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Abstract.1 The current state of research on photocatalytic 
systems based on crystalline graphitic carbon nitride 
(CCN) for H2 evolution from aqueous solutions of elect-
ron-donating substrates is considered. Methods of CCN 
synthesis and photocatalytic properties of different samp-
les of CCN – undoped with a controlled defect structure 
and doped with metals and non-metals are discussed. 
Possible directions for further research of such CCN-based 
photocatalytic systems are outlined. 
 
Keywords: crystalline carbon nitride, photocatalysis, 
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1. Introduction 
Intensive studies of photocatalytic processes, 

initiated at the beginning of the 70-s of the last century, 
continue to arouse considerable interest today. This is due 
to the attractive prospects of their practical use – for 
storing solar energy by decomposition of water with the 
formation of environmentally clean hydrogen fuel,1,2 
fixation of atmospheric nitrogen,2,3 conversion of carbon 
dioxide,1,3,4 for environmental protection environment,1,5-8 
in organic synthesis,1,9,10 skilled processing of plant 
biomass with the production of valuable organic sub-
stances,11,12 etc. Recently, after the publication of works13-16 
in 2009, materials based on the polymer layered 
semiconductor of graphite-like carbon nitride (g-C3N4) are 
widely used as photocatalysts of various processes.17-27 
This is due to a number of its valuable properties: g-C3N4 
can be easily obtained by thermal polycondensation of 
many nitrogen-containing compounds, it is sufficiently 
thermally and chemically stable, and partially absorbs 
visible light, the range of which can be extended by 
modification. Carbon nitride has a good arrangement of 
energy zones, which allows you to initiate with its 
participation photocatalytic oxidation and reduction 
transformations of many organic and inorganic substrates, 
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in particular, the processes of water decomposition with 
the formation of hydrogen. However, such material, 
obtained by thermolysis of precursors, has a small specific 
surface area, a low concentration of active centers, and an 
amorphous or partially crystalline structure. In addition, 
the presence of hydrogen bonds in its framework, which is 
associated with incomplete deamination of precursors, can 
impair the electronic conductivity of the material. This 
leads to rapid recombination of photogenerated charges, 
so g-C3N4 exhibits low photocatalytic activity.  

Many approaches to improving the photocatalytic 
properties of g-C3N4 are known: modification using 
organic compounds, doping with metals and non-metals, 
increasing the specific surface area and porosity, creating 
spatially organized structures, nanoheterostructures based 
on g-C3N4, as well as metals and semiconductors of other 
nature, etc.18,24,25,28-33 A very important factor affecting the 
photocatalytic properties of carbon nitride is the degree of 
its crystallinity. With low crystallinity, various defects are 
usually present in the g-C3N4 structure, which can be 
recombination centers of photogenerated electron-hole 
pairs. In addition, structural defects are the reason for the 
imperfection of individual g-C3N4 layers and the weak 
interaction between them. This prevents the rapid release of 
photogenerated charges to the surface of the semiconductor 
and slows down the redox transformations of substrate 
molecules with their participation. Therefore, it is desirable 
to obtain fully crystalline carbon nitride (CCN).  

The layered structure of CCN can be formed using 
planar subunits based on triazine, tri-s-triazine 
(heptazine), both of these elements with different contents, 
as well as structurally similar poly(triazinimide) (PTI), 
poly(heptazinimide) (PHI) and melon34 (Fig. 1). Melon 
consists of heptazine units connected by imide bridges. 
Melon layers contain polymer chains-ribbons connected 
by hydrogen bonds with the participation of residual 
amino groups.35,36 The composition, structure, and 
physicochemical properties of the synthesized CCN 
significantly depend on the nature of the precursor, as well 
as the method and conditions of synthesis. Different 
subunits may be present in the actual obtained material, 
and it is rather difficult to establish its structure.37 
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In the published reviews,35,37-45 several aspects 
related to the synthesis and study of the properties of CCN 
as an active component of photocatalytic systems for 
various purposes were considered. However, they only 
partially cover the available data on the application of 
CCN in water degradation processes. In this regard, this 
review attempts a more complete analysis of information 
on the methods of obtaining CCN, its doping with metals 
and nonmetals, and its properties as a photocatalyst in the 
hydrogen production reaction. Note that the review does 
not consider systems for water decomposition involving 
composite photocatalysts based on CCN and semi-
conductors of different nature, which may be the subject 
of a separate review. 

 

 
 

Fig. 1. Idealized structures of carbon nitride based on melon (a), 
poly(triazinimide) (b) and poly(heptazinimide) (c)34 

2. Principle Diagrams of the 
Operation of Photocatalytic Systems 
for Obtaining Hydrogen 

Semiconductor (SC) systems of two types are 
mainly used for photocatalytic separation of hydrogen 
from water.1,2 The most attractive one appears to be 
systems for the complete decomposition of H2O with the 
simultaneous production of H2 and O2. However, such 
systems have not yet found widespread use. This is 
because they can function when using SCs with a valence 
band potential that exceeds the water oxidation potential 
of 1.23 V relative to a normal hydrogen electrode (NHE) 
at pH 0, and a conduction band potential that is more 
negative than the NHE potential. At the same time, there 
are relatively few photoactive SCs that would satisfy these 
conditions. In addition, under the influence of light, very 
active primary particles are formed in such systems – a 
hydrogen atom, a product of the reduction of water 

molecules by photogenerated electrons, and a hydroxide 
radical – a product of the oxidation of H2O molecules by 
holes. These radical products can quickly recombine and 
thereby significantly reduce the overall efficiency of the 
process. Therefore, today, the so-called sacrificial photo-
catalytic systems are most often used to obtain hydrogen. 
In addition to water, they contain electron-donating 
substances, which act as acceptors of photogenerated 
holes in SC. This significantly slows down the recom-
bination of photogenerated charges and contributes to the 
increase in the rate of reduction of H2O molecules by 
photogenerated electrons with the participation of co-
catalysts. The mechanism of obtaining H2 in semi-
conductor photocatalytic systems can be represented by 
the following general scheme:2 

SC + hv → SC (e-
CB …h+

VB)             (1.1) 
e-

CB → e-
tr           (1.2) 

h+
VB →  h+

tr             (1.3) 
e-

tr + Me → Me(e-)  (1.4) 
Me(e-) + H3O+ → H2 + OH-         (1.5) 

h+
tr + R → products,      (1.6) 

where equation (1.1) describes the generation of an 
electron-hole pair under the action of light quanta on SC, 
(1.2) and (1.3) – capture of an electron and hole by surface 
traps, (1.4) – transfer of electrons to a metal co-catalyst, 
(1.5) – recovery of protonated water molecules on its 
surface, (1.6) – hole oxidation of donor substrates (R) 
with the production of products of their mineralization or 
selective transformation into valuable substances.  

3. Methods of Obtaining Crystalline 
Carbon Nitride 

Many chemical and physical methods of obtaining 
g-C3N4, including its crystalline forms, are known. 
Analysis and discussion of methods for the synthesis of 
CCN, not related to its use in photocatalysis, can be found 
in the literature.46-48 Here, we will give only examples of 
different methods of obtaining CCN, mainly as a 
photocatalyst for the decomposition of water with the 
formation of hydrogen. 

3.1. Synthesis of CCN at High 
Temperature 

Improving the crystallinity and increasing the 
photocatalytic activity of g-C3N4 can be achieved by 
increasing the synthesis temperature.49-51 Thus, a sample 
of crystalline carbon nitride GS-CN700/Pt was obtained by 
pyrolysis of guanidine thiocyanate at a temperature of 700 
oC.50 With the participation of a co-catalyst, deposited in 
situ Pt nanoparticles (Pt NPs), CN700/Pt showed 7 times 
higher photocatalytic activity in the process of H2 

   а)    b) 

   c) 
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evolution from aqueous solutions of triethanolamine 
(TEOA) (Table 1) than g-C3N4 synthesized at 550 °C. GS-
CN700 was significantly more crystalline, had fewer 
defects, and also had a higher specific surface area and 
photosensitivity in the visible range of the spectrum due to 
the appearance of an absorption band near 500 nm 
associated with an n→π* electronic transition involving 
lone pairs of nitrogen atoms in the heptazine units. Such a 
transition is forbidden for planar structures; its occurrence 
indicates that, at a high synthesis temperature, polymer 
layers of carbon nitride undergo distortion.  

For the synthesis of CCN with a developed surface, 
the polymerization of melamine was carried out in two 
stages.52 In the first stage, the precursor was calcined at 
400 oC in an N2 atmosphere, and then the obtained 
product was calcined under vacuum conditions at 550 oC 
in the presence of CuO, MnO2, or Fe2O3 to decompose the 
formed NH3. This contributed to the polycondensation of 
melamine and prevented the carbonization of polymer 

layers of carbon nitride. In the presence of Pt NPs, the 
CCN samples obtained in this way showed activity in the 
process of obtaining H2 (Table 1) – significantly higher 
than g-C3N4 synthesized by the traditional method or 
samples obtained in the absence of metal oxides.  

Highly crystalline nanosheets of carbon nitride 
CCNNS were obtained by two-stage calcination at high 
temperatures (Fig. 2).53 First, bulk g-C3N4 was syn-
thesized by polycondensation of dicyandiamide at 520 oC, 
which was calcined at 620 oC in an argon atmosphere. The 
obtained CCNNS in the presence of in situ precipitated Pt 
NPs exhibited photocatalytic activity in the process of H2 
evolution from aqueous TEOA solutions (Table 1). The 
better photocatalytic properties of CCNNS, compared 
to g-C3N4, were due to a more perfect crystalline 
structure, a larger specific surface area, and a more 
intense absorption of light in the visible range of the 
spectrum due to the appearance of an absorption band 
near 500 nm. 

 

  

a) b) 
 

Fig. 2. TEM (a) and SEM (b) images of nanosheets CCNNSs53 
 

3.2. Synthesis of CCN at High Pressure 

Crystalline carbon nitride was obtained by thermal 
polycondensation of dicyandiamide (DCDA) in an 
autoclave, which led to the creation of a reaction medium 
under high pressure.54 The synthesis of carbon nitride 
under such conditions contributed to the improvement of 
its crystallinity, the reduction of the number of defects, the 
convergence of carbon nitride layers, and the increase of 
the distance between polymer chains in its plane due to 
the breaking of hydrogen bonds. The latter led to a partial 
deterioration of the planarity of the layers and led to the 
expansion of the CCN light absorption range due to the 
partial elimination of the prohibition of the n→π* 
electronic transition involving unshared pairs of nitrogen 
atoms. The HP550 sample, synthesized in an autoclave at 

550 °C, showed almost an order of magnitude higher 
photocatalytic activity in the process of H2 evolution from 
aqueous TEOA solutions than carbon nitride obtained by 
the traditional method. The apparent quantum yield of H2 
formation with the participation of HP550 in the presence 
of Pt NPs was Ф = 1.6% at λ = 420 nm (Table 1). 

3.3. Preparation of CCN by Microwave 
Thermolysis 

To obtain CCN by this method, melamine55 or pre-
synthesized supramolecular aggregates (microspheres) of 
melamine with cyanuric acid56 were baked in a micro-
wave oven in a crucible placed in CuO powder to absorb 
microwave radiation and rapidly increase the reaction 
temperature. Compared to g-C3N4, synthesized by the  
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traditional method, samples СN16 56 and MCN1000-18 
55 

obtained by microwave thermolysis were significantly 
more crystalline, absorbed visible light more intensely, 
contained fewer structural defects, and showed higher 
activity in the process of obtaining H2 from aqueous of 
TEOA solutions (Table 1) than g-C3N4. 

3.4. Synthesis of CCN by the Template 
Method 

It was possible to improve the crystallinity of carbon 
nitride during the synthesis of its nanorods by thermal  con- 

densation of DCDA inside channels of anodized aluminum 
oxide as a template.57 For the synthesis of CCN, nickel foam 
was also used as a template, the pores of which were filled 
with dicyandiamide.58 After calcination of the modified Ni 
foam at 550 °C, it was etched with hydrochloric acid, and 2D 
HC-CCN nanosheets active in the reaction of H2 evolution 
from aqueous TEOA solutions were obtained (Table 1). When 
heated, DCDA in a vapor state underwent condensation with 
deposition of carbon nitride on the surface of the template. In 
addition, the Ni foam accelerated the dehydrogenation of 
amino groups, improved crystallinity, and reduced the number 
of structural defects.  

 
Table 1. Systems for H2 evolution from aqueous solutions of electron-donating substrates with the participation of 
photocatalysts (PC) based on CCN obtained by various methods  

PC S, m2/g Eg, еV Substrate λ, nm V, mМ/h.gPC Ф, % Ref. 
GS-CN700/Pt 42 2.89 ТЕОА  > 420(1) 3.44  50 
CСNCuO/Pt 38 2.73 ТЕОА  > 300(1) 1.78  52 
CСNMnO2/Pt     1.76   
CСNFe2O3/Pt     1.78   
CСNNS/Pt 34 2.23 ТЕОА > 300(1) 9.577 9.01 53 
HP550/Pt 6.2 2.7 ТЕОА  > 420(2) 0.772 1.6 54 
MCN1000-18/Pt 77 2.7 ТЕОА > 420(2) 2.0 5.6 55 
CN16/Pt 45.3 2.7 ТЕОА  > 420(1) 2.02  56 
HC-CСN/Pt 39.24 2.92 ТЕОА  > 400(1)  0.808 6.17 58 
PTI/KCC/Pt 177  ТЕОА > 385(1) 1.32 22.1 59 
KPCN/Pd 10 2.7 Methanol > 420(3) 1.6 7.3 60 
CPCN/Pt 13.5 2.71 ТЕОА > 420(1) 1.356 11.4 61 
NK-PHI/Pt 33.8 2.62 ТЕОА > 420(1) 2.161 2.32 34 
PHI-К/Pt 10.3 2.71 ТЕОА > 420(1) 22.23 3.39 62 
Box-KCCN/Pt 4.6 2.50 ТЕОА > 420(1) 1.948 2.09 63 
Box-NaCCN/Pt 5.3 2.59   0.758 1.03  
PC-CN/Pt 15.34 2.7 Lactic acid 420(4) 1.01  64 
HC-CN/Pt 13.6 2.24 Lactic acid 420(4) 0.789 1.2 65 
HTCN/Pt 180 2.66 ТЕОА > 300(1) 5.764 3.57 68 
НВCN/Pt 160 2.99   4.207   
ТВCN/Pt 108 2.69   0.378   
PTI/Li+Cl– 37  ТЕОА > 420(1) 0.864 0.6 70 
SPP-MS-CСN/Pt 62.5 2.7 ТЕОА >400(1) 1.785 24.3 72 
CCNHS/Pt 186 2.72 Bisphenol А > 320(3) 0.151 1.53 73 
   Lactic acid  0.22 3.4  
   Ethanediamine  0.73 8.1  
   Glycerin  0.84 11  
   ТЕОА  1.1 15  
uPHIP/Pt 169.6 2.83 ТЕОА > 420(1) 0.731  74 
CN-HC/Pt 5.0 2.58 ТЕОА > 420(1) 6.465 23.8 75 
CСN/С/Pt 109  Methanol > 420(1) 0.689  77 
PH/PTI/Pt 35.8 2.46 ТЕОА  > 420(1) 4.813  78 
CPCN/Pt 30.77  ТЕОА  > 420(1) 1.6 9.7 79 
mw-ms-CСN/Pt 25.7 2.65 ТЕОА > 420(1) 1.48 10.7 80 

 
Notes: S – specific surface area of the photocatalyst; Eg – the width of the forbidden zone; λ – wavelength of irradiation;  

V і Ф – rate and apparent quantum yield of hydrogen formation, respectively (Ф = 2V·100/I, %, where V – rate of Н2 evolution, 
mole/h, І – light intensity, mole quanta/h). Radiation sources: (1) – Xe lamp, 300 Wt; (2) – Xe lamp, 350 Wt; (3) – Xe lamp,  
500 Wt; (4) – 4 LED lamps, 3 Wt. 
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а) b) 

Fig. 3. SEM image of PTI/KCC dendritic structures59 (a) and boxes Box-KСCN63 (b) 
 

Due to the high crystallinity, the small number of 
structural defects, and the effective separation of 
photogenerated charges, the obtained material showed 20 
times higher photocatalytic activity than g-C3N4, synthe-
sized by conventional thermal condensation of DCDA.  

High activity as a photocatalyst for hydrogen 
evolution from TEOA solutions was demonstrated by 
crystalline carbon nitride based on polytriazinimide with a 
PTI/KCC dendritic structure (Fig. 3a), obtained by 
calcination of a supramolecular melamine aggregate with 
2,4,6-triaminopyrimidine (TAP) in a KCl + LiCl melt in 
the presence of porous fibrous SiO2 spheres.59 Under 
optimal conditions, hydrogen was formed with a quantum 
yield of Ф = 22.1% under light irradiation with λ = 400 
nm (Table 1), which is significantly higher than with the 
participation of bulk g-C3N4. According to theoretical 
calculations, doping with TAP led to the inclusion of C in 
the PTI structure. This led to a change in the potentials of 
the allowed zones of carbon nitride, a decrease in the band 
gap, and an improvement in the absorption of light in the 
visible range of the spectrum. In addition, the obtained 
materials had a larger specific surface area and were 
characterized by a lower recombination rate of photo-
generated charge carriers, which improved their photo-
catalytic properties. 

Highly crystalline carbon nitride with potassium 
cations intercalated in its structure (KPCN) was 
synthesized by thermal condensation of melamine in the 
presence of solid KBr as a salt template.60 With the 
participation of KPCN and photodeposited palladium, H2 
evolved from methanol solutions under the influence of 
visible light with a quantum yield of Ф = 7.23% at  
λ = 420 nm (Table 1). An efficient hydrogen production 
photocatalyst CPCN (Table 1) was obtained in the same 
way using KCl as a solid template to control CCN 
growth.61  

Nanostructured potassium poly(heptazinimide) 
(NK-PHI), as a photocatalyst for obtaining H2 (Table 1), 
was synthesized by calcining melamine in the presence of 
KCl and Mg(OH)2.34 The water vapor formed during the 

decomposition of Mg(OH)2 served as a gas template and 
contributed to the formation of K-PHI nanoparticles. The 
activity of NK-PHI with the participation of deposited in 
situ Pt NPs was 38.4 and 3.4 times higher than that of bulk 
g-C3N4 and K-PHI obtained in the absence of Mg(OH)2. 
The synthesis of PHI was also carried out by calcining a 
mixture of melamine with KCl in the presence of KOH. 
This led to deeper deamination and expansion of the PHI 
π-conjugation region.62 The photocatalytic activity of the 
obtained PHI-K in the process of hydrogen formation 
(Table 1) exceeded the activity of the sample synthesized 
in the absence of alkali by 18 times. Such photocatalytic 
properties of NK-PHI and PHI-K are associated with their 
better crystallinity and more efficient separation of 
photogenerated charges. 

Sufficiently active in the process of producing H2 
(Table 1) were samples of CCN based on heptazine doped 
with potassium or sodium, with a box-like morphology 
Box-KСCN (Fig. 3b) and Box-NaСCN, synthesized by 
vapor phase deposition of the formed carbon nitride on 
microcrystals of KCl or NaCl, followed by their removal 
by washing with water.63 Better photocatalytic properties 
of the obtained crystalline materials were due to more 
efficient separation of photogenerated charges, as well as 
more intensive absorption of light in the visible range of 
the spectrum due to multiple reflection and absorption 
inside the boxes.  

Porous crystalline CCN nanosheets were syn-
thesized by calcination at 550 °C of NaHCO3/DCDA 
composite, followed by hydrothermal treatment of the 
obtained material.64 CO2 released when NaHCO3 was 
heated served as a gaseous template for the formation of 
porous semi-polymerized DCDA. Then, the NaHCO3 – 
Na2CO3 decomposition product served as a high-
temperature solvent, where the crystallization of heptazine 
subunits took place with the formation of porous CCN. 
The PC-CN/Pt material synthesized by this method turned 
out to be a sufficiently effective photocatalyst for obtai-
ning H2 from aqueous solutions of lactic acid (Table 1). 
Its activity was two times higher than that of bulk g-C3N4. 
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Similarly, CCN was obtained using sodium acetate, which 
prevented the sublimation of DCDA and intermediate 
synthesis products.65 The HC-CN sample obtained under 
optimal conditions showed 2.4 times higher photocatalytic 
activity in the process of H2 evolution from aqueous 
solutions of lactic acid than the usual g-C3N4. This was 
facilitated by a highly crystalline structure, a smaller band 
gap, and the presence of defects – cyano groups, which 
could capture electrons and thereby improve the 
separation of photogenerated charges. 

3.5. Solvothermal Synthesis of CCN 
Highly ordered CCN with surface defects – 

cyanide and carboxyl groups – was synthesized by the 
solvothermal method.66 An acetonitrile solution of a 
mixture of guanidine hydrochloride and DCDA was kept 
in an autoclave at 180 °C for 2 days, the obtained sheet-
like CCN was purified by dialysis and dried. Compared to 
conventional g-C3N4, CCN more intensively absorbed 
light in the visible range of the spectrum and had higher 
electrical conductivity, which contributed to the separation 
of photogenerated charges. In addition, CCN was able to 
accumulate electrons, which collectively determined its 
high photocatalytic activity in the process of reducing CO2 
with water vapor.  

3.6. Ionothermic Synthesis of CCN 
This method, proposed in the literature,67 which is 

also called the molten salt method, is now most often used 
to obtain photocatalytically active CCN samples. 
According to this method, the synthesis of CCN is mainly 
carried out in two stages. In the first stage, the usual 
thermal condensation of the precursors is carried out, and 
in the second stage, the obtained product is additionally 
processed at a high temperature in the eutectic melt of 
salts (KCl + LiCl, NaCl + KCl, etc.). Such heat treatment 
of primary g-C3N4 is usually accompanied by the 
introduction into its structure of cations and anions that 
are part of salts, as well as other functional groups.  

CCN samples can be formed by the ionothermal 
method with the participation of different planar subunits – 
polytriazine, polyheptazine, or both of these elements with 
the formation of polytriazine/polyheptazine hetero-
structures. Thus, after heat treatment in a melt salts of KCl 
+ LiCl g-C3N4, synthesized by condensation of melamine 
at 450 oC, CCN based on polyheptazine (HBCN) with a 
coral-like structure consisting of nanorods was obtained 
(Fig. 4b).68 When using carbon nitride synthesized by the 
calcination of melamine, treated with an H2SO4 solution, 
after its heat treatment in a KCl + LiCl melt in a nitrogen 
atmosphere, CCN based on polytriazine (TBCN) was 
obtained in the form of aggregated blocks (Fig. 4a), and in 
an air atmosphere – heterostructure polyheptazine/ poly-
triazine (HTCN). All the obtained materials had a large 

specific surface, and in the presence of deposited in situ Pt 
NPs, hydrogen was released from aqueous TEOA solutions 
under the action of light (Table 1). The highest efficiency 
was demonstrated by HTCN/Pt with a type II hetero-
junction formed at the boundary of the HBCN and TBCN 
phases (Fig. 4c), which ensured a better separation of 
photoenerated charges. HBCN/Pt also exhibited sufficiently 
high activity due to the presence of cyano groups in its 
structure, which also contributed to the separation of 
electron-hole pairs. Hydrogen evolved at the lowest rate 
with TBCN/Pt, which may be due to poorer charge 
mobility in TBCN compared to heptazine-based materials. 

The ionothermal method of CCN synthesis has un-
dergone some other modifications. In particular, a eutectic 
salt solvent was used at both stages of synthesis. In this 
way, PTI with lithium and chlorine ions introduced into its 
structure (PTI/Li+Cl−)67,69,70 was obtained in the molten 
mixture of KCl + LiCl. The synthesized material showed 
activity under the influence of light in the process of H2 
evolution from aqueous solutions of TEOA (Table 1).70 
Photocatalytically active crystalline PTI/Li+Cl− was ob-
tained by calcination of DCDA at 600 °C in the presence 
of only lithium chloride.71  

Hollow tubes with a crystalline structure based on 
triazine and heptazine were obtained by the one-step 
molten salt method by thermal condensation of melamine 
in the presence of sodium polyphosphate.72 The obtained 
SPP-MS-CCN nanomaterial (Fig. 5a) with the optimal 
ratio of these structural units demonstrated, in the 
presence of in situ deposited Pt NPs, high activity in the 
process of hydrogen evolution from aqueous TEOA 
solutions with a quantum yield of Ф = 24.3% at λ = 420 
nm (Table 1), which was 14.5 times higher than with the 
participation of bulk g-C3N4. This was due to a larger 
specific surface area of nanotubes, better separation and 
transfer of photogenerated charges, as well as a higher 
reduction potential of the material's conduction zone. 

Using the same method, highly crystalline hollow 
spheres of carbon nitride CCNHS (Fig. 5b) formed by 
polymer links of heptazine and triazine were obtained.73 
Their synthesis was carried out using a complex of cyanuric 
acid with melamine as a precursor. Along with high 
crystallinity, the CCNHS samples had a large specific 
surface area and a significant number of surface defects, 
which played the role of active sites in photocatalytic 
processes. In addition, the presence of two isotypes of 
carbon nitride in the samples led to the formation of a type 
II heterojunction, which contributed to the separation of 
photogenerated charges. Thanks to the combination of these 
properties, the synthesized hollow spheres of carbon nitride 
turned out to be active photocatalysts for H2 evolution from 
aqueous solutions of various electron-donating substrates – 
bisphenol A plasticizer, lactic acid, glycerol, ethane-
diamine, and TEOA (Table 1). 
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Fig. 4. SEM images of TBCN (a), HBCN (b), and a probable scheme  
of the mechanism of the photocatalytic process involving the HTCN heterostructure68 

 

  
а) b) 

 
Fig. 5. SEM image of SPP-MS-CСN hollow tubes72 (а) and hollow spheres CCNHS73 (b) 

 
CCN was also synthesized in three stages.74 First, a 

melon was obtained by condensation of urea at 500 °C, 
which was heated at the same temperature for 2 h to 
increase crystallinity and, finally, calcined at 500 °C (2 h) 
in a melt salts of KCl + LiCl + NaCl. Synthesized 
polyheptazinimide (uPHIP) in the presence of deposited in 
situ Pt NPs demonstrated photocatalyst properties for H2 
evolution from TEOA solutions (Table 1). Due to better 
crystallinity, fewer defects, more efficient separation of 
photogenerated charges, and a large specific surface area, 

the activity of uPHIP was 3.8 times higher than that of the 
sample obtained without additional heating. 

The three-stage ionothermic method of CCN 
synthesis was used by Wang et al.75 Initially, a sup-
ramolecular intermediate was obtained by hydrothermal 
treatment of the DCDA solution at 180 °C, which was 
subjected to pyrolysis in air at 550 °C. The synthesized 
porous carbon nitride (CN-HA) was treated in a melt salts 
of KCl + NaCl to obtain crystalline carbon nitride (CN-
HC). Due to its high crystallinity, CN-HC showed much 

   а)    b) 

   c) 
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higher activity in the process of H2 evolution from TEOA 
solutions than bulk g-C3N4 and CN-HA with a much 
larger specific surface area (S = 73.9 m2/g). With the 
participation of CN-HC/Pt, hydrogen evolved with a 
quantum yield of Ф = 23.8% at λ = 420 nm (Table 1). 

According to a slightly different three-step 
procedure, CCN was synthesized by Yu et al.76 At the first 
stage, partial condensation of melamine was carried out at 
500 °C, then the product was calcined at 550 °C in a melt 
salts of KCl + LiCl, and additionally heated at 550 °C in 
an N2 atmosphere in the presence of NaSCN + NH4Cl 
salts. CCN synthesized by this method and functionalized 
with amine and cyanide groups showed 5 times higher 
photocatalytic activity in the process of obtaining 
hydrogen than g-C3N4 obtained by the traditional method. 

A composite photocatalyst based on CCN and 
conductive carbon black (CCN/C/Pt) was obtained by 
one-step calcination at 500 °C of a mixture of melamine 
and carbon black in a NaCl + KCl + LiCl melt.77 Due to 
better separation of photogenerated charges and their 
transport, the synthesized composite demonstrated 
photocatalytic activity in the process of obtaining H2 from 
aqueous solutions of methanol and TEOA (Table 1), 
which was higher than in the absence of carbon black. 
Polyheptazine/polytriazinimide (PH/PTI) heterostructures 
were synthesized using the same one-step method – urea 
condensation in a KCl + LiCl melt.78 In the presence of in 
situ precipitated Pt NPs PH/PTI showed high activity in 
the process of hydrogen evolution from aqueous TEOA 
solutions (Table 1). 

3.7. Other Approaches to Obtaining  
of CCN 

In addition to the above-described methods for the 
synthesis of CCN, some other approaches for its 
preparation have been proposed. Thus, in the literature79 
CCN was synthesized by one-step calcination of 
melamine with KOH and NH4Cl at different ratios. At a 
low NH4Cl content, CCN samples were obtained with a 
good arrangement of their planes, and at a high content – 
with better stacked layers. In the presence of deposited in 
situ platinum, all synthesized materials (CPCN/Pt) ab-
sorbed light more intensively and showed sufficiently 
high activity in the process of obtaining hydrogen  
(Table 1) – higher than bulk g-C3N4. 

CCN was synthesized by polymerization of 
melamine in melt salts of KCl + LiCl using microwave 
heating.80 The obtained mw-ms-CCN material with 
lamellar morphology was constructed with the partici-
pation of triazine and heptazine polymer chains. In the 
presence of in situ deposited Pt NPs, mw-ms-CCN 
showed the activity in the process of obtaining hydrogen 
(Table 1), which was significantly higher than when using 

the bulk g-C3N4, as well as samples synthesized using 
only microwave or ionothermic methods. Such properties 
of mw-ms-CCN were due to the formation of a type II 
heterojunction at the polytriazine/polyheptazine phase 
boundary, which contributed to the transfer of charge 
carriers and a more efficient separation of photogenerated 
electron-hole pairs than in other samples.  

4. Optimization of Photocatalytic 
Properties of Crystalline Carbon 
Nitride 

4.1. Regulation of Defective Structure 

As mentioned above, an increase in the degree of 
crystallinity of g-C3N4 leads to an increase in its 
photocatalytic activity due to an increase in the speed of 
movement of charges and their more efficient separation, 
as well as a decrease in the number of defects in the 
volume of the material, which are the recombination 
centers of photogenerated electrons and holes. At the 
same time, the latter process is facilitated by the presence 
in the structure of the material of vacancies of various 
natures, which act as traps for photogenerated charges. 
Particularly important for photocatalytic activity are 
surface vacancies – active centers, with the participation 
of which redox transformations of substrate molecules 
take place. In addition, such defects in the structure of the 
material lead to the formation of impurity energy levels 
inside the band gap, which expands the range of its 
photosensitivity. Therefore, an effective photocatalyst 
should be characterized by an optimal ratio of crystallinity 
and density of structural defects37,41,43 

Typical structural defects are carbon and nitrogen 
vacancies, incompletely condensed amine groups, as well 
as cyanide and other functional groups that can be formed 
during synthesis. The presence of cyanide and other func-
tional groups can be detected using infrared and X-ray 
fluorescence spectroscopy, and evidence of the presence 
of carbon or nitrogen vacancies in the structure of carbon 
nitride is a significant deviation from the stoichiometry of 
carbon and nitrogen content in the obtained material. It 
should be noted that when using different methods of 
synthesis of carbon nitride, the content of these elements 
in it, in most cases, does not correspond to the theoretical 
one. For example, nitrogen vacancies were formed during 
the synthesis of crystalline carbon nitride by a two-stage 
ionothermic method – heat treatment in a KCl + LiCl melt 
of bulk g-C3N4 synthesized by pyrolysis of melamine81. 
The obtained g-C3Nx with nitrogen vacancies showed 
photocatalytic properties in the presence of Pt NPs in the 
process of H2 evolution from TEOA solutions (Table 2). 
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Its activity was 2.2 times higher than that of g-C3N4, 
which is attributed to the synergistic effect of a higher 
degree of polymerization, better crystallinity, smaller band 
gap, and more efficient separation of photogenerated 
charges, which was facilitated by the formed nitrogen 
vacancies and cyanide functional groups. 

Different approaches can be used to purposefully 
introduce structural defects into carbon nitride. Thus, a 
composite with carbon vacancies based on isotypes of 
carbon nitride – melon and polyheptazinimide (melon-

PHI) was synthesized by the hydrothermal method.82 The 
obtained material in the presence of Pt NPs demonstrated 
the properties of a photocatalyst of simultaneous hydrogen 
evolution and selective oxidation of 5-hydroxyme-
thylfurfural to 2,5-dimethylfuran. According to theoretical 
calculations, carbon vacancies in defective heptazine rings 
in PHI contribute to increasing the charge density on the 
highest occupied molecular orbital of the composite, 
improving the separation of photogenerated electron-hole 
pairs and the efficiency of photocatalytic redox reactions. 

 
Table 2. Systems for H2 evolution from aqueous solutions of electron-donating substrates with the participation of 
photocatalysts (PC) based on CCN with a defective structure 

PC S, 
m2/g 

Eg, 
еV Substrate λ, nm V,  

mМ/h.gPC Ф, % Ref. 

g-C3Nx/Pt 48.35 2.64 ТЕОА > 420(1) 0.403  81 
D-CCN/Pt 58 2.63 ТЕОА > 455(1) 1.28 12.9 83 
CNCN/Pt  2.59 ТЕОА > 420(1) 3.591 8.3 84 
g-C3N4-D/Pt  2.37 Lactic acid > 400(2) 0.668 8.78 85 
g-C3N4-D/Pt/Со3О4     3.78 11.94  
DCN/Pt 48.2 2.60 ТЕОА > 420(1) 1.209  86 
ODH-CN/Pt 108.2 2.61 ТЕОА > 420(1) 5.833  87 
   TC-HCl  0.591   
   SMZ  0.397   
CCN/Pt 43.8 2.08 ТЕОА > 420(1) 3.417 10.71 88 
KCNx/Pt 58.5 2.72 ТЕОА + NaCl > 420(1) 59.9 57.17 89 
CCN/Pt 23.47 2.43 Lactic acid 420(3) 0.759 1.17 90 
CCN/Pt 31.25 2.21 ТЕОА > 420(1) 4.0 14.65 91 
KC-CCN/Pt  2.38 ТЕОА > 420(1) 4.125  92 
CC-CN/Pt 103  Methanol 420(3) 5.906 12.61 93 
CN-M-NKH/Pt 7.15 2.74 Methanol >350(1) 10.78 24.5 94 
CCN/Pt 65.2 2.31 ТЕОА  > 420(1) 2.69 11.2 95 
   ТЕОА + NaCl  11.0 42  
Na-PHI/Pt   ТЕОА + LiCl > 420(4) 5.33 13 96 
DCN-NaK-ABN/Pt 34.1 2.68 ТЕОА  > 420(1) 6.08  97 
    500(1) 0.88 8.15  
    550(1) 0.50 4.01  

 
Notes: Radiation sources: (1) – Xe lamp, 300 Wt; (2) – LED lamp, 5 Wt; (3) – 4 LED lamps; (4) – white LED, 50 Wt. Other 

designations are the same as in the table. 1. 
 

To obtain a photocatalyst with nitrogen vacancies, 
CCN, synthesized by the two-stage molten salt method, 
was subjected to heat treatment with the reductant NaBH4 
in an inert atmosphere.83 The D-CCN formed in this way 
showed activity in the process of hydrogen evolution from 
aqueous TEOA solutions under the influence of light of 
the visible spectral range – up to λ = 610 nm (Table 2), 
which was 7 times greater than with the participation of 
unmodified CCN. Such properties of D-CCN were due 
not only to its high crystallinity and better separation of 
photogenerated charges but also to the formation of 
defective energy states inside the band gap, which led to 
the expansion of the light absorption range.  

Crystalline carbon nitride with nitrogen vacancies 
and cyanide groups (CNCN) was obtained using bulk g-
C3N4 synthesized by thermal polycondensation of 
melamine, followed by its calcination in a nitrogen 
atmosphere at 650 °C and, finally, heat treatment of the 
mixture of the obtained material with KSCN in an inert 
atmosphere at 500 °C.84 The synthesized CNCN 
demonstrated photocatalytic activity in the H2 evolution 
reaction (Table 2), which was 13.6 times higher than 
when g-C3N4 was used due to more intense light 
absorption in the visible range of the spectrum, better 
crystallinity, and more efficient separation of photo-
generated charges. With the participation of CNCN/Pt, 
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hydrogen evolved with quantum yields Ф = 8.3% at  
λ = 420 nm and 0.9% at λ = 550 nm. 

Water decomposition photocatalysts – samples of 
carbon nitride with nitrogen vacancies in the form of 
crystalline nanosheets with an adjustable zone structure 
(g-C3N4-D) were synthesized by a two-stage ionothermic 
method with heat treatment in the second stage of a 
mixture of g-C3N4 with KOH.85 g-C3N4-D obtained under 
optimal conditions in the presence of in situ deposited Pt 
NPs released H2 from aqueous solutions of lactic acid 
with a quantum yield of Ф = 8.78%, and with the 
participation of two co-catalysts – Pt NPs and Co3O4 
nanorods with Ф = 11.94 % at λ = 400 nm (Table 2).  

High crystallinity carbon nitride (DCN), rich in 
nitrogen vacancies, was synthesized by the molten salt 
method with two-stage treatment with a KOH solution.86 
Due to the large number of surface defects and cyano 
groups, which contributed to the efficient separation of 
charges, the DCN photocatalyst demonstrated activity in 
the process of obtaining hydrogen (Table 2), which was 
4.7 times higher compared to bulk g-C3N4. 

Carbon nitride with nitrogen vacancies and 
improved crystallinity (ODH-CN) was synthesized by 
calcining a mixture of urea with oxalyl dihydrazide 
(ODH).87 The obtained material was used as a photo-
catalyst for hydrogen evolution from TEOA solutions, as 
well as for the simultaneous production of H2 and the 
decomposition of tetracycline hydrochloride (TC-HCl) 
and sulfamethoxazole (SMZ) (Table 2). ODH-CN was 
significantly more active than g-C3N4 obtained in the 
absence of ODH, which was due to more intense light 
absorption due to the appearance of the n→π* band of the 
electronic transition in the range of 450-620 nm and better 
separation and movement of photogenerated charges.  

Crystalline carbon nitride based on triazine and 
heptazine structural units with nitrogen vacancies was 
obtained by incorporating 2,4-diamino-6-hydroxypyri-
midine (DHP) into the framework of bulk g-C3N4, 
followed by its treatment in melt salts of KCl + LiCl + 
+ NaCl.88 The optimal synthesized sample of CCN was a 
significantly more active photocatalyst for H2 evolution 
from aqueous TEOA solutions under the influence of 
visible light of a wide spectral range – up to 600 nm 
(Table 2) than unmodified g-C3N4 and CCN. The better 
functional characteristics of DHP-modified CCN are due 
to a larger surface area, higher crystallinity, and lower 
recombination efficiency of photogenerated charges. 

An even more active photocatalyst for the release 
of hydrogen from TEOA solutions in the presence of 
NaCl was the crystalline carbon nitride KCNx with 
nitrogen vacancies and potassium ions introduced into its 
structure, obtained by the two-stage ionothermic 
method.89 With the participation of KCNx, hydrogen 
evolved with an apparent quantum efficiency of  

Ф = 57.17% at λ = 420 nm (Table 2). Such properties of 
KCNx are associated with its large surface area, more 
intense absorption of light, increased reduction potential 
of the conduction band, and better separation of 
photogenerated electron-hole pairs.  

A significant role in the formation of an effective 
photocatalyst is played by such structural defects as 
terminal cyanide groups, which can be formed in the 
process of CCN synthesis, which was mentioned above 
when analyzing the results obtained in the works.65,76,84 To 
introduce cyanide groups into the CCN structure, high-
temperature calcination of a mixture of DCDA with 
Na2CO3 was performed.90 At the initial stage of 
calcination, Na2CO3 contributed to the denitrification of 
DCDA and its polymerization with the formation of a 
highly crystalline material, and at temperatures above 500 
oC – partial pyrolysis of s-triazine units with the formation 
of cyano groups on the surface of carbon nitride. CCN 
obtained in this way demonstrated photocatalytic 
properties in the process of obtaining H2 from aqueous 
solutions of lactic acid (Table 2), which are significantly 
better than bulk g-C3N4. 

Crystalline carbon nitride with cyanamide defects 
was synthesized using potassium isothiocyanate (KSCN), 
obtained in situ by isomerization of thiourea in the 
presence of KCl, followed by its interaction at high 
temperature with amino groups (-NH2 and -NH) in tri-s-
triazine rings with the formation of two types of 
cyanamide defects.91 The optimized CCN photocatalyst 
demonstrated a high rate of H2 evolution from TEOA 
aqueous solutions (Table 2) due to intensive light 
absorption in the visible range of the spectrum and 
effective separation of photogenerated charges.  

To simultaneously introduce cyano groups and 
potassium ions into the CCN structure, it was synthesized 
by calcining a mixture of thiourea and potassium 
thiocyanate.92 The obtained KC-CCN more intensively 
absorbed visible light due to the appearance of an 
absorption band in the range of 480-650 nm, and also 
more effectively separated photogenerated charges, which 
determined its sufficiently high activity as a photocatalyst 
for hydrogen evolution from TEOA solutions (Table 2), 
which was in 16, 8 times higher than with the parti-
cipation of bulk g-C3N4. 

To enrich CCN with cyanide groups, it was 
additionally treated by heating with ethyl acetate.93 This 
led to the ordering of the material structure, the removal of 
residual K+ ions, and an increase in the number of grafted 
cyano groups. The obtained CC-CN was used as a 
photocatalyst for H2 evolution from water-methanol 
solutions (Table 2). Such functional properties of CC-CN 
are associated with an improved ordered structure and a 
large number of cyano groups.  
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Nanosheet CCN with a heptazine structure, mo-
dified with potassium ions and cyanamine groups (CN-M-
NKH), demonstrated even higher photocatalytic activity 
in the process of obtaining H2 from solutions of the same 
substrate (Table 2).94 It was prepared by roasting mixtures 
of melamine with solid salts NaCl + KCl. Then the 
product was treated with a solution of HCl, which led to 
the delamination of the material and allowed to regulate 
the concentration of K+ and the charge of the formed 
cyanoamine groups, which facilitated the dissociation of 
excitons. With the participation of these dopants, solvated 
electrons generated during irradiation could be stabilized 
on the surface of the photocatalyst, and the electron 
capacity increased, which caused its high activity. With 
the participation of CN-M-NKH, hydrogen evolved with a 
quantum yield of Ф = 24.5% at λ = 420 nm (Table 2). 

CCN in the form of porous nanoribbons with ter-
minal cyanamide groups was synthesized by polyme-
rization of urea in the presence of KCl.95 The obtained 
material demonstrated high activity in the process of 
hydrogen evolution from TEOA solutions (Table 2) due to 
the intense absorption of light in the visible range of the 
spectrum due to the appearance of the n→π* electronic 
transition band, as well as the effective separation of 
photogenerated charges, which was facilitated by the 
internal electric field. The speed of the process increased 
significantly when NaCl was added to the reaction 
mixture. In the presence of NaCl, the surface electron 
density increased, and adsorbed chlorine ions could act as 
mediators of photogenerated holes. The quantum yield of 
hydrogen formation in such a system reached Ф = 42% at 
λ = 420 nm and Ф = 5% at λ = 520 nm. 

An increase in the efficiency of water decom-
position with the participation of CCN was observed not 
only in the presence of NaCl in the reaction mixture89,95 
but also in salts of other alkali metals when using sodium 
polyheptazinimide (Na-PHI) as a photocatalyst.96 It was 
established that the degree of positive influence of alkali 
metal cations is determined by their hydration energy (Li+ 
> Na+ > K+ > Cs+) and is associated with the activation of 
the H-OH bond at the stage of dissociation of water 
molecules on the surface of the platinum co-catalyst due 
to the interaction of cations with negatively charged 
oxygen, as well as with the stabilization of the OH- anion 
formed by them. In addition, alkali metal cations can 
contribute to the transfer of photogenerated electrons to 
the co-catalyst. Under optimal conditions with the 
participation of Na-PHI/Pt, hydrogen evolved in the 
presence of LiCl with a quantum yield of Ф = 13% at λ = 
420 nm (Table 2).  

By joint thermal polycondensation of DCDA and 
aminobenzonitrile (ABN) with subsequent calcination in 
melt salts of NaCl + KCl, crystalline carbon nitride with 
improved electron delocalization containing nitrogen 

vacancies and cyanide groups introduced into its structure 
was synthesized.97 Under optimal conditions, the obtained 
DCN-NaK-ABN in the presence of deposited in situ Pt 
NPs exhibited photocatalytic properties in the process of 
H2 evolution from TEOA solutions (Table 2). Its activity 
was sufficiently high when irradiated with light with a 
wavelength of more than 500 nm due to enhanced optical 
absorption in the visible range of the spectrum. 

4.2. Doping with Metals and Non-Metals 

It is known28 that one of the ways to improve the 
photocatalytic properties of bulk g-C3N4 is its doping with 
metals and nonmetals, which allows controlling the width 
of the band gap and the potentials of the allowed zones, 
influencing the efficiency of separation of photogenerated 
electron-hole pairs, etc. Doping with cations and anions 
was also used to increase the photocatalytic activity of 
CCN. 

Alkali metals. Crystalline polyheptazinimides of 
sodium (Na-CN), potassium (K-CN), cesium (Cs-CN), 
and lithium polytriazinimide (Li-CN) were obtained by 
the solid-phase reaction of melamine with alkali metal 
chlorides at 550-600 °C, with subsequent washing of salts 
with water.98 All synthesized materials were tested in the 
presence of deposited in situ Pt NPs as photocatalysts for 
hydrogen evolution from TEOA solutions (Table 3). Li-
CN demonstrated the least activity, Na-CN was the most 
active among polyheptazine imides, which may be due to 
the more intense absorption of light in the visible range of 
the spectrum due to the appearance of the n→π* electron 
transition band and its largest specific surface.  

A series of samples of potassium-doped heptazine-
based crystalline carbon nitride (KCCN) were obtained by 
calcining mixtures of bulk g-C3N4 and KCl at 600 °C for 
different times.99 This made it possible to control the 
diffusion of potassium ions from the surface into the 
carbon nitride volume and their content in the material 
structure. As a result of the concentration gradient of 
potassium ions arising in KCCN, an internal electric field 
was formed, which, together with the formed cyanide 
groups, contributed to the dissociation of photogenerated 
electron-hole pairs. This determined the 34 times higher 
photocatalytic activity of KCCN in the process of 
obtaining hydrogen under the influence of visible light 
(Table 3) compared to bulk g-C3N4. The photocatalytic 
release of hydrogen from methanol solutions was studied 
with the participation of CCN with potassium ions 
intercalated in its structure, which was obtained by 
calcining previously synthesized bulk g-C3N4 in a KCl + 
LiCl melt.36,100 The CCN samples demonstrated 
sufficiently high activity under the influence of visible 
light (Table 3) due to better crystallinity, more intense 
light absorption, and a lower rate of recombination of 
photogenerated charges.  



Stepan Kuchmiy   12 

Table 3. Systems for H2 evolution from aqueous solutions of electron-donating substrates with the participation  
of photocatalysts (PC) based on CCN, doped with metal and non-metal ions 

PC Dopant ions S, 
m2/g 

Eg, 
еV Substrate λ, nm 

V,  
mМ/h.gPC 

Ф, % 
Ref. 

Li-CN/Pt Li 40 2.78 ТЕОА >400(1) 0.056  98 

Na-CN/Pt Na 72 2.71 ТЕОА  1.344   

K-CN/Pt К 6 2.65 ТЕОА  0.31   
КCCN/Pt К 9.4 2.68 ТЕОА >420(2) 5.24 24.5 99 
CCN/Pt К 115.9  Methanol >420(2) 0.66 6.8 100 
CCN/Pt К 125 2.72 Methanol >420(2) 0.55  36 
    Ethanol  0.85   
    ТЕОА  1.472   
APMCN/Pt К 12.8 2.62 ТЕОА >300(2) 10.96 62.8 101 
Rb-PCN/Pt Rb  2.67 ТЕОА >420(2) 2.14 17.3 102 
Cs-CN/Pt Cs 16 2.68 ТЕОА >400(1) 0.494  98 
CsCN-2h/Pt Cs 40.82 2.67 ТЕОА >420(2) 385.6 12.6 103 
K–Na–CCN/Pt К-Na 5.42 2.48 ТЕОА >420(2) 1.38 1.8 104 
CNIC/Pt Li-К-Na 124 2.71 ТЕОА >420(2) 3.46  105 
    ТЕОА+KCl+NaCl+LiCl  5.02 21.2  
MKCN/Pt Mg 9.5  ТЕОА >420(2) 3.386  106 
SKCN/Pt Sr 12.5    3.508   
CKCN/Pt Ca 9.9 2.7   5.19 31.2  
BKCN/Pt Ba 21.2    4.026   
Mg-К-PHI/Pt Mg  2.71 ТЕОА >400(1) 0.539 7.14 107 
Mg-К-CGCN+Pd/SiO2 Mg  2.7 Ethanol. HCl >400(3) 5.4 99 108 
Zn-CCN/Pt Zn 54 2.74 Methanol >420(2) 1.5 12.6 109 
Zn-К-CN/Pt Zn-К 32.3 2.13 Methanol >420(2) 1.652 3.5 110 
Ni-H/T-CCN/Pt Ni  2.59 ТЕОА >300(2) 4.933 7.8 111 
Со-CCN/Pt Со 80.9 2.74 Lactic acid >420(2) 32.1 49.5 112 
CNF/SCNF-MS/Pt S 56.6  ТЕОА >420(2) 1.421 2.76 113 
S-CGCN/Pd S 23 2.76 Ethanol. HCl >400(3) 3.0 99 114 
В-CGCN/Pd В 10.5 2.78 Ethanol. HCl >400(3) 2.8 96 115 
О-CCN/Pt О 46.2 2.25 Naproxen >420(2) 0.88 1.27 116 
СМCCN/Pt О 46.2 2.72 ТЕОА 420(2) 4.073 26.9 117 
OKCN/Pt О-К 45.4 2.71 ТЕОА 420(2) 4.286 10.9 118 
RPCN/Pt С 13.8 1.71 ТЕОА >300(2) 2.95 21.1 119 
K–I–CCN/Pt J-K 78.1 2.62 ТЕОА >400(2) 5.12 4.83 120 

 
Notes: Radiation sources: (1) – white light LED matrix, 50 Wt; (2) – Xe lamp, 300 Wt; (3) – Hg lamp, 1000 Wt. Other 

designations are the same as in the table. 1, 2. 
 

Crystalline carbon nitride (APMCN) with the 
electron donor 4-amino-2,6-dihydroxypyrimidine (AP) 
embedded in the heptazine ring, and potassium ions and 
cyanide groups introduced into the structure of the 
material was synthesized by the ionothermic method 
based on the supramolecular complex of melamine with 
AP.101 Due to the occurrence of an internal electric field, 
which contributed to the separation and movement of 
photogenerated charges, APMCN demonstrated 6 times 
higher photocatalytic activity in the process of obtaining 
hydrogen than bulk g-C3N4. Under optimal conditions, 

hydrogen evolved with a quantum yield of Ф = 62.8% at  
λ = 400 nm (Table 3). 

Carbon nitride doped with a rubidium ion (Rb-
PCN) was synthesized by polycondensation of melamine 
at 600 °C in the presence of RbCl.102 The optimized Rb-
PCN demonstrated six times higher photocatalytic activity 
in the process of obtaining H2 (Table 3) than bulk g-C3N4. 
Such functional properties of Rb-PCN are due to the 
restructuring of the material structure, which led to 
improved crystallinity, more intense light absorption, and 
more efficient separation of photogenerated charges. 
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By calcination at 550 °C for 2 h of bulk g-C3N4 in 
the presence of CsCl, cesium ion-doped CCN with a 
polyheptazinimide structure was obtained.103 The synthe-
sized CsCN-2h was tested as a photocatalyst for hydrogen 
evolution from TEOA solutions (Table 3) and demonst-
rated 23 times higher activity than bulk carbon nitride. 
This was facilitated by a large specific surface area, higher 
crystallinity, and significantly lower recombination 
efficiency of photogenerated electron-hole pairs. 

Crystalline carbon nitride doped with sodium and 
potassium ions (K–Na–CCN) was obtained by treating a 
previously synthesized sample doped with sodium (Na–
CCN) with a KOH solution.104 K–Na–CCN with the 
participation of Pt NPs demonstrated the properties of a 
photocatalyst for the production of H2 (Table 3). Its 
activity was significantly higher than that of bulk g-C3N4 
and Na–CCN due to more intense light absorption and 
better separation and transfer of photogenerated charges.  

CCN of tubular morphology with potassium, 
sodium, and lithium ions intercalated in its structure was 
synthesized by calcination at 500 °C of a mixture of 
melamine with LiCl + KCl + NaCl salts.105 The 
localization of alkali metals in the CCN plane led to 
uneven charge distribution and the formation of an 
internal electric field. This contributed to the effective 
separation of photogenerated electron-hole pairs and the 
reduction of their recombination rate, which determined 
the high photocatalytic activity of the synthesized CNIC 
in the process of hydrogen evolution from TEOA 
solutions (Table 3). The reaction rate increased 
significantly when the reaction mixture was saturated with 
LiCl + KCl + NaCl salts. An increase in the rate of H2 
evolution in the presence of these salts, as in the 
literature,96 may be due to an improvement in the dis-
sociation of water molecules on the surface of the 
platinum co-catalyst and an increase in the rate of 
reduction of protons with the formation of hydrogen. 

Alkaline earth metals. To improve the 
photocatalytic properties of CCN, it was also doped with 
alkaline earth metal ions. Thus, samples of crystalline 
carbon nitride doped with magnesium (MKCN), calcium 
(CKCN), strontium (SKCN), and barium (BKCN) ions 
were synthesized by the ionothermic method by 
polycondensation of urea in melts of KCl + MCl2 salts (M 
= Mg, Ca, Sr, Ba) at 600 °C.106 Doping with these metals 
led to an increase in the intensity of light absorption in the 
visible and near-IR range of the spectrum due to the 
appearance of the absorption band of the n→π* electronic 
transition, as well as to an improvement in the mobility 
and conductivity of charge carriers and a decrease in their 
recombination efficiency. All this led to sufficiently high 
activity of the synthesized samples in the process of 
hydrogen evolution from TEOA solutions (Table 3). With 
the participation of the most active photocatalyst 

CKCN/Pt, hydrogen was formed with a quantum yield of 
Ф = 31.2, 4.8, 0.9, and 0.2% at λ = 420, 500, 600, and  
700 nm, respectively. 

Magnesium-doped potassium polyheptazinimide 
was obtained by treatment with a 5.7 M solution of MgCl2 
К-РНI, synthesized by calcination at 600 оС of 5-ami-
notetrazole in a LiCl + KCl melt.107 This treatment of K-
PHI led to the partial substitution of potassium ions for 
magnesium with the formation of CCN, which contained 
both metals in the structure. Synthesized Mg-K-PHI in the 
presence of deposited in situ Pt NPs demonstrated 
sufficiently high activity in the process of hydrogen 
evolution from TEOA solutions (Table 3), which was 
significantly higher than with the participation of K-PHI. 
In the same way, namely by treatment with a 5 M solution 
of MgCl2 CCN, synthesized by calcination at 550 oС of 
bulk g-C3N4 in the eutectic mixture KCl + LiCl, 
magnesium and potassium doped crystalline carbon 
nitride (Mg-K-CGCN) was obtained.108 The photocatalyst 
Mg-K-CGCN with the participation of the co-catalyst 
Pd/SiO2 showed activity in the process of H2 evolution 
from acidified ethanol-water solutions (Table 3), which 
was 60% higher than with the participation of g-C3N4. 
Such properties of Mg-К-CGCN can be associated with a 
change in the potentials of the allowed zones of CGCN 
due to the incorporation of Mg2+ ions into its structure, as 
well as an improvement in the separation of photo-
generated charges, an increase in the efficiency of their 
transport and suppression of electron-hole recombination.  

Other metals. In addition to alkali and alkaline 
earth metals, other metal dopants were also used to 
increase the photocatalytic activity of CCN. Thus, CCN 
doped with zinc was obtained by the two-stage 
ionothermic method, using melem, oligomelem, and 
melon synthesized in the first stage.109 All Zn-CCN 
samples had a well-ordered crystal structure with an 
extended conjugation region in the heptazine layers and 
strongly absorbed light. With the participation of the 
optimal sample, hydrogen evolved from aqueous solutions 
of methanol with a quantum yield of Ф = 12.6% at  
λ = 420 nm (Table 3). CCN doped with zinc and 
potassium (Zn-К-CN) (Table 3), which was synthesized 
by calcining melamine in a ZnCl2 + KCl melt at 600 оС, 
turned out to be a sufficiently active photocatalyst for the 
formation of H2

110. According to theoretical calculations, 
potassium ions are localized between layers of carbon 
nitride and create bridges between them, which improve 
the migration of charge carriers and suppress the 
recombination of photoexcited electron-hole pairs. At the 
same time, zinc ions occupy places inside the planes of 
heptazine. This promotes charge delocalization and 
extends the absorption range of visible light to 582 nm. 

CCN based on triazine and heptazine, doped with 
nickel, was obtained by a two-step ionothermal method.111 
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The synthesized Ni-H/T-CCN demonstrated photo-
catalytic properties in the process of obtaining hydrogen 
from TEOA solutions (Table 3). With its participation, 
hydrogen evolved with a quantum yield of Ф = 7.8% at λ 
= 420 nm, which is 5.8 times higher than when using H/T-
CCN. The high functional properties of Ni-H/T-CCN 
were due to the formation of a homojunction at the 
boundary of two isotypes of carbon nitride and effective 
separation of charges with its participation, as well as the 
presence of Ni atoms, which acted as active centers and 
exerted a certain influence on the strength of the internal 
electric field.  

Crystalline carbon nitride doped with cobalt (Co-
CCN) was significantly more active in the process of H2 
evolution from lactic acid solutions (Table 3).112 To obtain 
it, the synthesized CCN was treated with a CoCl2 solution 
under the influence of ultrasound. As experimental and 
theoretical studies have shown, cobalt atoms in Co-CCN 
are coordinated by four nitrogen atoms and one axial 
oxygen atom. The formed Co-N4-O structures functioned 
as hole traps and enhanced the dissociation of 
photogenerated excitons. 

Non-metals. Using urea and thiourea, a highly 
crystalline heterostructure based on isotypes of 
unmodified and sulfur-doped carbon nitride was obtained 
by a three-stage ionothermal method.113 Due to the better 
separation of photogenerated charges, the synthesized 
CNF/SCNF-MS in the presence of deposited in situ Pt 
NPs demonstrated sufficiently high activity in the process 
of H2 evolution from TEOA solutions (Table 3), which 
was significantly higher compared to the low-crystalline 
analog. Crystalline carbon nitride samples doped with 
sulfur (S-CGCN)114 and boron (B-CGCN)115 turned out to 
be effective photocatalysts for hydrogen evolution from 
acidified HCl water-ethanol solutions (Table 3). They 
were obtained, respectively, by heat treatment in a melt 
salts KCl + LiCl of S-g-C3N4, synthesized by pyrolysis of 
mixtures of melamine with S8 

114 and B-g-C3N4, 
synthesized by polycondensation of melamine in the 
presence of boric acid.115 The photocatalytic activity of the 
synthesized S-CGCN and B-CGCN was significantly 
higher than that of undoped g-C3N4 and CGCN. This was 
due to more intense absorption of light, better separation 
of photogenerated charges, and suppression of their 
recombination.  

Oxygen-doped CCN (O-CCN) was obtained by a 
two-stage ionothermal method using g-C3N4, synthesized 
by calcination of semicarbazide hydrochloride at 550 °C, 
followed by heat treatment in a KCl + LiCl melt.116 The 
inclusion of O atoms in the CCN structure significantly 
expanded the visible light absorption range due to the 
emergence of the n→π* electronic transition band. Doping 
with oxygen also improved the separation of photo-
generated charges and promoted the formation of H2O2 

due to the formation of OH• radicals – products of water 
decomposition. The synthesized O-CCN was tested as a 
photocatalyst for the simultaneous hydrogen evolution and 
the destruction of naproxen, ibuprofen, indomethacin, 
diclofenac sodium, and acetylsalicylic acid, which are 
typical wastewater pollutants in the production of these 
pharmaceuticals. Among the donors used, hydrogen was 
best evolved from naproxen solutions (Table 3).  

A photocatalyst for hydrogen production (Table 3) 
based on oxygen-doped crystalline and amorphous carbon 
nitride with an internal homotransition was synthesized by 
a one-step method using melamine and cyanuric acid as 
precursors and KCl as a solid template.117 With the 
participation of the optimally obtained CMCCN, H2 
evolved with a quantum yield of Ф = 26.9 and 14.0% at λ 
= 420 and 450 nm, respectively, which is 86 times higher 
than with the participation of bulk g-C3N4. Such properties 
of CMCCN were due to the narrowing of the band gap, 
which increased the intensity of absorption of visible light, 
and the presence of a homojunction, which ensured the 
effective separation and transfer of photogenerated 
charges. Due to the activation of a greater number of 
n→π* electronic transitions, it was possible to signifi-
cantly expand the range of photosensitivity in the visible 
range of the spectrum (up to 650 nm) and increase the 
efficiency of hydrogen evolution using CCN doped with 
oxygen and potassium (OKCN) (Table 3).118 It was 
synthesized by calcining a mixture of urea and oxalic acid 
in the presence of solid KCl.  

Carbon-doped CCN (RPCN) synthesized by cal-
cining a mixture of melamine and 2,4,6-triamino-
pyrimidine at 600 °C demonstrated photocatalytic activity 
in the process of hydrogen production (Table 3) under the 
influence of near-IR light.119 Such CCN doping led to the 
localization of charge density and inhibition of radiative 
recombination of photogenerated electron-hole pairs. 
This, together with the intense absorption of light in the 
visible range of the spectrum, determined the high 
photocatalytic activity of RPCN/Pt in the process of 
hydrogen obtaining, which evolved with a quantum yield 
of Ф = 21.1 13, 1.74, and 0.8% at λ = 420, 500, 600, and 
700 nm, respectively.  

CCN doped with iodine and potassium (K–I–CCN) 
was active in the process of hydrogen release (Table 3).120 
It was obtained by heat treatment in a LiCl + KCl melt of 
bulk carbon nitride doped with iodine, synthesized by 
calcination of a mixture of DCDA, urea, and 1-ethyl-3-
methylimidazole iodide.120 Joint doping of CCN with 
these elements regulated the distribution of generated 
electron-hole pairs and the accumulation of surface 
charge, which determined the sufficiently high photo-
catalytic activity of K–I–CCN. With its participation and 
deposited in situ Pt NPs, hydrogen evolution was 7.3 
times faster than when using bulk g-C3N4. 
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5. Conclusions 

The photocatalytic systems considered in this 
review are based on crystalline graphitic carbon nitride – 
undoped with a controlled defective structure and doped 
with various metals and nonmetals, etc., testifying to the 
significant potential of this organic semiconductor for 
obtaining molecular hydrogen under the influence of light. 
At the same time, despite the successes achieved in 
laboratory studies of such processes with the participation 
of this semiconductor, it should be recognized that work 
in this field is at an initial stage. The systems tested today 
have several significant shortcomings, which do not yet 
allow us to talk about the possibility of practical 
implementation of hydrogen production processes using 
solar energy. In particular, this concerns the absence or 
extremely low activity of photocatalysts when they are 
excited by quanta of the near-IR range of the spectrum, 
where the intensity of solar radiation at the level of the 
earth's surface is the greatest. There are virtually no 
efficient CCN-based systems for complete photocatalytic 
water decomposition without the use of electron-donor-
sacrifices. Further research is needed to clarify some other 
questions: i) a deeper understanding of the mechanism of 
formation of crystalline carbon nitride when using 
different methods, in particular, molten salt, which has 
found the widest application in the synthesis of CCN; ii) 
the influence of the morphology of CCN samples on their 
activity; iii) the role of structural defects, dopants, and 
functional groups in the processes of separation and 
migration of photogenerated charges; iv) detailed 
mechanisms of separation of electron-hole pairs formed 
under the action of light with the participation of 
heterostructures based on different isotypes of carbon 
nitride; v) stability of photocatalysts during their long-
term operation, etc. Recommendations proposed when 
considering other photocatalytic systems based on 
graphitic carbon nitride19,22-24,27 may also be useful. 

Therefore, further efforts of scientists are needed to 
create significantly more effective photocatalysts based on 
crystalline carbon nitride, active under the action of light 
of a wide range of the spectrum, to find ways to overcome 
the identified shortcomings in the functioning of systems 
for obtaining hydrogen with the participation of this 
semiconductor. 
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ФОТОКАТАЛІТИЧНІ СИСТЕМИ НА ОСНОВІ 
КРИСТАЛІЧНОГО НІТРИДУ ВУГЛЕЦЮ  

ДЛЯ ОДЕРЖАННЯ ВОДНЮ 
 

Анотація. Розглянуто сучасний стан досліджень фо-
токаталітичних систем на основі кристалічного графітопо-
дібного нітриду вуглецю (CCN) для виділення H2 з водних 
розчинів електронодонорних субстратів. Обговорено методи 
синтезу CCN і фотокаталітичні властивості різних зразків 
CCN – нелегованих з контрольованою структурою дефектів і 
легованих металами та неметалами. Окреслено можливі 
напрямки подальших досліджень таких фотокаталітичних 
систем на основі CCN. 

Ключові слова: кристаліний нітрид вуглецю, фото-
каталіз, молекулярний водень. 

 


