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Abstract 

The overwhelming challenge of depleting fossil fuels and anthropogenic carbon emissions has 
driven research into alternative clean sources of energy. To achieve the goal of a carbon neutral 
economy, the harvesting of sunlight by photocatalysts to split water into hydrogen and oxygen is 
an expedient approach to fulfill energy demand in a sustainable way along with reducing the 
emission of greenhouse gases. Even though the past decades have witnessed intensive research 
into inorganic semiconductor photocatalysts, the quantum efficiencies for hydrogen production 
from visible photons remain too low for the large scale deployment of this technology. Visible 
light absorption and efficient charge separation are two key necessary conditions for achieving 
the scalable production of hydrogen from water. Two-dimensional carbon based nanoscale 
materials such as graphene oxide, reduced graphene oxide, carbon nitride, modified 2D carbon 
frameworks and their composites have emerged as potential photocatalysts due to their 
astonishing properties such as superior charge transport, tunable energy levels and bandgaps, 
visible light absorption, high surface area, easy processability, quantum confinement effect, and 
high photocatalytic quantum yields. The feasibility of structural and chemical modification to 
optimize visible light absorption and charge separation makes carbonaceous semiconductors 
promising candidates to convert solar energy into chemical energy. In the present review, we 
have summarized the recent advances in 2D carbonaceous photocatalysts with respect to 
physicochemical and photochemical tuning for solar light mediated hydrogen evolution. 
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1. Introduction 

The two biggest long term challenges of modern technological civilization are global warming 
due to anthropogenic carbon emissions and steadily rising global energy demand. The problem 
of shortage of fossil fuels and increased CO2 concentration in the environment due to burning of 
fossil fuels bring up the urgency to search carbon neutral clean energy to sustain environmental 
and energy issues.1 Due to exponential growth of world population and global economic growth, 
the world’s energy consumption is expected to double by 2050 and triple by the end of the 
century relative to the present consumption (14 TW).2 Sunlight is an inexhaustible and 
continuous source of energy; approximately 4.3 × 1020 J of energy strikes the surface of the earth 
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per hour, which is more than the current consumption of energy by all of humanity in one year.3, 

4 Plants and phytoplankton are able to harvest this energy and approximately 100 Terawatts of 
energy are harvested, which is about six times larger than the power consumption of human 
civilization.5 Plants convert solar energy into chemical energy by two reactions: i) Splitting of 
water into hydrogen and oxygen in which hydrogen is trapped as reduced nicotinamide adenine 
dinucleotide phosphate (NADPH), while oxygen is released in the environment to be used by 
other creatures for food oxidation, and ii) Conversion of CO2 into organic molecules using 
electrons derived during water splitting. Nature has thus demonstrated that solar energy can be 
stored in the form of chemical bonds, which can be used to meet our energy demand.6 Although 
photovoltaic devices have been deployed to convert solar energy into electrical energy with up to 
43.5% efficiency, these devices encounter certain disadvantages such as intermittency, high 
production costs and long energy payback times.7, 8  

Hydrogen has been considered as a clean solar fuel due to its high free energy content (ΔG = 
+237 kJ mol−1), easily accessible water resource, and production of water and oxygen as sole by-
products.9, 10 Alternatively, hydrogen due to its high energy content can convert CO2 into 
hydrocarbons such as methanol, which is compatible with internal combustion engines. 
Additionally, as a liquid phase, it can be stored and transported easily. Currently, hydrogen is 
produced on a large-scale by reforming (dry or steam reforming) of hydrocarbons or through 
gasification of fossil fuels, both of which produce large amounts of CO2.11 The photocatalytic 
production of hydrogen from water splitting is a viable approach to sustain the process which 
relies on two most abundant resources, water and sunlight.12 Solar light mediated water splitting 
can be achieved by two methods: i) Using a photoelectrochemical cell where a semiconductor 
electrode, immersed in water, is irradiated with light and another electrode works as a carrier 
counter electrode; ii) Using a photocatalytic reactor wherein particles of a semiconductor 
photocatalyst suspended in water act as micro-photoelectrodes, and facilitate oxidation and 
reduction reactions of water on their surface.  

Since the initial experiment by Fujishima and Honda in 1972 on photoelectrochemical water 
splitting using a TiO2 photoelectrode,13 numerous semiconductor materials relying on d-block 
elements have been explored for solar light mediated hydrogen production. Subsequently, Bard's 
group demonstrated photocatalytic water splitting using suspended semiconductor particles.14 
Both photoelectrochemical and photocatalytic methods have pros and cons. Photocatalytic 
systems are extremely simple and have lower operation costs, but  cannot profit from the use of a 
bias to separate charge carriers, thus limiting the achievable efficiency of conversion of sunlight 
into chemical energy; also, separation of evolved hydrogen and oxygen poses a problem.15 Up 
until now, different material systems such as oxides, sulfides, phosphides, nitrides, oxynitrides, 
oxysulfides etc have been developed for the photocatalytic conversion of solar energy into 
chemical energy.16 However, even after 45 years of research, the quantum efficiency remains too 
low to justify the scaling up of hydrogen production to the industrial level. An efficient 
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photocatalytic system which can provide four consecutive proton coupled electron transfer 
(PCET) steps to achieve overall water splitting with a high photoconversion efficiency is still a 
challenge to the scientific community. Overall water splitting involves two half reactions – the 
oxidation of water which produces O2, protons and electrons (OER), and the reduction of protons 
which produces hydrogen (HER), Eq. 1-3. In order to sustain the process of water splitting, both 
OER and HER processes should occur simultaneously to chain the flow of electrons.  

2H2O + hv → 2H2 + O2 ……………………………….(1) Over all water splitting     

2H2O → 4H+ +4e− +O2 ……………………………….(2) Oxygen evolution reaction (OER) 

4H+ + 4e− → 2H2 …………………………...………....(3) Hydrogen evolution reaction (HER) 

The reduction potential of H+/H2 is 0.00 V at pH 0 vs NHE; however –0.41 V overpotential is 
needed for the production of hydrogen in aqueous solutions at pH 7 vs NHE while oxidation 
potential for water oxidation H2O/O2 is +1.23 V vs NHE at pH 0 (or +0.82 V vs NHE at pH 7). 
According to these values, a minimum semiconductor band gap energy of 1.23 eV is required to 
drive the overall water splitting reaction. In practice, a slightly larger bandgap of 1.35 eV or 
larger is required to split water due to overpotential-related losses. The value of potential can be 
changed to any pH by using equation Eº=Eº(pH0) –0.06pH; where Eº is the standard reduction 
potential.17, 18 Further, the position of the semiconductor valence band should be more positive 
than +0.82 V vs NHE at pH 7, while the position of the conduction band should be more 
negative than –0.41 V vs NHE at pH 7.  
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Fig. 1 Band gap and band edge positions of a range of semiconductors vs NHE at pH 7 
representing redox potential of water splitting. Adapted with permission from ref.19 

Many inorganic semiconductors such as CoP, NaTaO3, ZnO, InVO4, ZnGa2O4, ZnS, Ta3N5, 
Cu2ZnSnS4, CdS and mixed metal oxides such as RuxTi1–xO2, Rh-Cr mixed oxide nanoparticles, 
dispersed (Ga1–xZnx)N1–xOx and ZrO2-supported NixFe3–xO4 etc are developed as water splitting 
photocatalysts.20-22 However, solar to fuel conversion efficiency is still limited to 1–2 % due to 
charge recombination, lack of visible light absorption, and poor charge separation. A low 
electronic band gap to absorb in the visible region, appropriately long carrier lifetimes and/or 
carrier diffusion lengths, earth abundance, high stability, nontoxic nature and easy processability 
are the prime requirements of an ideal photocatalyst. Unfortunately, many promising 
semiconductors, especially oxides, have a wide band gap and absorb light below 400 nm, which 
represents only 4% of the whole solar spectrum (Fig. 1). If all the incident UV light on earth up 
to 400 nm can be harvested, only 2% solar conversion efficiency can be achieved, which is equal 
to maximum conversion efficiency of photosynthesis in green plants (1–2%).23 Further, inherent 
health hazards of UV light require special designed reactors with quartz windows which incur an 
extra cost to the process. So, in order to achieve maximum solar conversion efficiency, it is of 
utmost importance to harvest visible light which is approximately 45% of the total solar 
spectrum. If it is possible to harvest solar light up to 600 nm, the conversion efficiency can be 
increased up to 16% which can be further increased up to 32% if light up to 800 nm can be 
captured. Further, charge recombination is prevalent and it is estimated that only 10% of 
photogenerated electron-hole pairs are available for water splitting. Charge recombination can 
take place on the surface or in the bulk of semiconductors (Fig. 2a). Surface recombination can 
be slowed down by forming heterojunctions through surface decoration with noble metal 
nanoparticles, which causes the formation of Schottky barriers;24, 25 the built-in field associated 
with the Schottky barrier prevents fast recombination. Another option is to use promoters - hole 
capturing agents i.e. IrO2, CoOx, RuO2 etc26-28 (Fig. 2b) or perform the catalytic reaction in the 
presence of hole scavengers such as alcohols. Volume recombination can be prevented by 
reducing the semiconductor particle size,29 or modifying surface morphology (nanotubes, 
nanospikes) so that more electrons and holes can reach the surface and are available for the 
photoreaction. The ideal nanostructure is one where the processes of light absorption and charge 
separation are orthogonalized, and wherein the maximum distance that photogenerated carriers 
have to travel to reach the site of chemical reaction is smaller than the retrieval length in that 
material.30-32   
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Fig. 2 (a) Schematic illustration of the charge generation, separation, recombination and 
conversion processes in photocatalysts, (b) Facilitation of charge separation by electron and hole 
capturing agents. Adapted with permission from ref.24,33 

Apart from these approaches, hybridization of a nanostructured large band gap n-type 
semiconductor with a low band gap p-type semiconductor to create a Type-II (staggered) p-n 
heterojunction is also a useful strategy.34, 35 The depletion region or energy band offset at the 
heterojunction interface creates a driving force for efficient charge separation, thus preventing 
geminate recombination. The low band gap p-type semiconductor can absorb visible light and 
transfer the photogenerated electrons to the conduction band of the large band gap 
semiconductor, while photogenerated holes in the p-type react directly with the reactants on the 
surface (Direct mechanism) (Fig. 3). Another more fascinating approach involves mixing of two 
low band semiconductors one of which has more positive valence band (oxidative) and facilitates 
water oxidation, while another has more negative conduction band to facilitate proton reduction 
(reductive). Individually none of them can sustain overall water splitting, while when they are 
mixed together they can sustain the process of overall water splitting. Following absorption of 
light, photogenerated electrons in the conduction band of the oxidative semiconductor annihilate 
photogenerated holes in the reductive semiconductor. These electrons in the conduction band of 
the reductive semiconductor facilitate proton reduction, while holes in the valence band of the 
reductive semiconductor facilitate water oxidation. This mechanism is called Z-scheme 
mechanism and needs two photons for completion of overall water splitting (Fig. 3).36, 37 Many 
examples of Z-scheme photosystems for water splitting have been described in the literature, 
including SrTiO3:La,Rh and BiVO4:Mo38, BiVO4 and Ru/SrTiO3:Rh39, Ir/CoOx/Ta3N5 and 
Ru/SrTiO3:Rh40 etc. Generally Z-scheme catalysts require an electron mediator i.e. (Fe3+/Fe2+, 
[Co(bpy)3]3+/2+, graphene), which facilitates charge transfer at interface of contact.41, 42 
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Fig. 3 Mechanistic representation of direct and Z-scheme of photocatalysis on two different band 
gap semiconductors for overall water splitting. 

Although a lot of research has been dedicated to reduce the bandgap of semiconductors to 
achieve high solar to hydrogen (STH) conversion, photocatalytic performance is still limited by 
low absorption coefficients for visible regime photons, poor quantum yields, fast carrier 
recombination, photo-corrosion and reliance on expensive noble metal co-catalysts. In recent 
years, two dimensional (2D) carbon based materials have emerged as new photocatalytic 
materials due to their excellent electronic, optical, physicochemical and surface properties.43-48 
Carbonaceous materials are earth abundant and provide a niche for nanoscale modification in the 
chemical and morphological structure, which facilitates efficient charge separation.49 In the past 
decade, the exponential rise in the number of reports on carbon materials for photocatalytic 
applications makes evident their wide potential for various applications. Numerous carbon based 
2D materials such as graphene, graphene oxide (GO), carbon nitride (C3N4), polyimide 
polymers, holey graphene (C2N), doped carbon quantum dots and their 2D derivatives have been 
introduced.50-52 Carbon materials being composed of conjugated sp2 carbon network provide 
excellent charge carrier mobility on their surface. The high surface area of 2D materials and 
rapid charge transport over the surface of conjugated carbon based materials results in short 
paths for carriers to reach reaction sites and remove the reliance on metal based electron and hole 
capturing agents thus providing opportunities to create metal-free photocatalysts.53-55  

Among various carbon based materials, graphene is the most extensively investigated in 
photocatalytic applications to increase the performance of inorganic semiconductors due to its 
exceptional conductive surface and high specific surface area; however, the absence of a band 
gap restricts its role in photosensitization.56-59 Although a limited increase in photocatalytic 
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performance has been demonstrated for several graphene/inorganic hybrids, the inorganic 
semiconductor remains the charge generation center along with its inherent drawbacks.60-62 Band 
gap opening in graphene by doping with heteroatoms and promoting defects is the most effective 
method to convert metallic graphene into a semiconductor to exploit its sub-nanoscale 
properties.63-66 The differential electronic densities and divergent atomic centers give rise to 
various active sites for photoreaction. While doped graphene materials can absorb a wide swathe 
of photons in sunlight to generate electron-hole pairs due to their narrow bandgap, the VB 
maxima remain unfavorable and produce poorly oxidative holes to facilitate water oxidation.67-69 
The band gap broadening can be achieved by adding high dopant concentrations, but this reduces 
the number of π-conjugated conductive nanochannels required for efficient charge separation.70 
Furthermore, difficulties in the mass production of graphene/doped graphene limit application of 
this frontier material in photocatalysis. Doped carbon derived from a heteroatom-rich source, 
possessing less ordered doped graphenic domains seems amenable to scale-up and mass 
production due to the ease of synthesis. However, doped carbon inherits the drawbacks of 
graphene such as a very narrow band gap, self-degradation, deactivation of active sites due to 
which their application beyond electrocatalysis is less promising.71-74 On the other hand, 
graphene oxide (GO) behaves as a semiconductor possessing variable band gap depending on 
oxygen concentration due to the presence of defects and oxygen rich sp3 hybridized carbon 
domains. The maximum hydrogen yield achieved using GO was 2833 µmol h-1 in the presence of 
methanol sacrificial donor in contrast to 46.6 µmol h-1 in absence of a sacrificial donor.75 The 
formation of hybrids and heterojunctions of graphene/graphene oxide with inorganic 
semiconductors/dye molecules/metals and doping has been used to achieve high H2 yields in the 
presence of sacrificial reagents.60, 76-79 However, the use of methanol and other sacrificial 
reagents is undesirable for sustainable hydrogen production. Therefore, an ideal material should 
have the requisite band structure and active sites to facilitate the simultaneous reduction and 
oxidation of water instead of requiring the use of sacrificial electron or hole scavengers. 

Recently, 2D polymeric semiconductors have been envisaged as future photocatalysts due to the 
ease of synthesis from cheap resources, superior visible light absorption, tunable band gap and 
easy processability.48, 53, 80, 81 Graphitic carbon nitride (g-C3N4), a polymeric material composed 
of triazine (C3N3) or tri-s-triazine/heptazine (C6N7) units with alternate C and N, provoked 
excitation among the photocatalysis community due to its resilient stability (chemical inertness, 
thermal resistance and absence of photocorrosion), appropriate band structure and ease of 
synthesis from benign sources.82-86 Since the first report by Wang et al. in 2009 on photocatalytic 
water splitting using g-C3N4, this field has witnessed intensive research activity.87 g-C3N4 
possesses a moderate band gap of 2.6-2.7 eV and its CB and VB redox potential values lie at -1.1 
eV and +1.6 eV, respectively with a substantial lifetime span of the photoexcited state 
(nanosecond regime) making it a suitable photocatalytic material for water splitting.88 Apart 
from the band gap, the presence of numerous nitrogen rich sites and ordered defects provides 
active centers for the substrate interaction, which increases reactant concentration on the catalyst 
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surface for catalytic and photocatalytic reactions.80, 89-91 However, extending the visible light 
absorption profile of g-C3N4 beyond 450-460 nm and increasing the carrier lifetime are major 
challenges. Numerous nanoarchitecture assemblies of g-C3N4 and inorganic semiconductor/dye 
molecules/graphenic materials have been designed for improving charge separation and visible 
light absorption parameters.92 Doping with metal atoms/ions and heteroatoms has also been used 
to shift the visible light absorption profile towards longer wavelengths.93-97 The synthesis of 
carbon nitride materials from nitrogen rich precursors affords porous bulk g-C3N4.98 In bulk 
carbon nitride, graphenic C3N4 sheets remain stacked together which compromises the 
photocatalytic efficiency due to a substantial amount of concealed surface that is unexposed to 
light and reactants. These stacked sheets can be metamorphized into few layered 2D C3N4 sheets 
by various solvent intercalations.48, 99-102 However, exfoliation of g-C3N4 to sheets works to the 
detriment of photocatalytic performance due to band gap broadening and loss of crystallinity due 
to abundant intralayer hydrogen bonds between sheets, which promote charge localization and 
leads to poor intralayer carrier transport.103-105 Furthermore, residual functionalities also act as 
carrier trapping centers, which reduce the quantum efficiency of photocatalysis. Hence forming 
few layered g-C3N4 sheets while maintaining crystallinity to decrease trap sites is the best 
approach to synergistically achieve a combination of high surface area and good charge 
transport/separation. Actually, crystalline carbon nanosheets have afforded some of the highest 
reported H2 yields  among carbon based materials as high as 9577.6 μmol h−1 g-1 with a quantum 
efficiency of 9.01% at 420 nm, which was 15.5 times higher than bulk g-C3N4.106 The nanosheets 
of carbon nitride can be further modified with quantum dots, graphene, doped graphene, doped 
carbon nitride sheets to improve photocatalytic performance.107-109 

Although g-C3N4 is a good hydrogen evolution catalyst, its VB band edge potential is less 
positive so water oxidation performance remains underwhelming. The photocatalytic 
performance of g-C3N4 to achieve overall water splitting can be improved by introducing 
electron rich or deficient units in the framework, which shift band edge positions such that the 
band structure of g-C3N4 can be tuned. The polyimide derivative of carbon nitride synthesized by 
heating triazine precursors and dianhydride precursors at high temperature offers tunable band 
gap imide semiconductors.110-112 The band structure of these polyimide polymers depends on the 
ratio of triazine/heptazine and dianhydride, and by controlling the type of monomer units, more 
oxidative VB position can be achieved. Apart from band edge tuning, these materials possess a 
higher visible light absorption and the presence of different charge density units facilitates better 
charge separation within the sheets.  

Certain other 2D semiconductors with better optical and charge transport properties have been 
reported in the past few years. One of these semiconductors is C2N (holey graphene) whose 
narrow band gap and ordered porous structure make it a suitable candidate for various 
applications, including water splitting.113 Theoretical investigations suggested C2N nanohybrids 
with other 2D semiconductor materials to be promising approach to optimally harvest sunlight 
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with a high quantum efficiency.114 2D-2D hybrids are better than conventional hybrids due to 
superior face to face interactions, which facilitate better charge transfer and carrier mobility. 
However, for C2N hybrids, most of the discussion is limited to theoretical calculations and more 
efforts are needed to experimentally realize such nanohybrids. 

In this review, we have an extended discussion on various 2D carbon materials, focusing on their 
synthesis, properties, photocatalytic performance, and chemical and structural modification of 
their framework via various approaches to achieve appropriate band structure for water splitting. 
The initial sections of this review will cover graphene/graphene oxide based materials with a 
specific focus on improved charge carrier separation and band gap opening via various dopants 
and their nanocomposites with inorganic semiconductors for hydrogen generation. Next, carbon 
nitride based polymers as semiconductors will be surveyed, and improvements in their 
photocatalytic performance through surface engineering, 2D sheets transformation, band 
structure manipulation and particularly, chemical modification by replacement/and or doping of 
triazine or heptazine unit will be reviewed in depth. Later in this review, 2D polyimide polymers, 
carbonaceous-inorganic 2D-2D semiconductors, emerging carbon based semiconductors i.e. 
C2N, C3N, molecular 2D semiconductors, carbonaceous quantum dots and their nanohybrids 
with carbon nitride sheets for solar to hydrogen generation will be scrutinized. 

2. Graphene based materials as photocatalysts 

In contrast to inorganic 2D material, carbonaceous 2D materials such as graphene, graphene 
oxide, and carbon nitride have emerged as potential photocatalytic materials due to their 
exceptional features including, but not limited to, high surface area, excellent charge transport 
and favorable optical properties.115-117 The discussion on 2D carbonaceous structure is 
incomplete without graphene, which impelled the research on various advanced carbon based 
materials for numerous applications. Graphene is a monoatomically thick sp2-hybridized 2D 
carbon layer arranged in a hexagonal fashion with a continuous π-π conjugated network. Ideally, 
graphene is a monoatomic layer sheet of graphite. Graphene has emerged as an almost magical 
material in the world of materials science due to its astonishingly high surface area (2630 m2 g-1), 
excellent electron mobility on its surface (200,000 cm2 V-1 s-1), high mechanical strength (1060 
GPa), high thermal conductivity (3000 W m-1 K-1), and favorable optical and chemical 
properties.118 Since the first report on the discovery of graphene by the scotch tape method by 
Geim and Novsolov,119 tremendous advancements in the field of graphitic materials have been 
achieved for various applications such as batteries, solar cells, fuel cells, biosensors, 
supercapacitors, catalysts, photocatalysts etc.120-125 The isolation of a single layer defect-free 
graphene sheet has been attempted by various physical means such as thermal exfoliation, 
chemical vapor deposition (CVD), ultrasonication and solvent assisted exfoliation.126 But 
expensive and tedious procedures and inability to accomplish large scale production limit 
commercial deployment. Chemical oxidation of graphite by harsh oxidizing agents like 



12 

 

(KMnO4+H2SO4, H3PO4+H2SO4, H2O2+HCl etc) partially oxidize graphite bulk material to 
graphite oxide and sheets can be easily separated due to repulsive forces between negatively 
charged sheets to produce graphene oxide (GO).127, 128 The GO sheets can be reduced partially by 
chemical, hydrothermal or thermal treatment to prepare reduced graphene oxide (rGO).129 
Although these methods produce graphene sheets with few defects, their attributes are still 
comparable to graphene. Due to excellent conductivity and zero band gap, which facilitate fast 
charge transfer on graphene surfaces, numerous nanohybrid composites of rGO with various 
semiconductors such as TiO2, ZnO, WO3, Cu2O, CuO, Fe2O3, MnO2, ZrO2, ZnS, CdS, CdSe, 
Bi2WO6, MoS2, BiVO4, Sr2Ta2O7, InVO4, ZnFe2O4 etc  have been reported for photocatalytic 
and other applications.60, 130-133 As per the rule of diffusion of charge (t=d2/k2D; where d = 
particle size, k= constant, D=diffusion coefficient), two dimensional sheets are more appealing 
for water splitting process due to facilitation of transport of photogenerated charges to reaction 
sites prior to recombination.134 Apart from high surface area and a more conductive surface, it 
has been reported that graphene can work as a macromolecular photosensitizer and reduce the 
band gap of the semiconductor.135 For example, ZnS is a wide band gap semiconductor which 
absorbs in the UV spectral range, while its composite with graphene (ZnS GR nanocomposite) 
was fairly photoactive under visible light.136 Among various graphene/semiconductor composite 
materials, cobalt oxide/graphene has proved to be an efficient catalyst. Liang et al. demonstrated 
that Co3O4 nanocrystals grown on rGO can act as a bi-functional catalyst in oxygen reduction 
reaction (ORR) and oxygen evolution reaction (OER),137 even though both Co3O4 and rGO, 
taken separately, have small affinity for these reactions. The conjugation of Co3O4 and rGO 
drastically increased their electrocatalytic activity due to synergistic chemical coupling effects 
between Co3O4 and graphene. Nitrogen doping further enhanced the activity as well as stability 
of the composite. Cobalt oxide nanoparticles and B,N-decorated graphene (CoOx NPs/BNG) 
compounds displayed better ORR and OER activity due to improved electron transfer capacity, 
plenty of Co–N–C active sites and strongly coupled effects.138 The nanocomposites of rGO with 
hydrogen evolving semiconductors have been found to be good hydrogen evolving 
photocatalysts. The band edge position of CdS is suitable for hydrogen evolution, however in 
nanostructured form, CdS has a tendency to aggregate, resulting in low surface area and 
therefore lower yield. Synthesis of a nanocomposite of CdS with GO by hydrothermal method 
produces CdS nanoparticles homogeneously distributed on the surface of rGO. In the 
hydrothermal treatment, residual oxygen functionalities facilitate better attachment of 
nanoparticles to the sheets. It is important to note that hydrothermal treatment does not 
completely remove oxygen functionalities from the surface of GO. The prepared rGO–CdS 
nanocomposites showed enhanced water splitting characteristics.139-141 The rGO loading is 
crucial for achieving an optimal hydrogen evolution rate. Excessive loading may prevent light 
from reaching the semiconductor surface and inhibit electron-hole pair generation. Further, Pt 
loading increases the photoefficiency of the composite. By using Pt loaded (1 wt%) rGO/CdS 
nanocomposite, a quantum efficiency of 22.5% can be reached for hydrogen evolution at 420 nm 
(Fig. 4).141 N-doped graphene (N-graphene) further increases the hydrogen evolution rate due to 
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creation of a heterojunction between N-graphene sheets and CdS, which facilitates better charge 
transfer. The N-graphene (2 wt%)/CdS composite exhibited highest H2 evolution rate which was 
approximately five times that of CdS alone.142 

 

Fig. 4 Schematics of visible light driven electron-hole pair generation in CdS and their efficient 
separation on reduced graphene oxide in CdS/rGO nanocomposite. The photogenerated electrons 
in the conduction band of CdS are transferred to Pt and rGO sheets, which facilitate better charge 
separation and electrons are more easily accessible to protons to generate H2. Adapted with 
permission from ref.141. 

Core-shell structures, prepared using two or more components, have proven themselves to be 
better advanced functional materials for improved photocatalytic performance due to synergistic 
attributes in terms of uniformity in size, manipulation in core and shell composition, 
dispersibility, stability, and tunability of optical, catalytic, magnetic and optical properties. Apart 
from this, the formation of a p-n heterojunction on inner core and outer shell interface can be 
used to facilitate enhanced charge carrier concentration on the surface.143 Many core-shell 
morphologies such as rods, spheres, hollow spheres, spindles etc with different arrangements of 
the semiconductor in core and shell have been prepared for solar light-driven water splitting.144 
Graphene coated nanostructured semiconductor particles provide promising results for water 
splitting reaction due to better dispersibility of charge over graphene sheets.145 Few layer thick 
graphene sheets-wrapped particles are more efficient than bulk nanocomposites due to 
transmission of light from few layered graphene sheets to semiconductor assembly and better 
charge transportation on the surface of graphene sheets. Few nanometer thick rGO coated 
anatase TiO2 nanoparticles (graphene-TiO2 NP) were synthesized by surface functionalization of 
TiO2 with APTMS (3-aminopropyl trimethoxysilane) to create a positively charged TiO2 surface 
and subsequent wrapping of negatively charged graphene oxide followed by hydrothermal 
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reduction and annealing.146 The obtained graphene–TiO2 NPs displayed excellent photoactivity 
under visible light for methylene blue degradation. To exploit the advantages of the core shell 
morphology and better charge carrier mobility on rGO sheets, Kumar et al. prepared core-shell 
structure CuZnO@Fe3O4 microspheres coated with rGO (rGO@CuZnO@Fe3O4) for visible light 
mediated CO2 reduction.133 The TEM images of nanoparticles show coated rGO as an 
amorphous zone on crystalline ZnO (Fig. 5). The oxide layer (mainly Fe3O4) present on the 
surface of Fe3O4 core works as a semiconductor.147 After absorption of visible light, Fe2O3 can 
transfer photogenerated charges in the conduction and valence bands of ZnO, while Cu acts as an 
electron capturing agent to facilitate efficient transfer on rGO sheets. The band structure of such 
a nanocomposite was also suitable for water splitting and 45.5 μmol g−1 cat hydrogen evolved as 
a by-product.  

 

Fig. 5 TEM images of a) Fe3O4, b) CuZnO@Fe3O4, c) rGO@CuZnO@Fe3O4, (d) high 
magnification TEM of rGO@CuZnO@Fe3O4 showing crystalline ZnO and amorphous rGO 
zones, e) HR-TEM image showing lattice fringes and interplanar 2D spacing of ZnO and 
thickness of rGO layer, and f) SAED pattern of rGO@CuZnO@Fe3O4 microspheres displaying 
diffraction patterns of Fe3O4 and ZnO. Reproduced with permission from ref.133 Copyright 2017 
Elsevier. 



15 

 

Reduced graphene oxide can also operate as an electron transport mediator in Z-scheme 
photocatalytic systems. For example, a Z-scheme heterojunction photocatalyst, consisting of 
BiVO4, Ru-SrTiO3:Rh and rGO, in which BiVO4 due to its more positive valence band facilitates 
water oxidation and SrTiO3:Rh due to its more negative conduction band promotes proton 
reduction, exhibited significantly enhanced photocatalytic water splitting rate (Fig. 6).42 It has 
been found that for photoreduced graphene oxide (PRGO), the rates of hydrogen and oxygen 
evolution are much higher than hydrazine mediated chemically reduced graphene oxide. This 
fact can be explained on the basis of the higher hydrophobicity of PRGO, which facilitates better 
transfer of electrons from O2 evolving catalyst to H2 reduction catalyst. Using PRGO as the 
electron mediator, H2 and O2 yields of 11 and 5.5 µmol h-1, respectively and associated turn over 
number (TON) of 3.2 over 24 h were achieved. 

 

Fig. 6 Two photon Z-scheme overall water splitting on BiVO4- Ru-SrTiO3:Rh photocatalyst. 
BiVO4 can oxidize water to O2 by photogenerated holes due to positive valence band, but cannot 
reduce protons. While Ru-SrTiO3:Rh composite can reduce protons due to negative conduction 
band, but  cannot oxidize water. Composite of BiVO4 and Ru-SrTiO3:Rh photocatalyst can 
sustain overall water splitting by two photons. BiVO4, after photoexcitation, transfers electrons 
to the valence band of Ru-SrTiO3:Rh, which upon second excitation reach to conduction band of 
Ru-SrTiO3:Rh. Reduced graphene oxide serves as a solid-state redox mediator by facilitating 
electron transfer from conduction band of BiVO4 to valence band of Ru-SrTiO3:Rh. Adapted 
with permission from ref.42. 
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3. Graphene oxide as a finite band gap semiconductor for water 

splitting 

Graphene is known as a zero band gap material. However, oxidation of graphene to graphene 
oxide (GO) transforms it into a semiconductor. The oxidation of graphene to GO adds several 
oxygen carrying functionalities, which break the conjugated π-system of graphene due to 
transformation of some sp2 carbons into sp3 carbons.148 Due to the larger electronegativity of 
oxygen, the carbon skeleton of GO becomes positive and GO behaves like a p-type material.149 
The presence of conducting sp2 and non-conductive sp3 domains on the GO sheets leads to the 
creation of a band gap, which depends on the extent of oxidation of the material. So by tuning 
the oxidation level, the band gap of GO can be controlled. Yeh et al. were the first to 
demonstrate that GO can split water into hydrogen and oxygen.75 The band gap of GO was 
determined to be between 2.4–4.3 eV, depending on the oxidation level and this band gap was 
wide enough to meet the criterion of water splitting (1.23 V). The negative conduction band 
afforded a hydrogen yield of 280 μmol after 6 h of visible light irradiation, while using methanol 
as a sacrificial donor, the yield of hydrogen increased to 17000 µmol after 6 h irradiation (Fig. 
7).  

 

Fig. 7 Band diagram of GO showing the conduction band (CB) and valence band (VB) positions 
relative to proton reduction and water oxidation. The CB of GO has high overpotential than the 
level of H2 generation and photogenerated electrons are transferred to solution phase for proton 
reduction. The holes in VB of GO are annihilated by hole scavenger (methanol) instead of O2 
generation from water oxidation due to higher reduction potential of methanol than water. The 
top-of-valence energy level was obtained using density functional theory for GO with 12.5% O 
coverage, and the levels for H2 and O2 generation were obtained from the literature. Adapted 
with permission from ref.75. 
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GO can also achieve CO2 reduction due sufficiently negative conduction band (−0.79 V vs NHE) 
and positive valence band (+2.91 V vs NHE) to facilitate water oxidation for producing the 
required protons.150 The decoration of GO sheets with Cu nanoparticles further enhances the 
photo-efficiency due to charge capture by Cu metal.151 Due to oxidation, several surface defects 
generated on GO act as charge-recombination sites and decrease the photocatalytic performance 
of GO for water splitting. The treatment of GO with ammonia at elevated temperature can repair 
these defects by removal of epoxy and carboxyl groups, and through the introduction of various 
nitrogen functionalities i.e. quaternary, pyridinic, and pyrrolic groups on the graphene sheets. 
Further, the band gap of GO can be reduced due to overlapping of π-orbitals of N and C and 
delocalization of electrons on higher energy, so the position of HOMO gets slightly uplifted. The 
back oxidation of nitrogen doped graphene oxide with strong oxidizing agent (KMnO4+H2SO4) 
generates sheets having p-doped domains (due to presence of O on sp3 C), n-doped domains (due 
to presence of N) and interfacial channels (due to sp2 carbon). Yeh et al. showed that N-doped 
graphene oxide quantum dots (NGO-QDs), due to presence of N and O atoms, behave like a p-n 
heterojunction and conjugated sp2 carbon skeleton acts as a charge transporting tunnel (Fig. 9).76 
The band gap of NGO-QDs was 2.2 eV and linear potential scans demonstrated CBM and VBM 
values of approximately −0.85 and 1.35 eV (vs. Ag/AgCl), respectively, which validates the 
overall water oxidation capability. Further, by changing the oxidant that governs the 
concentration of oxygen on the sheets, the p-type character and band edge position can be 
controlled. For example, by using HNO3 as oxidant for oxidation of nitrogen-doped graphene 
(NG), the CBM (−0.8 V vs Ag/AgCl) and VBM (+1.4 V vs Ag/AgCl) level were found to shift 
slightly (Fig. 8).152  

 

Fig. 8 Repairing of vacancy defects in iGO-QDs by hydrothermal ammonia treatment which 
introduces various nitrogen functionalities in the iNGO-QDs. Reproduced with permission from 
ref.152 Copyright 2015 Elsevier. 
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Fig. 9 Schematics of p-n heterojunction formation on NGO-QD during hydrothermal treatment 
of GO-QD with NH3. Reproduced with permission from ref.76 Copyright 2014 Wiley-VCH. 

Chen et al. demonstrated that hydrothermal treatment of nitrogen-doped graphene oxide quantum 
dots (NGODs) in ammonia transforms some pyridinic/pyrrolic groups into amino/amide groups 
(Fig. 10a).153 The obtained amino/amide groups due to non-planar nature can donate their lone 
pair of electrons to the π-conjugated network of graphene (Fig. 10b). The intramolecular transfer 
of nitrogen lone pairs in the network of sheets induces spin orbital coupling effect and reduces 
energy difference between singlet (S1) and triplet (T1) orbitals, resulting in singlet–triplet 
splitting. This facilitates easy and efficient S1→T1 transfer through intersystem crossing (ISC) 
of excited electrons.154 The PL intensity order of ammonia treated nitrogen-doped graphene dots 
(A-NGODs) was decreased, suggesting that removal of some oxygen functionalities and slow 
electron-hole recombination on N-doped basal plane took place. Time-resolved PL decay curves 
of GODs, NGODs, and A-NGODs showed average lifetimes of excited states of 0.43, 0.54, and 
1.5 ns, respectively. The longer lifetime of excited species in A-NGODs validates S1↔T1 
transition of electrons through intersystem crossing (Fig. 11). By using (A-NGODs) as catalyst, 
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21% quantum yield can be achieved by using Pt as a co-catalyst in a water/triethanolamine 
mixture. 

 

Fig. 10 Schematic of (a) hydrothermal cleavage of pyridinic and pyrrolic rings in NGODs to 
create epoxy, carbonyl, and carboxylic groups for decorating the basal plane and periphery of the 
A-NGODs with amino and amide groups. (b) An orbital diagram showing overlaps of the 
nitrogen lone pair orbital in nitrogen functionalities with the aromatic π-system. The more 
effective overlap of lone pair orbital of amino (–NH2) groups in A-NGODs with aromatic π-
system of sheets than planar pyridinic-N atoms lone pair orbital has been revealed. Reproduced 
with permission from ref.153 Copyright 2016 Wiley-VCH.  
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Fig. 11 The band structure diagram of NGODs and A-NGODs showing relative to redox 
potential of water for H2 and O2 generation. The small energy difference between singlet (S1)–
triplet (T1) splitting of CBM of A-NGODs facilitates the S1↔T1 transition of electrons via ISC, 
which prolongs the lifetime of the excited electrons for H2 production from water reduction. 
Reproduced with permission from ref.153 Copyright 2016 Wiley-VCH. 

Like reduced graphene oxide, many composites of GO with metals (Cu, Ag, Au, Pt etc), 
semiconductors (TiO2, BiVO4, CdS etc), metal complexes (Ru, Co, Ir etc) are reported for 
enhancing the hydrogen evolution rate. The surface of GO provides the opportunity for strong 
interaction with metal, metal oxide nanoparticles and other substrates which work synergistically 
by facilitating charge transport, increasing absorption and surface area to achieve overall water 
splitting. The GO/TiO2 composite was found to be an effective photocatalyst for hydrogen 
production because unpaired π electrons on GO can interact with Ti atom on the surface of TiO2 
to generate Ti–O–C bonds, which extend light absorption in the visible region.155-157 Due to 
formation of a p-n heterojunction in GO/TiO2 hybrids, better charge separation can be achieved 
which facilitates efficient water splitting (Fig. 12).  
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Fig. 12 The band gap narrowing of TiO2 due to Ti–O–C bonding between unpaired π-electrons 
on GO and surface Ti atoms of TiO2, which facilitates light absorption profile of TiO2. 
Reproduced with permission from ref.157 Copyright 2013 Elsevier. 

4. Sensitization of graphene-based materials 

Due to the presence of an ample number of functional groups, GO provides opportunity for 
covalent functionalization of metal complexes on its surface. Metal phthalocyanine and 
ruthenium complexes have been successfully anchored onto GO; however due to presence of 
mainly epoxide functionalities on basal planes, lower loading was achieved. Therefore, efforts 
are underway for the covalent functionalization of basal planes by breaking epoxide bonds 
followed by the attachment of metal complexes. Kumar et al. demonstrated attachment of 
phthalocyanines (Co158, Cu159 and Fe160) and polypyridyl metal complexes (Ru161, 162) on GO 
sheets with high loading by functionalizing epoxide moieties with chloroacetic acid and 
subsequent covalent attachment of homogeneous metal complexes for various applications i.e. 
CO2 photoreduction, thiol oxidation, CO2 to DMF formation etc. It has been found in all cases 
that the photocatalytic performance of metal complex-loaded GO was increased manifold due to 
better charge injection in the conduction band of GO. Hexanuclear Mo metallic clusters 
([Mo6Br14]2−),163 which are very photoactive and able to transfer multiple electrons in 
photocatalysis processes were also immobilized on GO by taking advantage of the labile nature 
of their apical halogen atoms, which can be easily replaced by oxygen present on graphene 
sheets (Fig. 13).164 
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Fig. 13 A schematic illustration of Mo6 clusters decorated on GO nanosheets; the right side 
image depicts the structure of Mo6 cluster exhibiting positions of inner and apical ligands. High 
resolution XPS spectra in the Br3d region for Cs2Mo6Bri

8Bra
6 (ai) and GO-Cs2Mo6Bri

8Bra
x (aii) 

composite, and (TBA)2Mo6Bri
8Bra

6 (bi) and GO-(TBA)2Mo6Bri
8Bra

x (bii) composite showing a 
decrease in signal intensity of apical bromine atom, suggesting their attachment to GO by 
replacement of bromine atom with oxygen on GO. Reproduced with permission from ref.164 
Copyright 2015 Elsevier. 

Sensitization of undoped and doped graphene with metal complexes or organic dyes further 
improves the visible light absorption as well as photocatalytic performance.165 Copper complex 
immobilized on N-doped graphene (GrN700–CuC) was found to be a good photocatalyst for CO2 
reduction to methanol (1600 µmol g-1 cat) in water/DMF/triethylamine solution under visible 
light irradiation.166 Wang et al. reported covalently immobilized manganese phthalocyanine to 
reduced graphene oxide by using glycinato linker (Fig. 14).167 The synthesized photocatalyst was 
used for the production of hydrogen from water in the presence of platinum. The yield of 
hydrogen was found to be 8.59 μmol mg-1 during this study. Metal-free dyes due to their 
inexpensive nature, degradability and wide absorption range have proven to be good photo-
sensitizers for the hydrogen evolution reaction. Eosin Y, an organic acidic dye, binds with 
reduced graphene oxide (EY-RGO) through hydrogen bonding and π-π interaction to produce a 
photocatalytic material for hydrogen generation in the presence of Pt nanoparticles decorated on 
the surface of reduced graphene oxide (Fig. 15).168, 169 The presence of both Pt and RGO was 
crucial for the production of hydrogen and by using EY-RGO/Pt photocatalyst the rate of 
hydrogen production reached was about 10.17 μmol h–1, corresponding to an apparent quantum 
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yield (AQY) of 4.15% at 420 nm. The superior photocatalytic activity was assumed to occur due 
to efficient charge separation on the surface of RGO and subsequent capture by Pt nanoparticles. 
Furthermore, to maximally harvest the solar spectrum, EY and Rose Bengal (RB) were grafted 
on the surface of RGO (ER-G/Pt) and the rate of hydrogen evolution increased significantly. By 
using ER-G/Pt the hydrogen production rate was increased up to 36.7 µmol h–1, corresponding to 
a quantum yield (QY) of 9.4% at 420 nm wavelength.79  

 

Fig. 14 Outline of the electron transfer from MnPc to graphene sheet for hydrogen evolution. 
Reproduced with permission from ref.167 Copyright Royal Society of Chemistry. 

 

Fig. 15 Bonding of Eosine dye (EY) on rGO sheets through π-π interaction. EY transfers visible 
light photogenerated electrons to rGO sheet, which due to higher mobility increases charge 
separation. Electrons on rGO sheets are captured by Pt and used for hydrogen generation from 
water. Adapted with permission from ref.168. 
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5. Doped graphene photocatalysts 

Although graphene is a zero band gap semimetal in which quasiparticles obey a linear dispersion 
relationship between the energy and momentum i.e. the conduction band touches the valence 
band at a single Dirac point, there are various routes to create a band gap in graphene (Fig. 16a). 
By lowering the size of graphene sheets i.e. nanoribbons and nanodots, a band gap is opened in 
graphene due to the quantum confinement effect. Furthermore, the number of sheets is also an 
important parameter which influences the electronic environment of another sheet. The charge 
density on the edge of sheets can be increased in comparison to the basal plane. The presence of 
defects like vacancies and dislocations also open the band gap by inducing additional electronic 
states.170 Introduction of various elements like H, O, N, F etc also affects the electronic 
properties of sheets. For example, fluorographene - a 2D sheet of graphite fluoride, is an 
insulator and its band gap can be tuned by controlling the number of fluorine atoms (Fig. 16b).171 
The attachment of fluorine atom to sp2 hybridized carbon distorts the hybridization of carbon to 
sp3 and shifts the Dirac point. Theoretical calculation revealed that the band gap of partially 
fluorinated graphene (from C32F to C4F) can be tuned from 0.8 to 2.9 eV.172 However, 
experimental results showed an optical gap >3.8 eV (Fig. 17).173 Partially chlorinated and 
brominated graphene counterparts have also been reported.174 The fluorographene provides 
opportunity for further functionalization of graphene with high selectivity. Cyano groups were 
introduced in a scaffold of graphene skeleton by replacement of fluorine atoms and the resulting 
cyanographene possesses high negative charge as revealed by zeta potential measurements.175 
The replacement of F atom in fluorographene by hydroxyl group transforms graphene into a 
room temperature organic magnet and the magnetic properties can be tailored depending on the 
F/OH ratio.176 In addition, several covalent functionalization approaches have been utilized to 
form various functional groups such as –SH, –OH, alkyl etc. on the surface of graphene.177-179 

Tailoring the structure of pristine graphene by substitution with heteroatoms like B, N, P, F etc 
influences the charge distribution on sheets and represents an effective way to modify the 
electronic, surface, optical and electrochemical properties. The dopant atoms can either work as 
donors or acceptors, depending on their electronegativity with respect to the carbon atom. 
Various heteroatoms like N, B, P have been introduced in the graphene skeleton by using 
different precursors. Among them N doping has been found to show the best results due to the 
higher energy level of N1s orbital, which uplifts the energy level of the newly hybridized orbital. 
N-doping contributes mainly three kinds of nitrogen to the graphenic structure: 1) pyridinic 
nitrogen, 2) quarternary nitrogen, and 3) pyrrolic nitrogen (Fig. 18).180 Pyridinic nitrogens due to 
their position and availability of their lone pairs in π orbital can participate in conjugation and 
increase the charge density of sheets; the Fermi level shifts above the Dirac point, distorts the 
symmetry of graphene sub-lattice and creates a band gap in the N-doped sheets.181 The value of 
the band gap is strongly dependent on the amount of the nitrogen; by manipulating the 
concentration of nitrogen atoms, the band gap can be tuned. 
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Fig. 16 Structure of (a) graphene sheets showing planer sheets of sp2 hybridized carbon atoms 
arranged in hexagonal fashion, (b) fluorographene sheets of sp3 carbons atoms arranged in a 
chair conformation. Adapted from ref.171. 

 

Fig. 17 The opening of band gap in fluorographene. (a) NEXAFS spectra of pristine graphene 
and fluorographene with two different contents of fluorine. The dashed lines at 284.1 and 287.9 
eV mark the leading edges of the π* resonance for the pristine and fluorinated samples, 
respectively. (b) The PL emission of the pristine graphene and fluorographene dispersed in 
acetone using 290 nm (4.275 eV) excitation at room temperature. The optical images in inset 
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show the blue PL emission, which persists for approx. 30 s after the excitation laser is turned off. 
(Reproduced with permission from ref.173 Copyright 2011 American Chemical Society). 

 

Fig. 18 Structure of N-doped graphene showing various types of N atoms according to bonding 
configuration. Adapted with permission from ref.182. 

 

Fig. 19 Schematic diagram for preparation of N-doped graphene with different N states. N-RG-O 
550, 850, and 1000 ºC were prepared by annealing of GO powder at temperatures of 550 ºC, 850 
ºC, and 1000 ºC in presence of NH3 precursor. PANi/RG-O and Ppy/RG-O were prepared by 
annealing of PANi/G-O and Ppy/G-O composites at 850 ºC. Reproduced with permission from 
ref.183 Copyright 2012 Royal Society of Chemistry. 
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N-doped graphene can be synthesized by various methods such as CVD, arc discharge method, 
and the thermal treatment of GO or rGO with nitrogen rich sources like ammonia, amines, 
hydrazine hydrate, urea, melamine, nitrogen etc.184 The most used nitrogen source is ammonia 
even though the nitrogen content with ammonia treatment remains low (Fig. 19). Numerous 
composite materials such as Co/Co9S8

185 with doped-graphene have been utilized for 
photocatalytic applications i.e. dye degradation, water splitting, solar cells etc. Like N-doping, P-
doping also induces band gap opening in graphene and can afford water splitting. In a recent 
report, 1.3 at% P-doped graphene was synthesized by thermal annealing of graphene with 
phosphoric acid and showed improved capacitance and cycling stability.186 Biological carbon 
precursors modified with phosphoric acid can also generate P-doped graphene. For example, 
phosphoric acid modified alginate, after thermal annealing, gives P-doped graphene having high 
P content (17.16 at% for (P)G-1).187 The band gap of P-doped graphene was estimated to be 2.85 
eV and afforded 282 µmol g–1 h–1 of H2. Some doped-graphene sheets demonstrate enhanced 
electrocatalytic performance comparable to that of precious Pt metal.188, 189 Doping of graphene 
with two dopant atoms (with reverse electronegativity like B and N) can accumulate synergistic 
effects to boost electrocatalytic performance in oxygen reduction reaction (ORR).190-192 
However, most of reports focused on the use of doped graphene for ORR and only a few reports 
are available for the hydrogen evolution reaction (HER). In this avenue, theoretical calculations 
showed that N- and P-co-doped graphene should be the best choice for HER due to down 
shifting of the valence band, which may result in the highest HER activity over various singly 
doped and co-doped graphene materials. To achieve this goal, N- and P-co-doped graphene (N,P-
graphene-1) was prepared by annealing of melamine (nitrogen source), triphenylphosphine (P 
source) and GO (graphene oxide sheets) in a 10:10:1 mass ratio under argon at 950 ºC for 3 h. 
The N,P-doped graphene-1 displayed a 10 mA/cm2 HER current density at an overpotential of 
∼420 mV, which was much lower than single atom doped N and P-graphenes.193 For the doping 
process, ionic liquids can also be used as source of heteroatoms and they also provide porosity to 
materials. For example, thermal annealing of polyaniline-coated GO and ammonium 
hexafluorophosphate (NH4PF6) produced nitrogen, phosphorus, and fluorine tri-doped graphene 
with a porous structure.194 In this process, NH4PF6 serves as a source of heteroatoms as well as a 
soft template and its degradation produced gases, which provided porosity to the material. The 
metal free N-, P-, and F-tri-doped graphene multifunctional catalyst furnished hydrogen and 
oxygen gas with a production rate of 0.496 and 0.254 μL s−1, respectively. 

The OER is the main constraint in water splitting reaction, which requires noble metal oxides 
such as IrO2 or RuO2 to overcome the sluggish kinetics of OER. As an alternative, NiCo2O4 is a 
suitable choice over these noble metals due to its low cost and wide abundance. The performance 
of NiCo2O4 can be further improved by hybridization with graphenic materials. In this avenue, 
Chen et al. reported on the synthesis of 3D N-doped graphene NiCo2O4 nanocomposite by using 
in plane porous graphene and subsequent doping and controlled growth of NiCo2O4 for enhanced 
OER (Fig. 20).195  
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Fig. 20 Fabrication of N-doped graphene-NiCo2O4 3D hybrid catalyst (Notations PG, PNG and 
PNG-NiCo signify porous graphene, porous N-doped graphene, and porous N-doped graphene-
NiCo2O4 hybrid, respectively). Reproduced with permission from ref.195 Copyright 2013 
American Chemical Society. 

The pyrolysis of carbonaceous materials at an elevated temperature under inert atmosphere gives 
defect-rich graphenic carbon and use of additional nitrogen source or from precursor itself can 
produce N-doped carbon. Due to the presence of band gap, high surface area, better light 
absorption and easy synthesis from earth abundant materials, the doped carbon represents an 
interesting alternative to replace graphene materials in photocatalytic applications. By choosing 
appropriate precursors, the amount of dopant can be controlled in the samples. For the synthesis 
of doped carbon materials, various carbon sources rich in heteroatoms can be utilized. Biomass 
rich in nitrogen contents also provides opportunities for the synthesis of derived doped carbon 
from cheap and environmental benign sources.196 Similar to heteroatom co-doped graphene, the 
co-doping of carbon with different heteroatoms create variable band gaps and numerous active 
sites on the surface which lead to enhancement of catalytic and photocatalytic performance.197 
For example, carbonization of melamine (N source), glucose (C source) and sulphuric acid (S 
source) produced N-, S-doped carbon exhibiting a high surface area.198 Due to heteroatom 
doping, several sites are evolved on the surface of doped carbon and serve as active sites for 
various catalytic reactions. For example, N-, P-, and S-doped hollow carbon shells with very 
high surface area were synthesized by thermal treatment of poly(cyclotriphosphazene-co-4,4’-
sulfonyldiphenol) (C, N, P, S-doping source), and ZIF-67 (source of carbon framework).199 In 
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recent years, metal organic frameworks (MOFs) are becoming popular for the synthesis of 
heteroatoms, particularly N-rich carbon.200, 201 The advantages of carbon derived from MOFs are 
high N content, high porosity, periodicity of defects and possibility of manipulation of band gap, 
which makes them excellent metal free photocatalytic and electrode materials for hydrogen and 
oxygen evolution. Zeolitic imidazolate framework (ZIF) based MOFs are widely utilized for the 
synthesis of N-rich carbon materials. Zhao et al. reported the synthesis of nitrogen-rich carbon 
(ZNG) by carbonization of ZIF-8 at 800-1000 ºC.202 The hydrogen evolution rate from a sample 
prepared at 1000 ºC carbonization temperature was found to be 18.5 μmol h−1 under visible light 
in the presence of triethanolamine and 3 wt% Pt co-catalyst. This catalyst showed excellent 
photocatalytic performance even in the absence of Pt with a hydrogen evolution rate of ~5.8 
μmol h−1. CoP nanoparticles embedded N‑doped hollow carbon nanotube/polyhedron derived 

from core-shell structured ZIF-8@ZIF-67 MOF frame work displayed increased water splitting 
efficiency.203 Several nanocomposite materials of semiconductors and doped carbon have been 
employed for various applications particularly electrochemical and photochemical hydrogen 
evolution.204-207 For example, CoO nanoparticles embedded in N-doped carbon layer were 
synthesized by thermal pyrolysis of  polypyrrole-coated Co3O4 nanoparticles at 900 ºC; this 
material exhibited excellent activity for ORR and OER which was assumed to be due to porous 
nature of doped carbon and synergistic interaction.208 The main challenge in electrocatalytic 
water splitting is replacement of the expensive noble metal platinum. Metal carbide (particularly 
Mo2C) seemed to be an interesting alternative for Pt because of similar d-band electronic density, 
high electrical conductivity, and good hydrogen-adsorption properties. In this respect, the use of 
ultra-small molybdenum carbide (Mo2C) nanoparticles embedded in nitrogen-rich carbon 
Mo2C@NC displayed remarkable catalytic activity and stability over a wide range of pH (pH 0–
14) for electrocatalytic HER.209 The Mo2C@NC produced hydrogen at a rate of 34.5 µmol h-1, 
corresponding to 100% Faradaic efficiency close to the theoretically achievable value. The 
dramatically high performance of this catalyst was believed to be due to strong electron-
withdrawing features of N dopants, which facilitated electron transfer in the direction 
Mo2C→C→N, so that neighboring C atoms could act as donors and acceptors to provide active 
sites. Another report also demonstrated that Mo2C embedded in N-doped carbon achieved better 
electrocatalytic water splitting performance.210 The controlled synthesis of N-doped porous 
carbon sandwich reduced graphene oxide (N-PC@G) was achieved by pyrolysis of ZIF-8 
sandwiched GO (Fig. 21). The structure obtained by maintaining the GO concentration of 0.02 g 
in reaction and thermal treatment at 900 ºC afforded the highest surface area (1094.3 m2 g–1) and 
the obtained catalyst showed better OER and ORR activity due to better charge transport of holes 
generated in doped carbon on rGO sheets.211  



30 

 

 

Fig. 21 Schematic illustration of synthetic steps of sandwich-like structured N-doped porous 
carbon@graphene (N-PC@G). Reproduced with permission from ref.211 Copyright 2016 
Elsevier. 

6. Carbon nitride based photocatalysts for hydrogen evolution 

Polymeric semiconductor materials such as polyaniline and polyparaphenylene212 have been used 
for hydrogen production even though they absorb UV light and the associated quantum 
efficiency is too low. In recent years, carbon nitride, the oldest reported synthetic organic 
polymer has re-emerged as a material of choice due to its specific chemical and physical 
properties such as a low band gap and a suitable band edge position for efficient water splitting, 
nontoxic nature, wide stability, easy synthesis and processability.87 In the world of 2D materials, 
carbon nitride is competing with graphene because of similar graphitic structure, high surface 
area, astonishing optical and chemical properties and ease of synthesis. Carbon nitride (C3N4) is 
a 2D polymeric semiconductor consisting of interconnected tri-s-triazines units via tertiary 
amines. Carbon nitride exists in several allotropic forms (C3N4, that is, α-C3N4, β-C3N4, cubic 
C3N4, pseudocubic C3N4, g-h-triazine, g-o-triazine, and g-h-heptazine) depending on the basic 
monomer unit and the pattern of linkage, which governs morphology and crystallinity and even 
photoactivity. Graphitic carbon nitride possessing a layered graphite-type structure is the most 
stable form. Graphitic carbon nitride (g-C3N4) is either composed of triazine (C3N3) units in 
which case it is amorphous and less stable or tri-s-triazine (heptazine, C6N7) units, which results 
in a crystalline and more stable compound (Fig. 22). Synthesis of carbon nitride from its 
precursor always affords carbon nitride with heptazine structure due to its higher stability. The 
continuous N-bridged tris-s-triazine ring structure gives rise to graphite type π-conjugated planar 
sheets. Due to the high degree of polymerization of tri-s-triazine units, g-C3N4 exhibits 
astonishing thermal stability (up to 600 °C) and chemical stability (stable in acid and base 
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media). Triazine units containing amorphous carbon nitride (gt-C3N4) can be synthesized by the 
reaction of cyanuric chloride and lithium nitride.213 214 Tri-s-triazine units containing carbon 
nitride frameworks can be isolated by polycondensation of nitrogen rich precursors such as urea, 
cyanamide, dicyandiamide, thiourea, formamide, melamine, CCl4/ethylene diamine, guanidine 
etc. Due to alternate repetition of carbon and nitrogen in carbon nitride, it has a medium band 
gap of 2.7 eV and absorbs in the blue region (420–450 nm) of visible light. The position of the 
conduction band at –1.1 V (vs NHE at pH 0) and valence band at +1.6 V (vs NHE at pH 0) 
makes it a suitable candidate for water splitting (Fig. 23).215, 216 51 

 

Fig. 22 Structure of graphitic carbon nitride based on (a) s-heptazine (gh-C3N4) and (b) s-triazine 
units (gt-C3N4). The s-heptazine network gh-C3N4 is about 30 kJ mol-1 more stable than gt-C3N4. 
Adapted with permission from ref.213 214. 
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Fig. 23 Band structure diagram of g-C3N4 showing positions of conduction and valence bands 
and relative oxidation and reduction potentials of water. 

Large scale production using urea provides the opportunity for the realization of catalyst for 
future use; however mass loss is more important than with other precursors although it can be 
limited by condensation in closed system or co-condensation in a cage of porous material such as 
silica.217, 218 Synthesis of carbon nitride materials from urea with high g-C3N4 yield and variable 
band gap can also be achieved using eutectic molten alkyl halide salts.219 The annealing 
temperature also controls the photoactivity of g-C3N4. Generally, most of the reports described 
the synthesis of carbon nitride at 550 ºC. However, a report by Papailias et al. showed the sample 
annealed at 450 ºC was more photoactive than samples annealed at 550 ºC for NO 
degradation.220 It is proposed that polycondensation at a controlled temperature produces 
nitrogen vacancy defects, which prevent intrinsic radiative decay of charges and populate with 
more available electrons and holes the conduction and valence bands, respectively.221 TiO2/C3N4 
composite, prepared at high calcination temperature (600 °C), was found to be optimal due to the 
creation of oxygen vacancies and Ti+3 defects, which promote Z scheme transition instead of 
direct transition.222 Besides annealing temperature, the annealing environment also influenced 
the photocatalytic performance of g-C3N4. g-C3N4 containing carbon vacancies and nanoholes, 
prepared by two step heating i) at 650 ºC under argon and ii) at 550 ºC under air, displayed high 
H2 evolution rate (5261 μmol h−1 g−1) with a quantum efficiency of 29.2 % at 400 nm.223 
Interestingly, the deliberate introduction of defects in carbon nitride sheets improved the 
photocatalytic performance. Niu et al. reported that rapid heating (5 min) carbon nitride at 650-
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700°C followed by fast cooling promoted defects in CN structure and the band gap was reduced 
to 2.17 eV which is low enough to absorb a large part of the visible spectrum.224  

Further, due to the band gap and presence of nitrogen-rich sites on carbon nitride, it can promote 
various oxidation and reduction reactions such as alkylation, oxidative coupling, hydrogenation 
(phenol to cyclohexanone), NO decomposition, oxygen reduction reaction (ORR), and CO2 
activation under metal-free conditions.225-230 The presence of various kinds of nitrogen 
(especially pyridinic) in g-C3N4 makes it more electron-rich and provides active sites to facilitate 
base promoted nucleophilic reactions like oxidation of alcohols to aldehydes by activating O2,231 
transesterification of keto-esters,232 and three component coupling (benzaldehyde, piperidine, 
and phenylacetylene) to propargylamine.233 It is important to note here that three component 
coupling reaction proceeds only in the presence of strong bases such as butyl-lithium, 
organomagnesium reagents, or lithium diisopropylamide. Although being a semiconductor, 
carbon nitride also suffers from the drawback of charge recombination and limited light 
absorption in lower wavelength region, which restricts its photoactivity. Further, due to a more 
reductive conduction band than the water reduction potential (0.00 V vs NHE at pH 0), g-C3N4 
showed excellent hydrogen evolution activity; in contrast, the valence band is relatively weakly 
oxidative, compared to the water oxidation potential (+1.23 eV), leading to low activity for 
oxygen evolution activity. Many efforts have been devoted to improve the performance of 
carbon nitride by adding various metals (Pd, Cu, Ru, Fe, Pt, Ni), and inorganic semiconductors 
(InVO4, Fe3O4, Cu2O, TiO2, NaNbO3, Mn0.8Cd0.2S, Bi2WO6, ZnO, WO3, ZnCr2O4, CoP, Co2P, 
CuCo2O4, Ni2P, WS2, BiPO4, MoS2, In2O3, CeO2, ZnS etc), graphene oxide, graphene, fullerene, 
carbon dots, organic polymers, metal complexes, metal free dyes etc.92, 215, 234-243 The composite 
materials of carbon nitride with semiconductors not only increase the photocatalytic efficiency 
by synergistic mechanism, but also improve the photostability. For example, AgPO4, an excellent 
oxygen evolving catalyst, suffers from the drawback of self-reduction to silver.244 Further, a 
positive conduction band edge comparative to the proton reduction potential and a tendency to 
make large particles make it inappropriate for hydrogen evolution. However, upon hybridization 
with g-C3N4, it becomes quite stable with better photoactivity due to the formation of 
heterojunctions and smaller particles. Yang et al. prepared a AgPO4 and carbon nitride hybrid 
(AgPO4/ECN400) by a two-step method using cyanuric acid and melamine as precursors of g-
C3N4 and subsequent growth of AgPO4 by reaction of Ag+ ions source and NaPO4.245 The 
synthesized AgPO4/ECN system was found to be very stable and exhibited excellent 
photocatalytic performance for rhodamine B (RhB) degradation and O2 evolution. Previously 
proposed mechanism suggesting a transfer of electrons from CB of g-C3N4 to CB of AgPO4 and 
holes from VB of AgPO4 to VB of g-C3N4 were not convincing, due unfavorable charge transfer 
and inability of accumulated holes in the VB of g-C3N4 to facilitate dye oxidation and O2 
evolution.246, 247 The negligible O2 yield and RhB degradation activity using pristine g-C3N4 are 
due to its inability to facilitate the water oxidation process. Dye degradation experiments by 
introducing benzoquinone (BZQ) (an O2

•- radical scavenger), tert-butyl alcohol (OH• scavenger) 
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and Na2-EDTA (direct hole scavenger) revealed that O2
•- was the dominant active species 

responsible for dye degradation. The investigation of reaction mechanism with the help of ESR 
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a trap agent showed the signals of DMPO–
OH• and DMPO–O2

•– adducts, which in turn indicate the generation of OH• and O2
•– radicals 

under visible light irradiation with increasing signal intensity during the duration of irradiation. 
Interestingly, for AgPO4 and ECN400 in the presence of AgNO3, the signals from DMPO–OH• 
disappeared after irradiation due to generation of OH• radical and the intensity of signal increased 
during irradiation time, suggesting that fewer OH• radicals were generated at an earlier stage; the 
absence of ESR signal in the dark demonstrated that the presence of light is crucial. Additionally, 
signals of DMPO–O2

•– adducts were observed in pristine AgPO4, ECN400 and AgPO4/ECN400 
hybrid confirming the generation of superoxide radical (Fig. 24). On the basis of these results, a 
Z scheme mechanism was proposed for higher photocatalytic performance. Initially, under 
visible light irradiation, electrons generated in CB of carbon nitride are transferred to the CB of 
AgPO4. These electrons reduce Ag+ to Ag and the system turns into a three phase 

Ag3PO4/Ag/ECN system. Subsequently, electrons generated in the conduction band of AgPO4 
and holes generated in the valence band of carbon nitride recombined at the Ag interface, 
resulting in electrons in the conduction band of g-C3N4 (ECN400) and holes in the valence band 
of AgPO4 (Fig. 25). The electrons in the CB of ECN400 can reduce O2 to O2

•- radical which is 
transformed in to •OH radical after the abstraction of a proton from water, while holes in VB of 
AgPO4 were utilized for direct oxidation of RhB and water. The proposed Z scheme was further 
supported in follow up studies.248 
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Fig. 24 ESR spectra of radical adducts trapped by DMPO in (a) aqueous dispersion of Ag3PO4, 
(b) aqueous dispersion of ECN400, (c) Ag3PO4 and ECN400 in the presence or absence of 
AgNO3, and (d) ECN, Ag3PO4, and ECN400 methanol dispersions. Reprinted with permission 
from ref. 245 Copyright 2015 Wiley-VCH. 
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Fig. 25 Schematic for the energy-level diagram of (a) Ag3PO4, (b) ECN, c) conventional 
mechanism, and d) proposed Z-scheme mechanism for charge transfer. The band-gap values of 
Ag3PO4 and ECN were estimated to be 2.45 and 2.70 eV, respectively. The EVB of Ag3PO4 and 
ECN were calculated to be 2.90 and 1.53 eV vs NHE, respectively, whereas their 
corresponding ECB were 0.45 and −1.17 eV vs. NHE, respectively. Reproduced with permission 
from ref. 245 Copyright 2015 Wiley-VCH. 

7. Doped-carbon nitride for photocatalysis 

Doping of carbon nitride with heteroatoms is appealing because heteroatoms can influence 
charge density on sheets, which affects visible light absorption properties. Among various 
possible doping agents, ionic liquids having a heteroatom counter ion are considered the best 
candidates for the doping of carbon nitride because of high boiling points, negligible vapor 
pressure and high stability (up to 400 ºC) so that they can participate in C–N condensation step 
during polymerization. Phosphorous doping is appealing because replacement of C in C3N4 
sheets with electron rich P atom will lead to the addition of a lone pair of electrons in the sheet’s 
π conjugated system (Fig. 26). Zhang et al. have synthesized phosphorus-doped carbon nitride by 
heating dicyandiamide and BmimPF6 (1-butyl-3-methylimidazolium hexafluorophosphate) 
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precursor.249 31P NMR analysis of the developed materials indicated that some of the carbon 
atoms were replaced by P atoms. Additionally, XPS analysis revealed 3.8 at% of phosphorus in 
P-doped carbon nitride. Due to P doping, the band gap of P-doped C3N4 was reduced down to 
1.60 eV, so that it can absorb almost in the whole visible spectrum. The band gap value of 
materials strongly depends on the amount of P doping and can be tuned by controlling the 
precursor concentration. It is important to note here that the precursor of the doping material 
should be stable and participate in the polycondensation step. For example, P-doped carbon 
nitride can also be synthesized using relatively inexpensive hexachlorotriphosphazene  (NPCl2)3 
as a source of phosphorus and guanidinium hydrochloride (GndCl) as a precursor for C3N4 
framework.250 The synthesized catalyst showed better performance for the visible light promoted 
hydrogen evolution in the presence of Pt co-catalyst and triethanolamine as a sacrificial donor. 
The P-doped C3N4 synthesized using 10 wt % of hexachlorotriphosphazene at 550 ºC (P10-550) 
afforded the highest rate of hydrogen evolution (50.6 µmol h-1), which was 2.9 fold higher than 
that of the pure g-C3N4. Similarly, P-doped nanotubular structure was prepared using melamine 
and sodium pyrophosphate (phosphorous atom source) followed by heating at 500 °C and then 
used for hydrogen production from water splitting.251 The activity of the doped catalyst can be 
further improved by adding metal nanoparticles like nickel nanoparticles. Indeed, it has been 
demonstrated that P-doped carbon nitride decorated with Ni nanoparticles (Ni@g-PC3N4) 
displayed better photoactivity than P-doped C3N4 for visible light driven reduction of nitro 
compounds.252 P-doped C3N4 was synthesized by using BmimPF6 as a phosphorus source and 
dicyandiamide as a source of heptazine framework source 249; Ni@g-PC3N4 was prepared by 
introducing specific wt% of Ni nanoparticles in dicyandiamide and BmimPF6 precursors 
followed by heating at 550 ºC. 5 wt % loading of Ni nanoparticles was found to be optimum to 
achieve complete transformation of nitroaromatics to anilines within 8 h of visible light 
irradiation.  
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Fig. 26 Chemical structure of P-doped C3N4 showing Lewis acid and Lewis base sites created by 
P doping and –NH2 group present on periphery. The pyridinic nitrogen due to presence of lone 
pairs also provides basic sites. Reproduced with permission from ref.250 Copyright 2015 Royal 
Society of Chemistry. The structure on the right side depicts the electron transfer from P atom to 
π-conjugated network responsible of band gap reduction of P-doped C3N4.  

Similar to P-doping, boron and fluorine co-doped mesoporous carbon nitride (CNBF) was 
synthesized by thermal polymerization of dicyandiamide and 1-butyl-3-methylimidazolium 
tetrafluoroborate (BmimBF4) in which BmimBF4 itself serves as a source of B and F but also as a 
soft template for improving the surface area.253 The CNBF catalyst promotes selective 
transformation of cyclohexane to cyclohexanone under thermal and oxidative conditions. 
Although boron doping of carbon nitride gave good results for organic transformation, these 
structures were found to be inactive for water splitting. This has been assigned to the detrimental 
effect of dopant debris, which behave as deep trap-sites and can also unfavorably distort the 
electronic structure. However, careful selection of dopant precursor can overcome this problem. 
For instance, B-modified g-C3N4 synthesized by thermal annealing of low cost urea and Ph4BNa 
exhibited good hydrogen activity for hydrogen evolution reaction.254 Boron acts as a Lewis acid, 
while nitrogen atoms on sheets work as intrinsic Lewis base sites which generate frustrated 
Lewis pairs and favor the fast splitting of light-generated excitons.255 So, these Lewis pairs on 
sheets facilitate the formation of hydrogen adatom centers on the acid-base sites, which promote 
surface activity of the catalyst.256 Apart from BmimBF4, ammoniotrihydroborate (BNH6) and 
boric acid B(OH)3 have also been used as the boron source for the synthesis of B-doped carbon 
nitride.257, 258 Nitrogen-doped carbon nitride was also prepared by using EMIM-dca (1-ethyl-3-
methylimidazolium dicyanamide) and 3-MBP-dca (3-methyl-1-butylpyridine) ionic liquids.259 
The carbon to nitrogen ratio of g-C3N4 is 3:4 and the main challenge is to increase the nitrogen 
content, which may potentially reduce the band gap. To achieve this goal, Vinu et al. prepared a 
new nitrogen-rich carbon nitride (MCN-8) having a C3N5 stoichiometry by using 3-amino-1,2,4-
triazole as a source of nitrogen (Fig. 27). Due to N-doping, the band gap of carbon nitride was 
reduced to 2.2 eV and the surface area was increased up to 296.7 m2 g-1.260 The obtained catalyst 
was able to split water into hydrogen at a significant rate (801 µmol of H2 under visible-light 
irradiation for 3 h) without use of any external dopant. Further, carbon nitride polymer with high 
N stoichiometric ratio (C3N6) containing diaminotetrazine unit has been reported by the same 
group for improved water splitting.261 
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Fig. 27 (A) Carbon K-edge and nitrogen K-edge NEXAFS spectra of (a) MCN-8 and (b) g-
C3N4 (inset: proposed molecular structure). (B) High-resolution XPS of MCN-8 in C1s and N1s 
regions. Reproduced with permission from ref. 260 Copyright 2017 Wiley-VCH. 

Instead of the addition of expensive dopants, some cheap nitrogen and heteroatom precursors can 
provide doping element in polycondensation step. For example, fluorine-doped carbon nitride 
(CNF) can be synthesized by using NH4F and dicyandiamide precursors (Fig. 28).262 XPS and 
19F solid state NMR analysis confirmed doping of fluorine (∼3 at.%) and theoretical calculation 
showed that the fluorine atom was attached to carbon atom in out of plane fashion.  The 
attachment of F atom to corner and bay carbon atoms shifts the LUMO and HOMO positions and 
modifies the redox properties in such a way as to promote heterogeneous photocatalysis (Fig. 
29). The band gap value of CNF was determined to be 2.63 eV and the hydrogen evolution rate 
of CNF catalyst using Pt as a co-catalyst from water/triethanolamine mixture under visible light 
(λ> 420 nm) was 2.7 times higher than that of unmodified g-C3N4. A recent study demonstrated 
that the hydrothermal treatment of g-C3N4 with dilute HF does not lead to F doping. However, 
structural distortion was induced in CN framework, which creates delocalized electronic states 
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that affect the charge distribution pattern on CN sheets. Due to this distortion, the positions of 
CB and VB were shifted toward negative potentials, which facilitate better hydrogen 
evolution.263 

 

Fig. 28 Synthetic outline of F-doped carbon nitride (CNF) showing out of plane F atom attached 
to corner C atom. Reproduced and redrawn with permission from ref.262 Copyright 2010 
American Chemical Society. 
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Fig. 29 The atomic orbital diagram of the frontier molecular orbitals and optimized geometry of 
C3N4 and F-doped C3N4 (CNF) having F atom attached in out of plane fashion on corner carbon 
(CN-F1) and bay carbon (CN-F2). The CN-F2 has higher energy and displays more prominent 
band shifting. (Reproduced with permission from ref.262 Copyright 2010 American Chemical 
Society. 

Carbon-rich carbon nitride polymer was also synthesized using a hydrothermal route by heating 
melamine and glucose. The –CHO, and C–OH groups of glucose react with melamine to give a 
more conjugated carbon extended network. Due to the presence of a more conjugated network, 
the electrical conductivity and visible light absorption capacity were enhanced (Fig. 30).264 Post 
calcination doping with carbon using glucose has also been reported for hydrogen evolution (H2 
production rate of 40.37 µmol h-1).265 In another work, Chei et al. demonstrated that introduction 
of a carbon ring in between C3N4 framework (Cring)−C3N4 improved electron-hole pair 
separation due to an extended π network along with better visible light absorption to achieve 
high photocatalytic rate of hydrogen production (371 μmol g−1 h−1).266 Similar to the carbon ring 
introduction in the carbon nitride framework, melamine was also introduced in CN sheets by 
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thermal annealing at high temperature, resulting in the removal of some nitrogen and formation 
of conjugated topological carbon nitride (TCN) with a more extended conjugated network.267  In 
order to exploit the band gap reduction via P doping and better charge mobility due to an 
extended π-conjugated network, C- and P-co-doped carbon nitride (CNPCN-1*) was synthesized 
using phytic acid as sole source of C and P.268 The resulting material exhibited a much higher 
yield for hydrogen generation in photocatalytic experiments (1493.3 μmol g−1 h−1) which is ca. 
9.7 times higher than the performance of unmodified g-C3N4. Carbon nitride modified by other 
heteroatoms i.e. sulfur, have also been reported for electrocatalytic and photocatalytic water 
oxidation.269 

 

Fig. 30 Schematic illustration of polymerization process of melamine (MA) and glucose in a 
water solution to carbon-rich C3N4. Reproduced and redrawn with permission from ref.264 
Copyright 2015 Royal Society of Chemistry. 

Apart from doping via replacement of carbon or covalent functionalization, strong intercalation 
of chlorine in the carbon nitride framework was found to result in a better photocatalytic 
efficiency for hydrogen evolution (Fig. 31). Chlorine intercalated g-C3N4 can be easily prepared 
by thermal treatment of melamine and ammonium chloride. Mott-Schottky curves revealed that 
the presence of chlorine upshifted the positions of CB and VB. The electronic charge density plot 
showed that charge density was concentrated on the Cl atom, implying intercalation of Cl, which 
extends the local 2D π-conjugated system of g-C3N4 into three dimensions and facilitates charge 
separation (Fig. 32). The obtained Cl-modified g-C3N4 photocatalyst displayed 19.2 times more 
yield of H2 than pristine g-C3N4, and an apparent quantum efficiency of 11.9% at 420±15 nm.270 
By analogy Br-modified g-C3N4 exhibited several-fold increment in hydrogen production.271, 272  



43 

 

 

Fig. 31 High resolution XPS of Cl-doped g-C3N4 (a) in Cl2p region; inset shows the survey scan, 
(b) HR-XPS of g-C3N4 and Cl-doped g-C3N4 in C1s region, and (c) N1s region, (d) Crystal 
structure of pristine g-C3N4 and Cl-doped g-C3N4. Reproduced with permission from ref.270 
Copyright 2017 Elsevier. 

 

Fig. 32 Sketch of visible light-assisted charge transfer and photocatalytic mechanism of Cl 
intercalated g-C3N4. (Reproduced with permission from ref.270 Copyright 2017 Elsevier. 

8. Surface area modification of carbon nitrides for improved hydrogen 

evolution 

Apart from doping, surface area and morphological manipulation have been established to 
improve better adsorption of reactants, making more active sites available for the reaction, 
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enabling the collection of more light and increasing the resulting photoresponse. The surface area 
of carbon nitride materials can be increased by use of appropriate monomers and their reaction in 
planned conditions or by templating materials. Organic materials (especially surfactants such as 
P123, Triton-X, CTAB etc) were investigated for soft templating, while inorganic silica was used 
as a hard templating material to achieve high surface area.273-276 For example, mesoporous 
carbon nitride structure prepared by sol-gel method showed, upon removal of the silica template 
by HF, improved surface area and photoactivity for water splitting. High surface area carbon 
nitride prepared by tetraethyl orthosilicate and cyanamide (TEOS:CN) precursor in 1:6 ratio was 
found to give the best results (40.5 mL H2 in 24 h) under visible light using H2O/TEOA (9 :1) 
mixture and Pt co-catalyst.277 In the soft template method of surface area improvement, the 
generated pores have nonspecific geometry and may collapse during the heating step, which 
reduces the surface area. Use of ordered mesoporous silica structure as a hard template is 
advantageous because in addition to an increase in surface area, the mesoporous geometry 
remains intact after the removal of silica. The Vinu group has done pioneering work on ordered 
mesoporous carbon nitride synthesis by using SBA-15 as a template.232 Numerous morphological 
modifications in the structure of carbon nitride have been achieved by this approach (spherical, 
hollow spherical, tubes, 3D structure etc) by using ordered silica sources i.e. KIT-6, KCC and 
MCM-41.275, 278, 279 The surface properties like surface area of carbon nitride materials can be 
further improved by using two or more carbon nitride sources. Xu et al. synthesized nanoporous 
graphitic carbon nitride having 3.4 times higher surface area (46.4 m2 g−1) by heating 
dicyandiamide and thiourea at a programmed temperature.273 In this synthesis, thiourea served as 
a source of heptazine ring skeleton along with dicyandiamide and also acted as a soft template. 
Further, heating of specific hydrogen bonded precursors can help in attaining a specific 
morphology and crystallinity. Melamine and cyanuric acid form hydrogen bonded 
macromolecular structure in DMSO and after precipitation give rise to flower like spheres, which 
upon annealing yield carbon nitride hollow spheres. These hollow spheres displayed better 
absorption and lifetime with small broadening of the band gap. However, the morphology of 
these spheres was distorted due to evolution of ammonia during the polycondensation step.280 In 
contrast, microwave thermolysis of melamine/cyanuric acid hydrogen bonded supramolecular 
conjugate produced more crystalline, defect-free hollow microspheres. The hydrogen evolution 
test in the presence of triethanolamine (TEOA) and Pt cocatalyst (5 wt%) gave 40.5 µmol h–1, 
being two-fold higher than g-C3N4 (Fig. 33).281 Co-polycondensation of urea and oxamide 
produced g-C3N4 nanotubes (CN–OA). The CN–OA exhibited optical absorption above 465 nm 
due to n→π* transition of lone pairs of nitrogen present on the edge of heptazine units. The 
apparent quantum yield (AQY) of CN-OA-0.05 for H2 evolution with a green LED (> 525 nm) 
achieved 1.3%, which is approximately 10 times higher than bulk g-C3N4. Several 
nanostructured morphologies have been recently prepared by utilizing the melamine/cyanuric 
acid macromolecular structure under various conditions.282 For example, Zhu et al. described the 
synthesis of hollow mesoporous g-C3N4 mesospheres from melamine cyanuric acid conjugates 
for water splitting.283 The alteration of monomeric units also accompanied several morphological 
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transformations i.e 1,3,5-trichlorotriazine and dicyandiamide after hydrothermal treatment and 
thermal annealing gave spherical O-doped C3N4 photocatalyst.284 The addition of sulfur powder 
(S8) was also found to promote the synthesis of hollow vesicle shaped nanoparticles.285 Further, 
microwave promoted synthesis of various morphologically modified g-C3N4 assemblies are 
gaining popularity due to fast reaction and efficient yield of products along with preservation of 
structure. Defected holy g-C3N4 sheets were prepared by microwave thermolysis of 
hydrothermally digested dicyandiamide precursor for solar light mediated hydrogen evolution 
(81.6 μmol h-1).286 

 

 

Fig. 33 Step 1. General outline of the synthesis of hydrogen bonded melamine-cyanuric acid 
macromolecular structure in DMSO, Step 2. Thermal and microwave annealing of 
macromolecular structure to hollow spheres. Upside SEM image of C3N4 hollow microspheres 
(a) as-synthesized and by thermal treatment at (b) 350°C, (c) 400°C, (d) 450°C, (e) 500°C, and 
(f) 550°C (Reproduce with permission from ref.280 Copyright 2013 Wiley-VCH). Low side (a), 
(b) SEM images of CN540 and CN16; (c), (d) TEM images of CN540 and CN16. The notation 
CN540 represents microspheres prepared by thermal treatment of macromolecular structure at 
540 ºC for 4 h and CN16 stands for microspheres prepared by microwave treatment for 16 min. 
(Reproduced with permission from ref.281 Copyright 2016 Wiley-VCH). 

9. Carbon nitride sheets as photocatalysts 

The synthesis of carbon nitride through polycondensation of organic nitrogen containing 
precursors afforded bulk agglomerated structures similar to graphite; bulk graphitic carbon 
nitride possesses a layered structure in which tris-s-triazine units are connected to each other via 
planar amino groups in each layer. Therefore, bulk C3N4 can be delaminated into 2D sheets 
which have unique surface and photocatalytic properties. However, studies showed that similar 
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to the isolation of GO from graphite by Hummer’s method, the synthesis of carbon nitride sheets 
was difficult because of strong covalent C–N linkage between entangled sheets and hydrogen-
bonding between strands of polymeric melon units with NH/NH2 groups bonds.287 Attempts to 
synthesis of carbon nitride sheets by Hummer’s methods resulted in the formation of g-
C3N4 particles instead of nanosheets.288 However, other “top-down” approaches such as thermal 
oxidation, etching, solvent exfoliation and precursor processing have worked well. Among them 
solvent mediated exfoliation is appealing due to its low cost, ease of processing, and the fact that 
chemical structure remained unaltered during the detachment of the sheets. In solvent 
exfoliation, the solvent is intercalated between the sheets and induces their detachment (Fig. 34). 
For example, Yang et al. synthesized 2 nm thick g-C3N4 nanosheets with a high surface area 
(384 m2 g−1), large aspect ratio and plenty of nitrogen sites, by exfoliation of bulk carbon nitride 
in isopropanol.99 The 2D sheets exhibited an exceptional hydrogen evolution rate (93 μmol h–1), 
which was much higher than that of bulk g-C3N4 (10 μmol h−1). Similarly, Ou et al. also reported 
the synthesis of crystalline carbon nitride nanosheets (CCNNSs) by delamination of bulk carbon 
nitride materials using isopropanol.104 The obtained nanosheet structure was composed of 
approximately 10-12 sheets and exhibited an apparent quantum efficiency of 8.57% at 420 nm 
for hydrogen production from aqueous methanol, which was the highest AQE among various 
carbon nitride sheets. Other solvents such as water,289 NMP, ethanol, 1,3-butanediol290 etc were 
also used for producing thin carbon nitride nanosheets. In the “bottom-up” approach, precursor 
materials generate few layered thick carbon nitride. For example, the use of Ph4BNa with 
dicyandiamide affords sheets having an average thickness of 3.6 nm.254 Monolayer carbon nitride 
sheets were also isolated using concentrated H2SO4 as the intercalation agent, followed by 
ultrasonication; the obtained material showed better light absorption behavior and hydrogen 
evolution activity.100 Liquid ammonia (LA)-assisted lithiation, which involves the intercalation 
of lithium ions between g-C3N4 sheets is a very fast exfoliation method (takes about 30 min).291 
Recently, use of a few ring containing aromatic molecules bearing polar group i.e. 1-
pyrenebutyrate has been introduced for exfoliation as well non-covalent surface modification. 
The π-π stacking between the aromatic molecule and carbon nitride conjugated system helps in 
achieving better interactions between the molecule and sheets, while the polar moiety helps in 
the delamination of sheets in a polar solvent. Due to non-covalent interactions, the optoelectronic 
and surface properties of sheets remained intact.292 
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Fig. 34 Schematic illustration of solvent-assisted exfoliation of bulk g-C3N4 to ultrathin 
nanosheets. Adapted with permission from Ref.289. 

Instead of the detachment of sheets, the synthesis of sheets from precursors and heteroatom 
additives is a more promising approach due to avoidance of hazardous solvents and tedious 
workup. The heteroatom additives act as soft templates to drive 2D morphology. For example, 
heating of melamine with KCl produces carbon nitride nanosheets (1.5–10 nm) in a way 
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compatible with green chemistry.293 Furthermore, due to the presence of K+ ions in the lattice 
structure, the process of charge recombination was decreased. The prepared nanosheets (K10-g-
C3N4) gave a hydrogen evolution rate of 102.8 µmol h–1, about 13 times higher than a pristine g-
C3N4 sample. The presence of variable thicknesses of sheets of different band gaps (depending 
on thickness) creates numerous heterojunctions in the material and photogenerated electrons 
move from high band gap sheets to low band gap sheets, which facilitates better charge 
separation (Fig. 35). 

 

Fig. 35 Plausible mechanism of electron transfer between K-g-C3N4 nanosheets having different 
thicknesses and band structures. Adapted with permission from Ref. 293. 

 In a similar way, potassium borohydride was also investigated for the synthesis of C3N4 sheets 
with a thickness of ~1.5 nm (Fig. 36).294 Ammonium chloride seems to be a better alternative for 
achieving carbon nitride sheets (~3.1 nm), because the fast annealing step creates gaseous 
bubbles, which behave like a gas template and produce ultrathin sheets without the additional 
step of removal of counter ions.295 The fluorescence decay time measurement indicated that the 
lifetime of charge excited species of nanosheets was increased due to the quantum confinement 
effect. The catalyst exhibited an average hydrogen evolution rate of 450 µmol h-1 under 300 W 
Xe lamp using a water/triethanolamine mixture.  
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Fig. 36 Pictorial representation of the synthesis of bulk and ultrathin nanosheets of g-C3N4. 
Reproduced with permission from ref.295 Copyright 2014 Royal Society of Chemistry. 

Hybridization of carbon nitride nanosheets with metals or semiconductors has been found to 
enhance photoactivity. For instance, the nanocomposite of g-C3N4 and hexagonal CuS 
demonstrated a hydrogen evolution rate of 126.5 μmol h−1 that was much better than pure g-C3N4 
nanosheets.296 The hybridization of nanosheets with bulk materials also lead to efficient and fast 
charge separation due to the formation of variable band gap nanojunctions.297 Near-infrared 
femtosecond transient absorption (TA) spectroscopy revealed that carbon nitride nanosheets can 
extract photogenerated electrons on bulk carbon nitride at a much faster rate than g-C3N4 alone. 
A 10% mass loading of g-C3N4 nanosheets on bulk carbon nitride materials exhibited the double 
hydrogen evolution rate.298 A hybrid of B-doped carbon nitride nanolayer with bulk CN 
materials (s-BCN) led to enhancement of the photoelectrochemical response due to efficient 
charge separation between B-doped nanosheets and bulk g-C3N4. The fabricated nanojunction 
photoanode displayed 103.2 mA cm-2 at 1.23 V vs. RHE, a 10-fold higher photocurrent than bulk 
graphitic carbon nitride (G-CN) photoanode, with an incident photon-to-current efficiency 
(IPCE) of 10% at 400 nm.299 Apart from this, sensitization of C3N4 nanosheets with organic dyes 
such as Erythrosin B (ErB)300 achieved enhanced photocatalytic hydrogen evolution.  

10. Metal complex functionalized carbon nitride 

Immobilization of homogeneous metal complexes on carbon nitride improves the photocatalytic 
performance. Due to structural similarity of carbon nitride sheets with graphene sheets, metal 
complexes can be immobilized to C3N4 sheets by noncovalent interactions (π-π or ionic 
interactions). For example, magnesium phthalocyanine was immobilized on the surface of 
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mesoporous carbon nitride sheets by π-π stacking to improve the visible light response by 
sensitization (Fig. 37). The obtained 0.05 wt% MgPc/mpg-C3N4 nanohybrid catalyst afforded 
0.07 % quantum efficiency for hydrogen evolution at 660 nm in the presence of platinum as a co-
catalyst (3 wt % Pt) and triethanolamine as the sacrificial donor.301  

 

Fig. 37 Chemical structure of MgPc and carbon nitride and immobilization of MgPc on mpg-
C3N4 through π-π interaction. Adapted with permission from ref.301. 

Similarly, asymmetric zinc phthalocyanine (Zn-tri-PcNc) immobilized on g-C3N4 behaved as a 
photosensitizer to produce hydrogen with an efficiency of 125.2 μmol h–1.302 In another report, 
Kumar et al. immobilized iron bipyridyl complex (Fe(bpy)3) on npg-C3N4 by taking advantage of 
π-π interaction, and employed Fe(bpy)3/npg-C3N4 as an  efficient photocatalyst for visible light 
mediated oxidative coupling of amines to imines under 20 W LED light (Fig. 38).303 The higher 
photocatalytic performance was assumed to be due to better injection of photogenerated 
electrons from the metal complex to the conduction band of carbon nitride. However, the 
attachment of metal complex on carbon nitride sheets by π-π interaction is weak and prone to 
leaching in solution phase, during photocatalytic experiments. 
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Fig. 38 TEM and HR-TEM images of npg-C3N4 and Fe(bpy)3/npg-C3N4, showing porous (a) (b), 
and crumpled (c) (d) structures; (e), (f) fringe patterns and 2d spacing. Reproduced with 
permission from ref.303 Copyright 2016 Royal Society of Chemistry. 

The presence of nitrogen atoms on carbon nitride sheets creates an unequal charge distribution 
on carbon nitride sheets and provides the opportunity for ionic interactions. In order to 
strengthen the attachment of metal complexes to carbon nitride sheets, Kuriki et al. 
functionalized C3N4 sheets with a ruthenium complex, (trans(Cl)-[Ru(bpyX2)(CO)2Cl2]; X= 

PO3H2), bearing phosphoric groups by anionic interaction. The resulting material gave a turnover 
number greater than 1000 and an apparent quantum yield of 5.7 % at 400 nm for the reduction of 
CO2 into formic acid (Fig. 39a).304 It is worthwhile to mention here that the LUMO of trans(Cl)-
[Ru(bpyX2)(CO)2Cl2] type complex is situated below the conduction band of carbon nitride such 
that electrons can easily flow from carbon nitride to the metal complex, which subsequently 
produces CO, H2 or HCOOH by CO2 or proton insertion steps (Fig. 39b). Chain length also 
influences the efficiency of charge transfer between carbon nitride and metal complex i.e. long 
chain length has a detrimental effect on photocatalytic performance. For example, the metal 
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complexes attached with phosphoric group having additional carbon in the chain showed lower 
photocatalytic performance, due to inefficient charge transfer through a long chain. By following 
a similar approach, ruthenium binuclear complex was also immobilized over the surface of g-
C3N4 to achieve visible light assisted CO2 reduction.305 Porphyrin possessing four carboxylic 
moieties (mTCPP) was also immobilized on g-C3N4 by ionic interaction for solar light induced 
water splitting.306 

 

 

Fig. 39 (a) Structures of various Ru complexes used for attachment on C3N4 (b) Mechanism of 
CO2 reduction by using a Ru complex/C3N4 hybrid photocatalyst. Reproduced with permission 
from ref.304 Copyright 2015 Wiley-VCH. 

 

To overcome the disadvantages of leaching and lower loading, covalent immobilization of 
homogeneous complexes has been envisaged as a viable solution to the problem. However, due 
to higher stability, carbon nitride sheets are supposed to be immune to functionalization and only 
a few reports are available on covalent functionalization of carbon nitride. Despite its chemically 
inert nature, harsh conditions can introduce some –OH functionalities in the sheets. Dong et al. 
prepared –OH functionalized graphitic C3N4 (O-g-C3N4) by thermal treatment with H2O2.307 The 
introduction of –OH not only generated the possibility for further functionalization, but also 
reduced the band gap from 2.72 to 2.69 eV. Recent reports demonstrated that the amino group 
present at the edge of g-C3N4 sheets (g-C3N4-xCN) can be transformed into nitrile (–CN) moiety 
by treatment with NaSCN and acetonitrile under photoinduced conditions, leading to reduced 
band gap of carbon nitride down to 2.29 eV.308 In another approach, –CN terminated P-doped  g-
C3N4 was prepared by treatment of g-C3N4 with NaH2PO2 at elevated temperatures, which 
facilitated the doping of P atoms and also reduced the -C-NH2 moiety to –CN.309 The decoration 
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of various functional groups on the g-C3N4 structure can be cultivated to achieve stable 
molecular catalyst loading. Kumar et al. were able to achieve strong attachment of heteroleptic 
iridium complex onto –OH functionalized nanoporous carbon nitride due to ionic interaction 
between negatively charged –OH functionalized sheets and positively charged iridium metal 
complex (Fig. 40).310 The synthesized nanoporous graphitic carbon nitride supported iridium 
complex (npg-C3N4/Ir-T) exhibited excellent activity for CO2 photoreduction to methanol (9934 
µmol g-1cat; TON 1241 with respect to Ir). The band gap value obtained from Tauc plot and 
cyclic voltammetry suggested that due to attachment of the iridium complex, the band gap was 
reduced to 2.24 eV. The conduction band position of npg-C3N4/Ir-T was found to be at –0.54 V 
vs NHE being more positive than the reduction potential of formic acid (CO2/HCOOH = –0.61 
V) and comparable to CO (CO2/CO = –0.53 V) and HCHO (CO2/HCHO = –0.48 V), which ruled 
out their formation and methanol was selectively produced due to the large potential difference 
(CO2/CH3OH = –0.38 V) (Fig. 41). The –OH functionalized C3N4 (O-C3N4) also provides sites 
for further covalent functionalization i.e. the –OH groups in O-C3N4 were converted to alkyne 
functionalities by treatment with thionyl chloride and propargyl alcohol, and subsequently cobalt 
complex bearing azide group was attached via click reaction (Co@npg-C3N4) (Fig. 42).311  

 

Fig. 40 High resolution XPS of npg-C3N4/Ir-T, a) C1s, b) N1s, c) O1s and d) Ir4f region. 
Reproduced with permission from ref.310 Copyright 2017 Elsevier. 
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Fig. 41 Plausible mechanism of CO2 photoreduction to methanol on npg-C3N4/Ir-T. Reproduced 
with permission from ref.310 Copyright 2017 Elsevier. 
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Fig. 42 Covalent functionalization of carbon nitride with cobalt complex via [3+2] azide−alkyne 
cycloaddition “click” reaction to give Co@npg-C3N4 photocatalyst. Reproduced with permission 
from ref.311 Copyright 2017 Wiley-VCH. 

In addition to the aforementioned approaches, hydrogen bonding was also considered to achieve 
robust binding between dye molecules and carbon nitride framework. Viologen, an organic dye 
molecule, which behave as an excellent redox mediator due to low reduction potential and the 
ability to form a stable radical cation (V+•) which is easily reoxidized to a dication (V2+), was 
immobilized on g-C3N4 by taking advantage of hydrogen bonding.312 The viologen modified 
carbon nitride composite showed increased hydrogen evolution rate (41.57 μmol h−1) due 
efficient transfer of photogenerated electrons from carbon nitride to Pt cocatalyst.  

11. New carbon nitride materials by alteration of basic framework 

Although tremendous work has been performed to improve the physical, morphological and 
surface properties of carbon nitride based materials to achieve higher photoresponsivity, 
chemical modification of the basic construction unit (s-heptazine or tri-s-triazine) is less explored 
and is still in its infancy. Figure 43 display various chemicals and constructing units can be used 
for the synthesis of g-C3N4 framework. The alteration of the basic framework of carbon nitride 
provides the opportunity to achieve entirely new physical and chemical properties and can be 
tuned by controlling the nature of chemical modification. Melon, a s-heptazine unit containing 
oligomer (8–10), was known long back when Berzelius synthesized it and Liebig named it.313 
The thermodynamic stability of melon is higher than that of g-C3N4, and a misconception 
identified it as g-C3N4, because its XRD pattern gives a pseudo-graphitic peak even though it 
does not have a sheet-like planar structure. Melem, 2,5,8-trihydrazino-s-heptazine, has been 
considered as the smallest free unit of carbon nitride polymer and can be prepared easily by 
heating melamine at 400–425 ºC.314 Studies revealed that even a single unit of melem can act as 
photocatalyst.315 DFT calculations suggested that the hydrogen bonded heptazine-water unit can 
generate a molecular excited-state, which promotes hemolytic oxidation of water via an 
electron/proton transfer from water to heptazine unit. The produced heptazinyl radical produces 
hydrogen by detachment of proton either by absorbing a second photon or by recombination of 
two heptazinyl radicals and regenerating two heptazine molecules.316 Furthermore, a hybrid of 
melem and g-C3N4 (melem/g-C3N4), prepared by hydrothermal method, revealed that the 
presence of melem on carbon nitride framework increases the visible light mediated dye 
degradation capability by lowering the electron-hole pair recombination rate.317 The amino 
functionalities in melem can be transformed into other groups such as –Cl, –OH, –N3, –O–K+, –
NH–NH2, –N3, –N=PPh3 etc.318 319 
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Fig. 43 Basic structure of some carbon nitride precursors and their relevant molecular structures. 

Strategic modification of monomer units can afford a carbon nitride framework with different 
properties. Introduction of new organic unit in a carbon nitride heptazine framework can modify 
the band gap structure. For example, when electron deficient pyromellitic dianhydride (PMDA) 
unit was introduced in the carbon nitride framework by the reaction of PMDA and melem (1:1 
wt ratio) at 325 ºC, a new polyimide polymer was obtained (Fig. 44). The distinct feature of the 
new polyimide polymer from parent carbon nitride was confirmed by XPS, 13C NMR, TEM, 
XRD etc. which confirmed the well-established synthesis of polymeric structure. The band gap 
of the polyimide polymer was found to be 2.8 eV, which was wide enough to maintain the 
criterion of a large band gap. Further, due to insertion of PMDA unit, the conduction band 
position of C3N4 was shifted from –1.44 V to –0.70 V (vs Ag/AgCl at pH = 6.6), while the 
valence band was became more oxidative shifting from 1.26 to 2.10 V, clearly revealing the 
better potential of the catalyst to oxidize water. Due to shifting of band positions, the rate of 
hydrogen evolution was increased up to 20.6 μmol h−1 in comparison to pristine g-C3N4 (7.0 
μmol h−1), while a drastic increment of oxygen evolution of 7.7 μmol h−1 for PI polymer and 0.8 
μmol h−1 for g-C3N4 was achieved due to more positive oxidation potential (Fig. 45).320  
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Fig. 44 Synthetic scheme of PI polymer by solid state thermal poly-condensation of melem and 
PMDA. Adapted with permission from ref.320. 

 

Fig. 45 Sketch of band structure of g-C3N4 and polyimide polymer depicting the shifting of band 
position of carbon nitride by introducing PMDA units. Adapted with permission from ref.320. 

The less oxidative valence band of g-C3N4 limits its application in numerous oxidation processes 
such as photocatalytic H2O2 synthesis from H2O and O2. The prime requirement for visible light 
photocatalytic H2O2 production from water oxidation is that the valence band edge should be 
more positive, while the band gap should be low enough to obtain adequate absorption in the 
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visible regime. Polyimide offers the possibility of modification of band gap and band edge 
position by varying the concentration of monomer units during synthesis. Shiraishi et al. 
demonstrated that by controlling the amount of polyimide units in g-C3N4/PDI photocatalyst, the 
band gap and band positions can be tuned in a desired range (Fig. 46).321 The g-C3N4/PDIx 
photocatalyst containing 33, 51, and 59 mol% PDI units was synthesized by heating melem and 
PMDA in a 1:1, 1:2 and 1:3 wt% ratio at 598 K. The obtained band gap value of g-C3N4/PDIx 
polymer containing 33, 51, and 59 mol % PDI units was determined to be 2.83, 2.68 and 2.43 
eV, respectively while the band gap of pristine g-C3N4 was calculated to be 2.63 eV. 
Interestingly, the positions of the conduction and valence bands of the g-C3N4/PDIx polymer 
were shifted toward more positive values, as determined using Mott Schottky plots. The CB edge 
positions of pristine g-C3N4 and g-C3N4/PDIx polymer containing 33, 51, and 59 mol % PDI 
units were calculated to be –1.23, –1.10, –0.82 and –0.54 V, respectively, while the VB edges 
were shifted to +1.40, +1.73, +1.86 and +1.89 V, respectively. The observed shift in band 
position was due to the high electron affinity of diimide unit, which shifted the oxidation and 
reduction potentials of g-C3N4/PDIx. DFT studies on the melem-PDI model unit suggested that 
the incorporation of PDI units decreased S0 and S1 levels, and the distribution of electron density 
was mainly located on HOMO and LUMO+2 of the melem-PDI model unit with partial 
distribution to the PDI units. Furthermore, electrons in melem units were located at N2 and N6 
for HOMO and C1 and N4 for LUMO+2 model, suggesting that N2 and N6 act as oxidation sites 
while C1 and N4 provide reduction centers. The g-C3N4/PDIx photocatalysts were found to be 
potentially active for visible light mediated H2O2 production from water and oxygen. The g-
C3N4/PDI51 afforded the highest H2O2 yield of 50.6 µmol after 48 h which was 250 times higher 
than that obtained with pristine g-C3N4 (<0.2 mmol). The absence of H2O2 when using a mixture 
of g-C3N4 and N,N’-dipropyl PDI in photoreaction, revealed that the incorporation of PDI units 
in the polymer scaffold by means of a chemical bond was vital for H2O2 production. After 
absorption of two photons, two electron-hole pairs were generated at the melem unit; holes were 
localized at N2 and N6 and facilitated water oxidation, while electrons were localized at C1, and 
N4 and reduced O2 by following 1,4-endoperoxide intermediate species. This intermediate 1,4-
endoperoxide species, after abstraction of two protons from C1, and N4 positions, yields H2O2. 
(Fig. 47). Replacing the PMDA unit with mellitic anhydride (MA) was also utilized for the 
synthesis of polyimide polymer (g-C3N4/MTIx) possessing a deep valence band position. The g-
C3N4/MTIx containing 49 mol% mellitic triimide displayed a band gap of 2.48 eV and the 
position of CB and VB were found to be -0.09and +2.39 V, respectively.322 Application of g-
C3N4/MTIx for H2O2 was able to afford 0.18% solar to chemical (STC) conversion efficiency, 
which was approximately double that of natural photosynthesis (~0.1%). Unconventional 
microwave heating was also utilized for the synthesis of polyimides/metal oxide frameworks.323, 

324 
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Fig. 46 Electronic band structures of g-C3N4 and g-C3N4/PDIx polymer prepared using different 
ratios of melem and PMDA. Reproduced with permission from ref.321 Copyright 2014 Wiley-
VCH. 

 

Fig. 47 Proposed mechanism for H2O2 formation on the photoactivated g-C3N4/PDI from water 
and O2. Reproduced with permission from ref.321 Copyright 2014 Wiley-VCH. 

Polyimide polymers were also prepared by solid state reaction using melamine and PMDA at 
325 ºC in a semi closed system (Fig. 48).111  By controlling the amount of one precursor, amino 
or anhydride terminated polymer can be synthesized. For example, when excess of PMDA was 
used the N–H signal in FTIR spectra of PI was decreased and new signals around 1850 cm-1 
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were observed. TGA analysis of the reaction mixture (melamine and PMDA) suggests that for 
achieving polymerization, the reaction temperature should be higher than the melting point of 
PMDA (285 °C) and no reaction takes place at 250 ºC.  The synthesized polymer possessed a 
band gap value of 2.7 eV, which was large enough to facilitate water splitting while maintaining 
absorption in the visible region. DFT calculation of PI revealed that the highest occupied 
molecular orbital (HOMO) was located on the melamine, while the lowest unoccupied molecular 
orbital (LUMO) was located at the PMDA moiety. The HOMO and LUMO located in different 
parts of the polymer favor spatial charge separation and thus benefits the photocatalysis process. 
The synthesized PI polymer was tested for hydrogen evolution using visible light (λ>420 nm) 
with Pt as a cocatalyst and methanol as a sacrificial donor. After 10 h of irradiation, the yield of 
hydrogen was found to be 70 µmol, which was comparable to pristine g-C3N4 photocatalyst; or 
double if surface areas of g-C3N4 (10 m2 g-1) and PI (5 m2 g-1) are considered.   

 

Fig. 48 Synthesis approach of PMDA-triazine polyimide by melamine and PMDA. Adapted with 
permission from ref.111. 

The sulfur doping of polyimide polymer of melamine and PMDA (SPI) with S4 as dopant has 
been found to increase the visible light absorption profile (Fig. 49). XPS analysis shows that S 
atoms are introduced in the polymer backbone by replacing the N atom of the triazine ring to 
form a S–C bond. The result was corroborated by calculation of the electrostatic potential (ESP) 
on the surface of PI, which demonstrated that by replacement of N atom with S atom, the 
electrostatic potential on the triazine ring was disturbed and the electron density on the ring was 
increased (Fig. 50). The value of valence band position, as obtained by VBXPS for S-doped PI 
polymer, was determined to be 1.6 eV, being more negative than PI polymer (0.9 eV) and 
revealed the superior oxidizing power of the catalyst.325 
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Fig. 49 Synthetic scheme of S-doped polyimide polymer (SPI) by polycondensation of MA and 
PMDA in presence of S4 at 598 K. Adapted with permission from ref.325. 
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Fig. 50 Calculated electronic densities of PI (top) and SPI (bottom) samples. Carbon, nitrogen, 
oxygen, and sulfur in the structural models are shown as gray, blue, red, and yellow spheres, 
respectively. Reproduced with permission from ref.325 Copyright 2014 American Chemical 
Society. 

These reactions are tedious in solution phase because of repulsion between the molecular orbitals 
of oxygen on cyclic anhydrides and nitrogen on melem, which induces steric hindrance. 
However, activation of anhydride groups by converting them into –COCl groups and subsequent 
reaction with melem appears to be a promising solution to form an imide (Fig. 51).326  
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Fig. 51 Structure of imide of (I) 1,3-dihydroisobenzofuran and (II) phthalic acid anhydride 
(PAA) with melem showing their rotational conformer. Structure II illustrates repulsion between 
the lone pairs of the oxygen and nitrogen atoms. (III) reaction of (PAA) with melem is 
unfavorable at normal conditions while reaction of melem with activated phthaloyl dichloride 
(PACl) gives triimido-heptazine. Reproduced and modified with permission from ref.326 
Copyright 2012 Wiley-VCH. 

The reaction can also proceed in the presence of a strong Lewis acid and high boiling solvents 
such as ionic liquids. For instance, a microporous polyimide (PI) framework was prepared by 
condensation of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and 1,3,5-triazine-
2,4,6-triamine (melamine) by using zinc acetate/imidazole complex as the Lewis acid (Fig. 52). 
This polymer, after calcination, gives highly porous nitrogen-rich carbon which adsorbs CO2 
selectively.327 Recently, heat treatment of carbon and nitrogen rich precursors with planar 
conjugated structures or planar metal complexes has become a suitable method to prepare highly 
active carbon based catalysts for catalytic transformations. Many metal organic frameworks (i.e. 
ZIF-67) can also be used for the synthesis of N-rich metal doped carbon with good catalytic and 
photocatalytic activities.328 Similarly, a g-C3N4/PTCDA nanocomposite (CN−P) was prepared by 
thermal condensation of cyanamide and PTCDA at elevated temperature. The synthesized CN-P 
imide polymer displayed excellent visible absorption and produced hydrogen from water at a rate 
of 17.7 mmol h−1 g−1, with an apparent quantum efficiency of 5.8% at 450 nm.329 In a recent 
report, highly porous organic polymers (POPs) were designed by the reaction of hexakis(4-
formylphenoxy)cyclotriphosphazene and meta- and para-substituted amine (o- and m-
phenylenediamine) via imine bond formation. Upon calcination at high temperature, these POPs 
gave high surface area N/P dual-doped carbon. The m-substituted imine polymer, after 
carbonization at 900 ºC (C-POP-2-900), gave the highest specific surface area (~ 1,535 m2 g−1). 
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It is worthy to mention here that cyclotriphosphazene unit works both as a structure determining 
agent to improve surface area as well as a source of N and P atoms for co-doping.330   

 

Fig. 52 Synthetic outline of polyimide (PI) frameworks from PTCDA and melamine and 
subsequent calcination of the polymer to porous nitrogen rich carbon. Reproduced with 
permission from ref.327 Copyright 2015 American Chemical Society. 

Further, triazine based 2D covalent organic frameworks (COFs) have also been demonstrated to 
be good photocatalysts, CO2 capturing agent, as well as gas separation agents.331-333 A triazine 
based covalent organic framework (2D CTF), synthesized by the reaction of cyanuric chloride 
and perylene diimide, was found to be a good photocatalyst for the selective reduction of CO2 to 
formic acid.334 Interestingly, heptazine-based microporous polymer networks (HMP-3), prepared 
by the reaction of two moles of cyameluric chloride and three moles of 4,4’-
(benzo[c][1,2,5]thiadiazole-4,7-diyl)dianiline (BTDADA) can operate as a donor-acceptor 
assembly in which the heptazine unit acts as an acceptor, while BTDADA acts as a donor (Fig. 
53).335 This HMP-3 polymer with different monomer ratios was prepared and named HMP-3 2:3 
and HMP-3 4:3, respectively. The band gap of the polymeric structure HMP-3 2:3 and HMP-3 
4:3 were determined to be 2.0 and 2.1 eV and evolved 32 µmol h–1 and 31 µmol h–1 of hydrogen 
under simulated solar light, respectively. Photoluminescence spectra of HMP-3 polymer at 370 
nm excitation wavelength showed prominent quenching due to better separation of charge 
between donor-acceptor assemblies. Further, isotopic labeling with D2O gave D2 and HD, which 
confirmed the true origin of hydrogen from water splitting.  
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Fig. 53 Schematic illustration of the synthesis of  HMP-3 polymer by copolymerization of 
cyameluric chloride and 4,4’-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dianiline (BTDADA). Adapted 
with permission from ref.335 

In another study, a 2D-CTF (covalent trazine framework) having a chemical composition of 
C12N7H3 (referred to as g-C12N7H3), consisting of alternate benzene and heptazine rings and its 
multilayer stacking to form g-C9N10/g-C12N7H3 graphene/g-C12N7H3 heterojunction to improve 
the electron-hole separation and photo-efficiency were theoretically predicted.336 The predicted 
electronic properties such as band positions, optical properties of g-C12N7H3 show a direct band 
gap of 3.24 eV using HSE06 hybrid function and the CBM position was 0.75 eV more reductive 
than proton reduction potential while the VBM position was 1.26 eV more oxidative than water 
oxidation potential. Further it has been shown that increasing the numbers of layer the band gap 
decrease and can reach 2.91–2.61 eV for 2–6 layers. Nitrogen rich CTF (g-C9N10) composed of 
alternate triazine and heptazine units were also investigated and the optimum band gap was 
found to be 2.69 eV. In the g-C9N10/g-C12N7H3 heterojunction, the pz orbitals of nitrogen atoms 
in g-C12N7H3 compose VBM, while pz orbitals of nitrogen and carbon atoms in g-C9N10 create 
CBM. The lack of overlap of VBM and CBM charge density distribution facilitate efficient 
electron-hole separation to zchieve better photo-catalytic performance. However, a recent report 
highlighted the challenges associated with band gap calculation using DFT; the difference 
between theoretical and observed values may be as high as 1 eV.337 The surface protonation of 
polymeric materials has been used for tuning the electronic and photoluminescence properties.338 
For instance, protonation of g-C3N4 by strong acid (37% HCl), produced protonated carbon 
nitride (g-C3N4-H+Cl-) having better solubility/dispersability, electronic structure, and surface 
area.339 The azide precursor of melem (2,5,8-triazido-s-heptazine) can afford nitrogen-rich 
carbon nitride with good luminescence properties.340 In addition, the hybridization of 
semiconductors such as MoO3

341, 342, carbon nitride343, WO3
344, SWO3

324, MoS2
345 and ZnO346 

with polyimide polymer has been reported for enhanced photocatalytic performance. In an 
appealing report by Bhunia et al., a new carbon nitride (polytriazine imide, PTI) material with 
different C/N ratios was synthesized by the reaction of melamine and 2,4,6-
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triaminopyrimidine.347 Firstly, a hydrogen bonded supramolecular structure was obtained, which 
upon polycondensation gave a highly crystalline polytriazine imide (PTI) structure consisting of 
a copolymerized Mel–TAP network. DFT calculations showed bandgap reduction by 0.6 eV due 
to a negative shift in the valence band (VB) level upon doping. The composite of polymeric 
materials with KCC-1 structure was prepared to achieve maximum light absorption. The 
obtained PTI-0.15/KCC-1 exhibited an apparent quantum yield of 22.1% and 16.9% for HER at 
400 and 420 nm, respectively (Fig. 54). 

 

Fig. 54 Chemical structures of melamine (Mem), 2,4,6-triaminopyrimidine (TAP) monomers and 
polytriazine polymer; Right SEM images of KKC-1 silica and PTI-0.15/KCC-1. Reproduced 
with permission from ref.347 Copyright 2015 American Chemical Society. 

The structural change in monomeric unit also influences the coordination behavior of carbon 
nitride materials with metals. The incorporation of metals in the nano-cavity of carbon nitride 
framework can afford single atom heterogeneous catalyst (SAHCs) system. However, low 
coordination atoms remain less stable, so replacement of N atom with C atoms may provide 
stable SAHCs. One such system was prepared by introducing high C containing barbituric acid 
or 2,4,6-triaminopyrimidine units into the g-C3N4 framework, which forms stable SAHCs with 
Pd metal.348 Compositional change in the carbon nitride 2D framework can also be achieved by 
functional group transformation on monomer units. For example, Zhao et al. demonstrated that 
the hydrothermal treatment of melamine in water at 200 ºC induces the transformation of amine 
group in melamine to carbonyl/-OH moieties, resulting in cyanuric acid formation which under 
hydrothermal condition gets polymerized to yield nitrogen-rich layered organic materials. This 
layered organic material, after thermal annealing at 550 ºC, gave a new CN material.50 The 
morphology of the material was dependent on preservation time; the carbon content of the 
material increased and the observed C/N ratio was found to be 2.30:1 after 2.5 h hold time. The 
increase in C content was supposedly due to the elimination of oxygen from the C=O moiety at 
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elevated temperature. Increase in carbon content facilitates better charge mobility on the surface 
of the CN semiconductor. The developed CN photocatalyst was tested for hydrogen evolution by 
using triethanolamine as a sacrificial donor and Pt as a co-catalyst. The CN sample, prepared at 
550 ºC and 1.5 hold time, achieved the highest hydrogen evolution rate (1325.1 μmol h−1 g−1), 
while g-C3N4 prepared from melamine precursor could afford only a hydrogen evolution rate of 
138.0 μmol h−1 g−1. Usually, high temperature condensed carbon nitride network contains three 
s-heptazine or triazine units linked together with a bridged nitrogen atom. However, careful 
selection of precursor molecules can generate cross-linked heptazine framework in which –NH– 
serves as the bridging moiety. For example, a highly cross linked framework of poly(heptazine 
imide) was prepared by thermal copolymerization of dicyandiamide with tetramethyl-ammonium 
salts which showed increased hydrogen evolution with photonic crystal.349 Additionally, –NH– 
bridged imides can be synthesized by electrochemical means at a higher applied voltage and 
moderate temperature. A poly(triazine imide) polymer (PTI) in which the triazine units remain 
linked together via –NH– bridged was prepared electrochemically  at 65 ºC and linear ramping of 
the voltage from 5 to 200 V.350 

12. Graphene/carbon nitride hybrids in photocatalysis 

Similar to the graphene/semiconductor composites in which photogenerated electrons are 
efficiently transported on the surface of graphene to achieve higher photoefficiency, 
nanocomposites of carbon nitride and graphene or graphene derivatives have also been prepared. 
It has also been observed that hybridization of graphene with carbon nitride permits the 
manipulation of the band structure of carbon nitride to achieve high visible light absorption. Due 
to aromatic conjugated system in graphene and carbon nitride, their sheets can interact through 
π-π stacking and it has been found that immobilization of 1.0 wt % reduced graphene oxide on g-
C3N4 can modulate the band structure of carbon nitride between more ‘‘n-type’’ and more ‘‘p-
type’’ to give 300 % higher anodic photocurrent than unblended carbon nitride.351 Wang et al. 
demonstrated the preparation of face to face contacted monoatomic-thick g-C3N4 dots (MTCs) 
on the basal plane of reduced graphene oxide (MTCG) through self-assembly under 
hydrothermal conditions (Fig. 55).109  
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Fig. 55 Proposed synthetic protocol for the monoatomic-thick g-C3N4 dots@graphene (MTCG). 
Reproduced with permission from ref.109 Copyright 2015 Royal Society of Chemistry. 

Further, porous carbon nitride sheets synthesized by templating and sonication possess more 
exposed active sites and their integration with GO, followed by reduction under aqueous 
ammonia, produced highly active porous carbon nitride/N-doped graphene (PCN@N-graphene) 
2D network for hydrogen evolution reaction with a very positive onset-potential comparable to 
that of commercial Pt (8 mV vs 0 mV for Pt/C, vs RHE @ 0.5 mA cm–2) and excellent durability 
even after 5000 cycles (Fig. 56).352 In addition, the band position tailored graphene and g-C3N4 
prepared by doping form a nano-heterojunction in which charge can transfer from a high energy 
state to a lower energy state. For example, 2D-2D n-p heterojunction of p-type B-doped reduced 
graphene oxide (B-rGO) and n-type oxygen-doped carbon nitride (O-gC3N4) facilitated efficient 
charge separation at the system interface. The optimal loading of B-rGO on O-gC3N4 was found 
to be 2 wt% which afforded 1639 µmol g-1 H2 after 6 h of visible irradiation.353 However, recent 
studies suggested that some doped carbon (S-doped) in the GCN-CS/C composite may degrade 
on the surface of g-C3N4 due to the oxidation of the doped carbon surface, resulting in a decrease 
in photocatalytic performance.354 In contrast to graphene, some advanced graphene derivatives 
such as graphdiyne can also transport holes efficiently.355 Further, carbon/and carbon nitrite 
nanocomposite have also been demonstrated to generate high hydrogen evolution rates without 
co-catalysts.356, 357 Other carbonaceous materials with an extended π-conjugated system, derived 
from cheap precursors, were also used for amalgamation with g-C3N4 sheets to achieve better 
charge separation.358 For instance, a poly-(furfural alcohol)/g-C3N4 nanocomposite possessing 
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layered structure, synthesized by heating melamine and furfural alcohol, displayed better charge 
separation and a H2 evolution rate as high as 584.7 µmol h-1 g-1,  which was roughly 4 times 
higher than that pf pure g-C3N4 (156.2 µmol h-1 g-1).359 

 

 

Fig. 56 Schematic illustration of the synthesis of PCN@N-graphene film. Step 1: synthesis of 
porous C3N4 from cyanamide and SiO2 nanoparticles followed by removal of SiO2 by NaOH, 
step 2: exfoliation to produce porous CN sheets, step 3: mixing of GO sheets with PCN, step 4: 
reduction of GO to rGO sheets with NH2NH2, and step 5: N-doping of rGO with liquid NH3. 
Reproduced with permission from ref.352 Copyright 2015 American Chemical Society. 

The photoactivity of carbon nitride-graphene system can be further increased by using polyimide 
(carbon nitride−aromatic diimide) which has better band alignment than carbon nitride. Kofuji et 

al. prepared a carbon nitride−aromatic diimide-graphene (g-C3N4/PDI/rGO0.05) layered 
framework by deposition of melem on graphene oxide, followed by hydrothermal reduction of 
GO to rGO and finally polyimide formation by thermal annealing with PMDA.360 The 
C3N4/PDI/rGO0.05 composite exhibited excellent photoactivity for water oxidation to H2O2, in 
millimole scale under simulated sunlight (Fig. 57 and 58). A metal-free g-C3N4/PDI-BN-rGO 
ternary hybrid photocatalyst containing boron nitride in place of carbon nitride was also reported 
for hydrogen peroxide production from water and oxygen using solar light as the activation 
source.361 The solar to chemical conversion efficiency of g-C3N4/PDI-BN-rGO was calculated to 
be 0.27%, which was the highest reported efficiency for water splitting over powder 
photocatalyst.  
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Fig. 57 Synthetic steps of g-C3N4/PDI/rGO0.05 and corresponding SEM images of (a) GO, (b) 
melem loaded GO, (c) melem loaded rGO, (d) g-C3N4/PDI/rGO0.05. Reproduced with permission 
from ref.360 Copyright 2016 American Chemical Society. 

 

Fig. 58 Schematic representation of H2O2 production on g-C3N4/PDI/rGO composite. 
Reproduced with permission from ref.360 Copyright 2016 American Chemical Society. 

Although sandwich of carbon nitride and graphene network revealed better photocatalytic 
performance, there are certain bottlenecks for the practical application. For instance, the 
hydrogen evolved during the photocatalytic process is always contaminated with stoichiometric 
amounts of oxygen, which makes isolation of hydrogen difficult due to the possibility of back 
reaction and explosion. Recently, some reports highlighted that graphene based materials i.e.  
doped, metal doped pillered graphene, alloy decorated graphene etc have a promising ability to 
absorb hydrogen.362-364 Moreover, Geim et al. demonstrated that a graphene sheet is only 
permeable for protons, while impermeable for other atoms which can be used for filtering 
protons from other anions under an electrical bias.365 Hence, the careful arrangement of carbon 
nitride as water splitting catalyst, graphene as proton filter and hydrogen storage materials can 
provide a practical solution to the problem of hydrogen separation and storage of photogenerated 
hydrogen and oxygen mixtures. Inspired by these findings Yang et al. constructed a multi-layer 
simulated model (computational) of a carbon nitride sandwiched between two graphene sheets 
functionalized with different functionalities (Fig. 59). These studies suggested that this system 
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can harvest solar light and generate electron-hole pairs. The holes can migrate to outer graphene 
sheets and facilitate water oxidation to generate protons, which can penetrate through graphene 
and react with photoelectrons on carbon nitride to produce hydrogen molecules that can be stored 
in the sandwiched structure at high density. The obtained results gave inspiration for the 
development of photocatalytic hydrogen generation and capsule storage to commercialize the 
technology.366 

 

Fig. 59 The photocatalytic (water splitting) hydrogen generation and capsule storage scheme: (1) 
photo-generated electrons (e−) and holes (h+) separation; (2) water splitting to produce protons 
(H+) through holes (h+) attacking; (3) protons (H+) penetrating through GO and producing 
H2 molecules; (4) H2 molecules are prohibited from moving out of the sandwich. Here GO–CN–
GO is used as an example. Blue, grey, pink and red beads stand for N, C, H (H+) and O atoms, 
respectively; the yellow and light blue clouds are for photo-generated electrons (e−) and holes 
(h+), respectively, and the blue and magenta arrows represent the migration of corresponding 
particles. Reproduce with permission from ref.366 Copyright Nature Publishing Group. 

In contrast to 2 D assembly, graphinic carbon nitride framework can be assembled in 1D or 3D 
architecture by pyrolysis or thermal oxidation of graphite and g-C3N4, followed by hydrothermal 
treatment.367 Carbon nitride is stable up to 650 ºC and heating above this temperature in air 
degrades the heptazine network with evolution of ammonia. However, heating of carbon nitride 
based materials at high temperature (approx. 900 ºC) under inert atmosphere can be a source of 
nitrogen-rich graphene or nanotubes. Generally, metal-free pyrolysis affords sheets while 
incorporation of a metal precursor during the pyrolysis process yields nanotubes. The growth of 
nanotubes is favored, because in-situ generated metal nanoparticles provide surface for growth of 
nanotubes and deposition and condensation take place on their surface. Inherently, doped-carbon 
materials have good performance for solar water splitting and this behavior extends to the 
nanotubes. In a report by Zou et al., cobalt embedded nitrogen-rich carbon nanotube (Co-
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NRCNTs) synthesis was achieved by heating dicyandiamine impregnated with cobalt at 700 ºC 
(Fig. 60). XPS analysis revealed that the N/C ratio in CNTs was 5.2:100, which was believed to 
be responsible for excellent performance for hydrogen evolution reaction comparable to Pt as 
well as the ability to work in a wide pH range (0.0 to 14.0).368 However, there is not a strict rule 
that only nanotubes will be obtained; if the temperature is fairly below than 900 ºC then only 
carbon materials can be obtained even if a metal salt is used. For example, cobalt-tungsten 
carbide embedded in carbon network was produced at 700 ºC and successfully applied for 
hydrogen evolution under alkaline solution.369 Apart from annealing temperature, the chemical 
composition of monomeric materials also governs the morphological and compositional 
properties of materials. For instance, hydrothermal treatment of melamine precursor at 180 ºC in 
the presence of NaOH and subsequent calcination at 650 ºC lead to the formation of sodium-
doped carbon nitride nanotubes.370 The synthesized nanotubes displayed excellent photocatalytic 
performance for visible light induced water splitting. The doping of Na+ ions between nitrogen-
rich cavities allowed better charge separation. The use of two different monomeric units can also 
direct nanotube morphology i.e. mixture of urea and oxamide triggered the formation of a 
nanotube structure which due to low energy n→π* transition evolved hydrogen even for photons 
of wavelengths longer than 465 nm.371   

 

Fig. 60 Step 1: Formation of Co2+-g-C3N4 from dicyandiamide and CoCl2⋅6 H2O at 500 °C 
N2 atmosphere, Step 2: Formation of Co-NRCNTs from Co2+-g-C3N4 by additional thermal 
treatment at 700 °C under N2 atmosphere and subsequent removal of accessible cobalt species by 
acid treatment. Adapted  with permission from ref.368. 

13. Inorganic/carbonaceous 2D/2D hybrids photocatalysts 

Recently two-dimensional (2D) inorganic materials, composed of a few atom thick layers, have 
shown great potential for various applications owing to their fascinating physical, chemical and 
electronic properties.372-374 Hybridization of inorganic 2D semiconductor sheets with carbon 
based materials is highly promising to achieve excellent photocatalytic performance due to 
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strong face-to-face interactions and better availability of large surface area, which facilitate 
efficient charge transfer from inorganic 2D semiconductor to carbonaceous 2D sheets.355, 375 
Addionally, carbon based sheets insulate 2D inorganic sheets which enhances longevity and 
reusability of the materials. In recent years, numerous inorganic semiconductors possessing a 
layered structure such as boron nitride (hBN), SnS2, MoS2, GaS, WS2, black phosphorous, 
phosphorene and LDHs have been reported which can be easily peeled off into a nanosheet 
morphology.374, 376-378 Transformation of bulk materials into few atom thick 2D nanosheets 
induces changes in optical as well electronic properties. For instance, the transformation of bulk 
WS2 to a nanosheet structure promotes indirect to direct band gap transition along with increased 
absorption (400 - 700 nm), which makes it an efficient photosensitizer.379, 380 A WS2/CN 2D/2D 
nanosheets composite was prepared by mixing ultrasonically exfoliated WS2 and thermally 
exfoliated carbon nitride sheets followed by decoration with CdS quantum dots by an immersion 
method.381 The developed 2D/2D assembly displayed a promising hydrogen evolution rate 
(1174.5 µmol g-1 h-1), which is approximately 67 times higher than that of pure CN nanosheets 
(17.2 µmol g-1 h-1) in the presence of triethanolamine (TEOA) and without any co-catalyst. PL 
spectra of the CdS/WS2/CN ternary composite was found to decrease in intensity compared to 
the spectra of individual components or binary composites, indicating superior charge separation 
in the ternary composite materials. On the basis of EIS and band gap value, the band structure of 
each component was calculated to elucidate the photocatalytic mechanism of CdS/WS2/CN 
ternary composite. From Mott–Schottky plots (by assuming negligible difference between flat 
band potentials and Fermi level), the CB position was calculated to be -1.41, -0.63 and -0.19 V 
vs NHE for CN, CdS, and WS2, respectively, while from Tauc plot the band gap values were 
found to be 2.90, 2.56, and 1.75 eV corresponding to valence band positions of +1.49, +1.93, and 
+1.56 V vs NHE, respectively. From the obtained band structure, it was concluded that in 
CdS/WS2/CN composite, the photogenerated electrons move to WS2 to reduce protons to 
hydrogen while holes move from CdS→WS2→CN and TEOA is oxidized on carbon nitride (Fig. 
61). 
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Fig. 61 Proposed mechanism of charge transfer in CdS/WS2/CN photocatalyst revealing the 
relative band edge potential of each component in respect to redox potential of O2/•O2

-, 

•OH/H2O, H+/H2, and OH–/•OH. Adapted with permission from ref. 381. 

Recently, black phosphorus (BP), a new 2D material possessing a tunable band gap (0.3–2 eV) 
and high electron mobility has emerged as a promising candidate for various applications. Like 
carbon nitride, bulk black phosphorous can be delaminated into sheet structure by solvent-
assisted exfoliation.382 By exploiting this phenomenon, a 2D-2D nanocomposite of BP and g-
C3N4 sheets (CNS) was prepared in water (exfoliating agent) which promoted C-P bond 
formation and charge redistribution, leading to efficient charge separation. The obtained BPCNS 
photocatalyst showed excellent performance in photocatalytic nitrogen fixation.383  EPR spectra 
of CNS and BP displayed signal of almost equal intensity due to unpaired electron in π-
conjugated aromatic rings, which upon hybridization in BPCNS became more intense revealing 
that the electrons in BPCNS were present in a more energetic excited state due to the change in 
the electronic character by the formation of C-P bonds. Some layered double hydroxides (LDHs) 
or ion exchange inorganic layered materials, composed of positively charged layers (+2, +3, or 
+4 oxidation states) octahedrally surrounded by oxo-bridges and hydroxyl groups and some 
negatively charged anions intercalated between gallery to compensate excess charges, also 
behave as photocatalysts for hydrogen evolution from water384 i.e. N-doped or N- and S-co-
doped CsTaWO6 and HTaWO6

385, Ni-Zn/Cr LDH386, N-doped K4Nb6O17, KCa2Nb3O10, K2Ti4O9, 
and KTiNbO5

387 etc. Like other layered materials, LDHs sheets can be exfoliated with various 
solvents. Various LDHs and g-C3N4 2D/2D nanocomposites have been shown to be better 
photocatalysts for hydrogen generation due to superior charge carrier transfer between LDHs and 
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g-C3N4.388-390 Exfoliated ZnCr LDH nanosheets, upon hybridization with g-C3N4 sheets, 
exhibited 2.8 times increase in hydrogen evolution rate (186.97 μmol h−1 g−1) over pristine g-
C3N4 (65.23 μmol h−1 g−1). Type II band alignment was present ,which facilitated electron 
transfer from g-C3N4 sheets to LDH, while holes from LDHs moved to g-C3N4 sheets.391 

14.  Other 2D carbonaceous photocatalysts 

Apart from these materials, various other carbonaceous materials (either individually or 
hybridized with other materials) were also investigated for water splitting reactions. For instance, 
a porphyrin containing 2D polymer (2DP) was synthesized by Schiff-base condensation reaction 
between tertamino functionalized porphyrin and 2,5-dihydroxyterephthalaldehyde (Fig. 62). The 
2D polymer possessing Co atom in its porphyrin skeleton was a good hydrogen evolving catalyst 
and its activity was found to be more than other homogeneous coronation cobalt based catalysts 
(Co-N4).392 Similarly, a metal-free porphyrin based covalent organic polymer (TpPAM) was 
synthesized by condensation reaction between triformyl phloroglucinol (Tp) and 5,10,15,20-
tetra(4-aminophenyl)-21H,23H-porphyrin (PAM). The synthesized TpPAM demonstrated 
excellent performance in electrocatalytic hydrogen evolution with a current density of 10 mA 
cm−2 at a low overpotential of 250 mV.393 
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Fig. 62 Schematic illustration of Schiff-base condensation reaction between tertamino 
functionalized porphyrin and 2,5-dihydroxyterephthalaldehyde at an interface to form 2D 
polymer (2DP). Reproduce with permission from ref.392 Copyright 2016 Nature Publishing 
Group. 

The molecular catalysts of cobalt dithiolene display good photoactivity for  hydrogen evolution 
and their continuous network prepared by trinucleating conjugated ligand, benzenehexathiol 
(BHT), and cobalt(II) further accelerates the hydrogen evolution rate.394 

The biggest challenge with graphene chemistry is to tune the band gap for various applications 
and nitrogen doping seems to be the most suitable strategy. However, harsh reaction conditions, 
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poor control, and limited doping restrict their application. In recent years, a 2D material, 
nitrogenated holey graphene (C2N-h2D crystal), having a 2:1 stoichiometric ratio of carbon and 
nitrogen (C2N) with equally distributed holes, has attracted the attention of scientific community 
to drive research in the field.113 Due to the small direct band gap of C2N (1.96 eV) and porous 
nature, it opens new avenues for several applications such as photocatalysis, energy storage, 
electronics, gas storage etc. The C2N-h2D crystal structure can be easily synthesized by the 
reaction of hexaaminobenzene (HAB) trihydrochloride and hexaketocyclohexane (HKH) 
octahydrate using NMP as solvent and a few drops of H2SO4 as initiator (Fig. 63).  

 

Fig. 63 (a) The synthetic strategy of C2N-h2D crystal from hexaaminobenzene (HAB) 
trihydrochloride and hexaketocyclohexane (HKH) octahydrate. The inset in the image of HAB is 
a polarized optical microscopy image of the HAB single crystal. Digital photographs: (b) as-
prepared C2N-h2D crystal; (c) solution-cast C2N-h2D crystal on a SiO2 surface after heat-
treatment at 700 °C; (d) a C2N-h2D crystal film (thickness: approximately 330 nm) transferred 
onto a PET substrate. The shiny metallic reflection of the sample indicates that it is highly 
crystalline. Reproduced with permission from ref.113 Copyright 2015 Nature Publishing Group. 

The band gap and band structure of C2N-h2D can be manipulated by changing the order of 
stacking, and the number of layers.395 Theoretical studies on single layer to few layered materials 
clearly indicated potential application of the material as a metal-free water splitting 
photocatalyst.396 Further, electronic structure of C2N/graphene showed that C2N can break the 
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symmetry of graphene sub-lattice and create a band gap of 0.40 eV in graphene, which can be 
further increased up to 0.72 eV if the interlayer distance was decreased up to 3.2 Å.397 In another 
report, a band gap opening of 0.239 eV magnitude was predicted by g-C2N stacking on graphene 
due to the imposition of an electrostatic potential by g-C2N substrate over the graphene layer.398 
Further prediction of heterostructured g-C3N4/C2N composite showed suitable band edge 
position to sustain the process of water splitting (Fig. 64).114 It has been demonstrated, on the 
basis of DFT theory, that transition metals such as Sc, Ti, V, Cr, Mn, Fe, Co get embedded in 
between voids (and stabilized) and show ferromagnetic behavior, while Cu displays 
paramagnetic character.399 Holey graphene (g-C2N) can also accommodate high atomic radius 
lanthanides in the cavity, which leads to reduction in band gap and half metallic character.400

  

 

Fig. 64 (a) Generation of electron-hole pairs in g-C3N4/C2N nanocomposite by three possible 
routes (Adapted from ref.114);  b) The comparative optical absorption coefficients of g-C3N4/C2N 
nanocomposite and g-C3N4. Reproduced with permission from ref.114 Copyright 2016 Wiley-
VCH. 

In a theoretical investigation by Yagmurcukardes et al., it was reported that similar to 
nitrogenated holey graphene (C2N), other holey graphene structures such as phosphorated (C2P) 
and arsenicated (C2As) monolayers were energetically feasible and have a direct band gap.401 
Kishore et al. also made similar prediction of reduced band gap on the basis of DFT studies and 
also investigated the effect of dopant concentration on band gap narrowing.402 Like C2N-h2D 
crystals, a two dimensional polyaniline (2D PANI) structure having the empirical formula C3N 
was obtained by pyrolysis of hexaaminobenzene trihydrochloride single crystals in the solid state 
having a HOMO−LUMO gap of 2.7 eV, which in turn can have future applications in 
photocatalysis and electronics (Fig. 65).403 Due to presence of ordered cavity defects in C2N-h2D 
structure, many small gas molecules can occupy this space, which provides opportunity for 
future application in gas storage and gas sensing.404 A similar 2D poly(triazine imide) polymer 
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having 3.88 Å cavity size was predicted to accommodate smaller molecules like CO2, N2, which 
can prove excellent material for gas storage.405  The properties of a 2D network of CdS/C2N 
were predicted by DFT calculations, which revealed that the positions of CBM and VBM of C2N 
were 0.76 eV and 0.44 eV lower than that of CdS, which favors type-II band alignment where 
photogenerated electrons can migrate from CdS to C2N, while holes move in the opposite 
direction. These findings suggest the CdS/C2N photocatalyst represents a promising candidate 
for noble metal-free water splitting.406 Similarly, the 2D nanocomposite of MoS2 and C2N was 
anticipated with a direct band gap of 1.3 eV and a band structure of type II configuration in 
which electrons flow from MoS2 to C2N structure.407 

 

 

Fig. 65 (A) The synthetic outline of 2D PANI from hexaaminobenzene trihydrochloride (HAB). 
(1) Single-crystal X-ray packing structure of HAB, (2) structure of 2D PANI unit with edge 
groups, C3NH), and (3) the spontaneous transformation of HAB crystal unit into the 2D PANI 
structure. Morphological changes of HAB crystals into 2D PANI frameworks. (B) Digital 
photograph of HAB crystals on butter paper. (C) Optical microscopy image of a needle-like 
HAB crystal before annealing. (D) SEM image of an HAB single crystal before annealing. (E) 
Digital image of HAB after annealing at 500 °C. (F) Optical microscopy image of 2D PANI 
crystal after annealing at 500 °C. (G) SEM image of a 2D PANI single crystal after annealing. 
Reproduced with permission from ref.403. Copyright 2016 PNAS. 

Carbonaceous quantum dots such as carbon quantum dots (CQDs) and carbon nitride quantum 
dots (CNQDs) due to their specific optical and surface chemistry have emerged as new materials 



80 

 

for various applications like bioimaging, fluorescent materials, photovoltaics, photodetection, 
photocatalysis, catalysis, energy storage and photosensitization.408-410 CQDs are aggregates of 
chemically bonded sp2 and sp3 hybridized amorphous to nanocrystalline quasi-spherical carbon 
nanoparticles composed of graphitic or turbostratic carbon, or graphene and graphene oxide 
sheet fragments.411 Carbon quantum dots can be synthesized by top-down or bottom up 
approaches. The top-down approach includes breaking of large sheets of carbonaceous materials, 
graphene/graphene oxide sheets to small fragments by chemical or physical means while in the 
bottom up approach, small molecules (like glucose, sucrose, EDTA etc) after thermal 
carbonization and/or hydrolysis in the presence of solvent (water) yield carbon quantum dots. 
Due to the occurrence of hydrolysis and carbonization steps simultaneously, the surface of 
carbon quantum dots may possess plenty of oxygen groups which provide better dispersibility, 
broadening of band gap, specific optical properties and the possibility of surface 
functionalization. Graphene quantum dots (GQDs) are a kind of carbon quantum dots that 
possess a few layered graphene structure of sp2 hybridized carbon, and are derived from 
graphene, graphene oxide or benzene ring containing compounds.412 Although in a strict sense, 
quantum dots can be considered zero dimensional materials due to their small size but due to 
their similar graphenic structure, and chemical nature they can be considered 2D derivatives of 
bulk carbon nanosheets. The band gap of quantum dots strongly depends on the particle size due 
to the quantum confinement effect (increase with decrease in size and vice versa) and provides 
the opportunity to tune the band gap for desired applications. However, the quantum 
confinement effect is not always present (hence more appropriate to call these materials carbon 
dots or CDs rather than CQDs) and more research is needed in this field to explore other 
parameters responsible for optical properties.77 Apart from the intensively investigated 
application of CDs as luminescent materials, photocatalytic application was also explored with 
CDs.413, 414 CDs act as photosensitizers and electron reservoirs due to their electron donating and 
accepting nature and this property has been used for their hybridization with various 
semiconductors for water splitting reactions.54, 415-418 For example, P25 TiO2 composites 
(CQDs/P25), prepared by one step hydrothermal reaction, showed good water splitting due to 
better sensitization of TiO2 and capture of electrons by CDs to prevent them from 
recombining.419 A hydrogen evolution rate of 9.1 μmol h−1, that was approximately four times 
higher than pure P25, was observed for the 1.5 wt% CQD loaded P25 nanoparticles. In another 
study, GQDs were covalently immobilized on a ZnO nanowire array grown on F-doped tin oxide 
(F-SnO2) by using 3-aminopropyltriethoxysilane (APTES) linker and used as a photosensitizer 
for photoelectrochemical water splitting.420 A hexagonal tin disulfide (SnS2) sheets network, 
which possesses a visible-light band gap (2.2–2.4 eV), was grown on FTO (fluorine-doped tin 
oxide) surface with a 10 nm thick nickel nanoparticle layer. Carbon dots were decorated on this 
assembly and the grown network exhibited excellent oxygen evolution rate (1.1 mmol g–1 h–1) 
under simulated sunlight.421 Independently, reduced graphene quantum dots (rGQDs) were 
deposited on Fe2O3 nanorods by self-assembling the negatively charged graphene oxide quantum 
dots on Fe2O3, followed by thermal reduction to rGO quantum dots. The rGQDs/Fe2O3 structure 
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generated increased photocurrent density due to the passivation of Fe2O3 electrodes by rGQDs 
and heat treatment.422 Molecular catalyst/metal complexes i.e. nickel bis(diphosphine) complex 
grafted quantum dots have also been used for solar hydrogen production.423 Prussian blue 
modified carbon dots (PB/CDs) composite was found to be a good photocatalyst and promoted 
visible light mediated oxidative cyanation of tertiary amines.424 Like graphene and carbon based 
materials, the optical properties of CQDs and GQDs can be tuned for enhanced photocatalytic 
applications by doping with heteroatoms.77, 425-427 As carbon dots possess a band gap, the 
phenomenon of charge recombination also exists with carbon dots. Photoreductive metal doping 
by reduction of metal by photogenerated electrons achieved better surface functionalization of 
CQDs, which prevented charge recombination and achieved a better quantum yield (i.e. gold 
doping).428 Also decoration of CQDs on g-C3N4 sheets displayed  improved hydrogen production 
rate.429, 430 Carbon quantum dots embedded in g-C3N4 sheets (2D CQD/C3N4), prepared by spot 
heating, displayed excellent hydrogen evolution activity (152 μmol g−1 h−1).431 DFT calculations 
suggested that the CQDs/C3N4 system possesses a transition energy state in the middle of the 
band gap, which reduces the effective band gap along with facilitation of electron diffusion via a 
polaron hopping mechanism. Interestingly, the CQDs/C3N4 system showed a surface plasmon 
resonance between 450–800 nm, which was believed to be responsible for the extended visible 
light activity of photocatalyst. Many metal nanoparticles and plasmonic materials based carbon 
nitride photocatalysts have been previously reported which utilized SPR effect for harvesting 
photons in the visible spectral regime.432-434 Like CQDs and GQDs, carbon nitride quantum dots 
(CNQDs) have become popular due to their easy synthesis, tunable band gap, nanoscale 
processability and high stability. CNQDs are preferred over CQDs due to their easy preparation, 
high quantum yield, low toxicity, cheap production, good biocompatibility and promising 
photostability. Carbon nitride CNQDs can be synthesized by heating N-rich precursors such as 
urea, formamide, EDA and CCl4, thiourea, N, N’-dimethyl formamide (DMF) etc at low 
temperature (180–200 ºC) in solid phase reaction to maintain small size.435-437 Specific functional 
group rich CNQDs can be prepared by carefully choosing functionalized precursor molecules. 
For example, phenyl modified CNQDs can be prepared using reaction of cyanuric acid and 2,4-
diamino-6-phenyl-1,3,5-triazine.438 The bulk carbon nitride in which carbon nitride sheets are 
inter-connected with strong hydrogen bonds between NH/–NH2 of melon unit can be separated 
into nanosheets by thermal etching, which after sequential slicing with acid and base/or 
hydrothermal treatment can be converted into CNQDs. Wang et al. synthesized CNQDs in a 
multi-step process: thermal etching of bulk g-C3N4 into sheets, which upon treatment with H2SO4 
and HNO3 generates carbon nitride nanoribbons (CNNRs) by oxidation of C–N bonds which 
connect the tri-s-triazine units, and finally hydrothermal treatment transforms these nanoribbons 
into CNQDs.439 The prepared CNQDs displayed blue luminescence and wavelength-dependent 
PL spectra, and the PL intensity shifted to longer wavelengths when the excitation wavelength 
was varied from 340 to 420 nm. Further, it was demonstrated that CNQDs exhibit up-conversion 
properties and excitation with longer wavelength photons (705–862 nm) causes them to emit at 
smaller wavelengths (350–600 nm); this property holds promise for potential application of 
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CNQDs for the conversion of NIR light to visible light. By utilizing a top down approach, 
quantum dots doped with various heteroatoms, which possess better fluorescence and electronic 
characteristics, can be synthesized. F-doped CNQDs with increased PL quantum yield were 
prepared by ultrasonication-assisted slicing of bulk sheets.440By using CNQD–g-C3N4 
suspension with addition of 1 wt% Pt as a co-catalyst and 10% triethanolamine as a sacrificial 
donor, 109.96 µmol h–1 H2 production rate can be achieved. Further, CNQDs can be used for 
building heterojunctions with other semiconductor materials for enhancing their photocatalytic 
activity.441 For instance, CNQDs attached to a TiO2 nanotube array (TNTA) by physical and 
chemical interaction through hydrothermal treatment showed excellent phototcatalytic activity 
for water splitting and dye degradation.442, 443 The bonding between TiO2 nanotubes and CNQDs 
can be further enhanced by using organic linkers. CNQDs covalently immobilized on TNTAs by 
use of the bifunctional linker 3-mercaptopropionic acid (MPA), which binds with –OH of TiO2 
and –COOH on the surface of CNQDs, displayed good photocatalytic activity for Rhodamine B 
degradation and water splitting.444 The enhanced photocatalytic performance was due to direct 
injection of photogenerated charge on CNQDs to the conduction band of TiO2. Doping of 
CNQDs with hetero atoms can further improve the quantum yield i.e. O and S co-doped 
graphitic carbon nitride quantum dots (OS-GCNQDs), prepared by thermal treatment of thiourea 
and citric acid, achieved 14.5% quantum yield.445  

 

15. Conclusion 

To meet steadily increasing global energy demand and cope with the rising concentrations of 
greenhouse gases in the atmosphere, there is a strong need to find and deploy environmentally 
benign renewable sources of energy, which do not leave any carbon footprint. In this arena, 
photo-assisted hydrogen generation using earth abundant sustainable materials is key to the 
alternative energy economy, while limiting global warming. Research in this area is focused on 
the development of robust and efficient photocatalytic materials, which can sustain the process of 
water splitting by supplying charge carriers to the oxidation and reduction reactions. Among 
various nanomaterials, two dimensional carbonaceous materials have been envisaged as future 
photocatalysts due to their fascinating properties such as high specific surface area, visible light 
absorption and excellent charge carrier mobility. Graphene, graphene oxide, carbon nitride and 
carbon quantum dot based materials have been thoroughly investigated for visible light induced 
water splitting and their synthetic methods, structure variations and photocatalytic activities have 
been summarized in this report. In semiconductor-graphene hybrids, the conjugated network of 
carbon in graphene sheets facilitates better charge transportation on its surface to achieve 
efficient charge separation. However, the absence of a band gap restricts the role of graphene 
sheets to charge transport channels in composite materials. The introduction of defects into 
graphene by means of doping with heteroatom or oxidation can transform conductive sheets into 
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semiconductor sheets and the band gap can be tuned. However, achieving a high dopant 
concentration and chemical robustness are challenging. On the other hand, carbon nitride (g-
C3N4) with excellent C:N stoichiometry and alternate C, N atomic configuration possesses a 
suitable band gap and favorable band edge positions to drive efficient water splitting. Excellent 
stability, easy fabrication from earth abundant materials, high porosity, favorable band potentials 
and an ample number of active sites for substrate binding make them highly promising candidate 
materials for alternative fuel technology. Facile exfoliation of bulk semiconducting g-C3N4 to 
form graphene like sheets is an appealing route toward achieving high surface area and exposed 
active sites for participation in photocatalytic processes. The red shift of the absorption profile by 
sensitization, doping and blending with other semiconductors further improves the performance 
for hydrogen evolution. The absorption coefficient of bulk graphitic semiconductors needs to be 
increased, and one way to accomplish this would be to incorporate highly polarizable heavier 
divalent and trivalent atoms into the framework. Another way is to form nanocomposites 
between 3D- and 2D- carbonitrides with one prominent example discussed in this review being a 
g-C3N4/C2N nanocomposite, which shows a dramatically increased optical density. The 
feasibility of band gap tuning and manipulation of band edge position of the basic carbon nitride 
framework by doping and introducing newer compositional units are the most exciting routes for 
developing breakthrough water splitting photocatalysts. Certain other 2D semiconductor 
catalysts with entirely different composition such as C2N, C3N, polyimides, are also interesting 
new photocatalytic materials due to their extraordinary optical and photocatalytic properties. In 
the next few years, the achievement of significant and scalable quantities of reaction products 
without the use of sacrificial donor is needed for practical realization. Despite certain drawbacks, 
the results with carbon based 2D materials are promising and these materials in the future will 
prove to be more efficient, cheap and robust photocatalysts for the production of clean hydrogen 
fuel. In our view, polymeric photocatalysts with new compositions that contain the basic carbon 
nitride framework modified with suitable units will be engineered to exhibit optimal visible light 
absorbance and tuned band positions. Divergent graphenic framework polymers constitute 
another avenue for developing impressive and robust photocatalysts. The possibility of band 
structure manipulation by nanoscale chemical and physical structural modification of 
carbonaceous materials is an attractive approach to harvest maximum energy residing in the solar 
spectrum to produce hydrogen with higher quantum yields.  
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