acid 550 °C, 4 h N/A [140]
 Bulk g-C3N4, liquid ammonia, Li Ultrasound in solution, 30 min Thickness: 2.5 nm [141]
 Melamine, carbon fibre Microwave, 5 kW, 5 min Thickness: 1.6 nm [142]

Porous 3D 
g-C3N4 

Melamine hydrochloride 500 °C, 2 h 
520 °C, 2 h 

 [144]

 Melamine sponge, urea 550 °C, 2 h  [145]
 Urea, chitin, NaOH and g-C3N4 freeze and thaw 

800 °C, 2 h 
 [146]

 Melamine, urea 180 °C, 24 h 
520 °C, 4 h 

 [147]
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4 Energy and environmental application of 
various dimensional g-C3N4  
The dimensions of materials can affect their surface area, layer 
stacking method, transfer paths and separation ratios of electron 
and hole pairs, and therefore, their properties in different aspects 
are entirely different. As shown in Table 2, the applications 
of g-C3N4 with various dimensionalities are summarised and 
compared. 

CNQDs are 0D materials with wide energy and environmental 
application. Due to the tri-s-triazine unit, g-C3N4 shows strong 
luminescent and chemical stability. The strong emission and 
large exciton binding energy can make g-C3N4 show stable 
high-yield luminescence [178]. The luminescent properties of 
quantum dots are caused by the interaction of electrons, holes 
and their surroundings [179]. When the excitation energy 
exceeds the band gap, the g-C3N4 quantum dots can absorb 
photons, creating electron–hole pairs. Most excited electrons 
can recombine with holes and cause strong fluorescence. At the 
same time, the transition of triplet excited state electrons can 
lead to phosphorescence [180]. For the quantum confinement 
effect, the size of CNQDs can control its band gap, and therefore 
CNQDs have regulatable spectrum [181]. More importantly, 
the broad Stokes shift of CNQDs can avoid the overlap of the 
emission spectrum and excitation spectrum, which is beneficial 
to the detection of fluorescence spectrum signals [182]. Thus 
the application of CNQDs is mainly based on its excellent 
fluorescence property, for example, CNQDs can be used as 
sensors to detect glucose [92], H2O2 [92], mercuric ions [93], 
iodide ions [93], free residual chlorine [94], iron ion [167], 
glutathione [165], and dopamine (Fig. 4(c)) [102]. The g-CNQDs 
emerge as a novel fluorescent probe for biological and environment 
detection with unique physicochemical properties. As an ideal 
fluorescent probe, its fluorescence could be completely and 
specifically quenched by Hg2+, thus it can be a good sensor of 
Hg2+. Figure 14(a) shows the principle of the g-CNQDs-Hg2+ 
system based chemosensor for glutathione. The original  

fluorescence of g-CNQDs was quenched after the addition  
of Hg2+. After the addition of glutathione, Hg2+ was strongly 
captured by glutathione and released from the surface of 
g-CNQDs, as a result, high intensity of fluorescence can be 
detected [152]. Besides, CNQDs also have excellent performance 
in catalytic materials. It can improve the catalytic activity of 
electrocatalysts [100], photocatalysts [166, 183] and photoelectric 
catalysts [169, 184]. Meanwhile, it has good photocatalytic activity 
[98]. Furthermore, it can be used to improve the efficiency of 
heterojunction polymer solar cells [99]. 

The 1D g-C3N4, including g-C3N4 micro-nano rods, g-C3N4 
micro-nano tubes and g-C3N4 micro-nano wires, has a large 
surface area and strong conductivity. Besides, for the 1D structure, 
photogenerated charge carriers can rapidly transfer to the 
surface of g-C3N4 and the recombination of electron–hole 
pairs is minimised. More importantly, in some 1D synthesis, 
the precursors or bulk g-C3N4 were treated in liquid, which can 
change the crystal growth, improve the crystallinity and passivate 
surface defects. Thus, 1D g-C3N4 has unique performance in 
photocatalysis, including water splitting and organic pollutant 
degradation. For instance, Zhang et al. prepared g-C3N4 
micro-nano wires with tunable bandgap and unique overall 
water splitting performance. As shown in Fig. 14(b), the band 
gap of bulk g-C3N4 is 2.63 eV and it is 2.71 eV for g-C3N4 
micro-nano wires. Interestingly, a mid-gap state occurred   
to the structure of g-C3N4 micro-nano wires and the band gap 
was divided into two parts, resulting in the multiple electronic 
transitions. The mid-gap state and the unique 1D structure 
can significantly accelerate the transfer and separation of 
electron–hole pairs. As a result, the photocatalytic performance of 
g-C3N4 micro-nano wires was improved significantly [109]. 
The hollow structured g-C3N4 micro-nano tube can be used  
as catalyst carriers to achieve more catalytic reactions. By contrast, 
1D g-C3N4 usually has low luminescence, thus is not suitable 
for the luminescent application. 

Compared to bulk g-C3N4, 2D g-C3N4 has a much higher 
surface area and better optical property. The broadest application  

(Continued) 
Dimension Precursors Synthesis Scale Ref. 

 Melamine, soybean oil 600 °C, 2 h  [148]
 Urea 

NaHCO3 
500 °C, 4 h 
350 °C, 2 h 

 [149]

 Thiourea, sodium chloride Freeze dry 
500 °C, 0.5 h 

 [150]

3D g-C3N4 

spheres 
SiO2, cyanamide Mix, 3 h 

550 °C, 4 h 
Hollow sphere 

Thickness: 56 nm 
[151]

 Cyanamide, barbituric acid, SiO2 550 °C, 4 h d: 20 nm 138 
 Melamine, cyanuric acid, DMSO 400 °C, 4 h d: 2 μm [155]

3D g-C3N4 
hydrogels 

Bulk g-C3N4, rGO 180 °C, 6 h  [157]

 Cyanurotriamide, 
GO, sodium ascorbate 

550 °C, 4 h 
95 °C, 1 h 

 [158]

 Bulk g-C3N4, ppy-rGO Ultrasound, 2 h  [159]
 g-C3N4, Polyacrylamide, bentonite Polymerization  [12] 
 Bulk g-C3N4, SiO2 

NaOH, HCl 
Hybridization  [160]

 Bulk g-C3N4, agar 95 °C, 5 min  [161]
 Bulk g-C3N4, 1-hexadecyl-3-methylimidazolium 

halide 
200 °C, 24 h 
Quick cool 

 [162]

 Bulk g-C3N4, NaOH 60 °C, 12 h and ultrasound for 1 h every 4 h  [163]
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Table 2 Comparison of the application of various dimensional g-C3N4 

Materials Application  
classification Application Ref.

CNQDs Environmental Detection of Hg2+ and I− [93]
 Environmental Detection of glucose and H2O2 [92]
 Environmental Detection of free chlorine [94]
 Environmental Detection of dopamine [102]
 Environmental Detection of glutathione [165]
 Environmental Photodegradation of RhB [166]
 Environmental Detection of Fe3+ [167]
 Environmental Photoelectrodegradation of phenol [168]
 Energy Photocatalytic H2 generation [98]
 Energy ORR [100]
 Energy Photoelectrochemical water  

splitting 
[169]

 Energy Polymer solar cells [99]
Rods Environmental Photodegradation of MB [106]

 Environmental Photodegradation of RhB [108]
 Environmental Photoelectrochemical Sensing  

of Cu2+ 
[107]

 Energy Photocatalytic water splitting [103]
 Energy Photocatalytic H2 generation [105]

Tubes Environmental Catalytic cyclohexene  
hydrogenation 

[114]

 Environmental Photodegradation of RhB [119]
 Energy Photocatalytic H2 generation [118]

Wires Environmental Photodegradation of RhB [120]
 Environmental Adsorption and  

photodegradation of MB 
[121]

 Energy Photocatalytic water splitting [123]
Sheets Environmental Photodegradation of RhB [66]

 Environmental Photodegradation of tetracycline [170]
 Environmental Photodegradation of  

2,4-dichlorophenol 
[171]

 Environmental Photocatalytic reduction of NO [140]
 Environmental Sterilization [172]
 Environmental Self-cleaning [173]
 Environmental Detection of Cu2+ [174]
 Environmental Detection of Hg2+ and Fe3+ [175]
 Energy Photocatalytic water splitting [135]
 Energy Photocatalytic reduction of CO2 [176]

Porous Environmental Photodegradation of RhB [144]
 Environmental Photodegradation of 2,4-DCP [149]
 Energy ORR, OER [146]
 Energy Photocatalytic reduction of CO2 [148]
 Energy Photocatalytic H2 generation [145]

Spheres Environmental Photodegradation of phenol  [42]
 Environmental Photodegradation of RhB  [154]
 Energy Photocatalytic H2 generation [151]
 Energy Photocatalytic reduction of CO2 [177]

Hydrogels Environmental Adsorption and photodegradation 
MO 

[157]

 Environmental Adsorption and photodegradation 
MB 

[160]

 Environmental Adsorption and photocatalytic 
removal of Cr6+ 

[158]

 Environmental Adsorption and photodegradation 
tetracycline 

[12]

 Environmental Gas-sensor [162]

of 2D g-C3N4 is in the area of photocatalysts. With the band 
gap of 2.7 eV, g-C3N4 can be excited by visible light. Niu et al. 
used g-C3N4 nanosheets to split water and generate hydrogen 
[129]. The photocatalytic reduction reaction of g-C3N4 nanosheets 
can convert CO2 to useful fuels [176]. Xia et al. obtained 
ultra-thin g-C3N4 nanosheets by heating bulk g-C3N4 in NH3 
atmosphere [23]. As shown in Fig. 14(c), the adsorption 
energy of CO2 molecules on bulk g-C3N4 is −0.99 eV, and it 
can be reduced to −1.37 eV on the surface of g-C3N4 nanosheet, 
which is beneficial for photocatalytic CO2 conversion. Besides, 
the higher specific surface area makes the g-C3N4 nanosheet have 
larger number of active sites and enhanced photocatalytic activity. 
Besides, g-C3N4 nanosheets can also photodegrade organic 
pollutants such as phenol, rhodamine B (RhB), tetracycline 
or 2,4-dichlorophenol [12, 66, 170, 171]. The photocatalytic 
oxidation reaction of g-C3N4 nanosheets can also be applied in 
sterilisation and self-cleaning [172, 173]. At the same time, 
g-C3N4 nanosheets have strong luminesce and have excellent 
performance in fluorescent sensors [174, 175]. 

The 3D porous g-C3N4 can be used in photocatalytic oxidation, 
photocatalytic reduction and electrocatalytic reaction. For the 
porous structure, the 3D porous g-C3N4 usually has a large 
surface area that results in high performance. In 3D g-C3N4 
spheres, multiple reflections of light inside spheres make them 
have excellent photocatalytic performance in both organic 
pollutant oxidisation and fuel generation. As for 3D g-C3N4 
hydrogels, it has both adsorption and photocatalytic ability. Thus 
its synergistic effect is always adopted to purify wastewater. 
Figure 14(d) is the mechanism for the adsorption and degradation 
of tetracycline over g-C3N4 based hydrogel. When polluted 
water flows through the hydrogel, the pollutants can be adsorbed 
on the hydrogel. Meanwhile, the strong oxidising species, 
produced by g-C3N4 under visible light irradiation can mineralise 
the organic pollutants into CO2 and H2O. As a result, the com-
posite hydrogel remains in dynamic equilibrium, for continuous 
wastewater purification. The enhanced photocatalytic activity 
is attributed to the strong light absorption and accelerated the 
separation of photogenerated charge carriers [12]. Besides, it 
can also be used as a gas sensor. 

5 Summary and outlook 
In recent years, g-C3N4 based materials have attracted increasing 
attention for its excellent properties, such as high stability, 
nontoxicity, facile and low-cost synthesis, visible light absorption 
and wide resources. In energy and environmental areas, g-C3N4 
has broad application prospects. For example, the photocatalytic 
reduction reaction of g-C3N4 can be used for water splitting, 
which generates hydrogen as zero-emission fuel with much 
higher calorific value compared to fossil fuels. Photoreduction 
of CO2 is an efficient approach to reduce the circumstance of 
global warming because it can convert CO2 to useful organic 
molecules such as methane, methanol, ethylene, etc. Photo-
catalytic oxidation reaction can be used in mineralising organic 
pollutants in water, sterilisation and self-cleaning materials. 
The luminescence of g-C3N4 empowers its application in the 
fluorescence detection of heavy metallic ions in water.  

The strong emission and large exciton binding energy 
enable g-C3N4 to exhibit stable high-yield luminescence [178]. 
The luminescent properties of quantum dots are caused by the 
interaction of electrons, holes and their surroundings [179]. 
When the excitation level exceeds the band gap, the quantum 
dots absorb photons and make the transition from the valence 
band to the conduction band. Most excited electrons can 
recombine with holes and cause strong fluorescence and the  



 Nano Res. 2020, 13(1): 18–37 

 | www.editorialmanager.com/nare/default.asp 

32 

optical transition in lone-pair electronic states can cause 
phosphorescence [180]. For the quantum confinement effect, 
the size of CNQDs can be controlled to regulate its band gap 
and spectrum [181]. More importantly, the large Stokes shift 
of CNQDs can avoid the overlap of the emission spectrum and 
excitation spectrum, which is beneficial to the detection of 
fluorescence spectrum signals [182]. 0D g-C3N4 can be prepared 
by microwave-assisted synthesis, solid state reaction and 
chemical tailor of bulk g-C3N4; and the application of CNQDs 
is mainly based on its excellent fluorescence property. It can 
be used as sensors to detect heavy metallic ions and other 
hazardous molecules. 1D g-C3N4 includes g-C3N4 rods, g-C3N4 
tubes and g-C3N4 wires, in which electrons have free movement 
in the direction of material extension. As a result, the separation 
efficiency of photogenerated charge carriers are promoted 
significantly, thus 1D g-C3N4 is most applied as photocatalysts. 
By contrast, 1D g-C3N4 usually has low luminescence and is 
not suitable for the luminescent application. 1D g-C3N4 is 
usually synthesised by CVD, template method, or solvent and 
thermal treatment of bulk g-C3N4. The electrons in 2D g-C3N4 
can move freely in two dimensions. Compared with bulk g-C3N4, 
2D g-C3N4 has a much higher specific surface area, better 
optical property and thus enhanced performance in different 
aspects, such as photocatalysts, sensors, sterilisation and 
self-cleaning. 2D g-C3N4 can be synthesised by post-calcined 
method, liquid exfoliated method and other ways. 3D g-C3N4 
includes porous 3D g-C3N4, 3D g-C3N4 spheres and 3D g-C3N4 
hydrogels. Porous 3D g-C3N4 can be prepared by heating 
melamine hydrochloride, sponge-assisted method, precursor- 
reforming protocol et al. 3D g-C3N4 spheres can be obtained by 
template method, while 3D g-C3N4 hydrogels should be prepared 
during the polymerisation process of other materials. 

For the excellent property and low-cost preparation, 
g-C3N4 is likely to be applied in future industrial energy and 
environmental areas. In order to achieve this goal, some 

aspects still need to be accomplished. (1) Due to the quantum 
confinement effect, the diameters of CNQDs have great influence 
on their band gap and spectrum, thus different CNQDs with 
different diameters have different properties and application. 
It is necessary to control the quantum size effect by accurately 
controlling the size of CNQDs. Controlling the temperature, 
pressure and time can help control the size, while it still needs 
exploration. (2) For the 1D electronic confined effect, recom-
bination of electron–hole pairs can be minimised and it has 
broad prospects in the catalytic area. However, the synthetic 
approaches usually involve the template or re-crystallisation, 
which need complex steps and are not environmentally friendly. 
It remains uncertain if 1D g-C3N4 can be produced more easily 
and if the problems of high energy consumption and pollution 
can be avoided in the production process of 1D g-C3N4. (3) 
Although many strategies for weakening the van der Waals force 
between the g-C3N4 are mentioned here, it is very difficult to 
keep the nanolayers stable. How to inhibit the stacking of layers 
and improve the stability of two-dimensional nanosheets   
is still a subject worth studying. 3D g-C3N4 hydrogels, surface 
modification and ion intercalation can help to inhibit its stacking. 
(4) 2D g-C3N4 nanosheets come from bulk g-C3N4 but the 
synthesis of bulk g-C3N4 usually produces a large amount of end 
gas (ammonia). If the end gas can be collected and converted 
to useful matter, the production process can be green and 
eco-friendly. (5) Nowadays, the main research focuses on the 
synergism of adsorption and photocatalytic degradation of 
pollutants. The 3D g-C3N4 hydrogels can overcome several 
drawbacks of bulk g-C3N4 and can even come into some 
unexpected properties. It is still urgent to develop new types of 
3D g-C3N4 hydrogels and expand their application scopes. 

The g-C3N4 is an amazing material with a broad prospect in 
energy and environmental areas. However, it is usually bulk 
structure and micro scale, which limits the transfer of electrons 
and limits its performance. With the bandgap of 2.7 eV, its solar 

 
Figure 14 (a) The principle of the g-CNQDs-Hg2+ system based chemosensor for glutathione (reproduced from Ref. [165] with permission, © American 
Chemical Society 2015). (b) The calculated bandgap and density of states (DOS) of g-C3N4 and g-C3N4 nanowires (reproduced from Ref. [123] with 
permission, © Wiley-VCH 2016). (c) The optimised configurations of a single CO2 molecule adsorbed on the surface of bulk g-C3N4 and g-C3N4

nanosheets based on density functional theory (DFT) calculations (reproduced from Ref. [22] with permission, © The Royal Society of Chemistry 2017). 
(d) The mechanism for the adsorption and degradation of tetracycline over polyacrylamide/bentonite/g-C3N4 (PAM/B/CN) hydrogel (reproduced from 
Ref. [12] with permission, © Elsevier Ltd. 2018).  
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energy utilization ratio is not high. As opportunities come 
with challenges, tremendous efforts are required to improve its 
property before it can be applied in many stimulating applications 
to make our planet better.  
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