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Abstract 

Microbial contamination in wastewater systems is a global problem and has 

attracted more and more attention. Therefore, a high-performance and 

environmentally friendly inactivation method is in great demand. Graphitic carbon 

nitride (g-C3N4) exhibits lots of prominent properties such as appealing 

physicochemical stability, unique two-dimensional structure and tunable electronic 

structure. Unsatisfactorily, the pristine g-C3N4 also faces the shortcomings arising 

from the limited visible light response and few active sites. Hence, a comprehensive 

review (“can we go further?”) about modified g-C3N4 photocatalysts for solar 

photocatalytic disinfection is necessary, which provides some inspiration for further 

optimization of the g-C3N4-based photocatalytic disinfection system. Meanwhile, the 

performance of g-C3N4-based photocatalysts for photocatalytic bacterial disinfection 

and the involved mechanisms are reviewed. In addition, the current prospects and 

possible challenges are pointed out. This review aims to summarize recent studies of 

g-C3N4-based photocatalysts in environmental disinfection and open a bright window 

to this booming research theme. 
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1. Introduction 

Water pollution has become a global problem affecting human health [1-4]. 

Water-borne diseases are a public health problem that urgently needs to be addressed 

[5]. Pollutants in water mainly come from heavy metals in industrial wastewater, 

antibiotics in agricultural wastewater, bacteria in medical wastewater and organic 

matter in domestic wastewater, etc [6-8]. The World Health Organization (WHO) 

estimates that 80% of diseases in developing countries are caused by water 

contaminated by pathogenic microorganisms, including parasites, protozoa, fungi, 

bacteria, rickettsia, viruses, and prions [9, 10]. However, the applications of 

traditional disinfection methods (chlorination, ozonation, ultraviolet light irradiation 

and microbial degradation) are limited because of their huge energy consumption, 

expensive equipment and numerous disinfection by-products [11, 12]. Therefore, 

effective, low-cost and sustainable disinfection methods are urgently needed [13]. 

Fortunately, the advanced oxidation methods could oxidize and remove organic 

substances or bacterial by generating various reactive oxygen species (ROS) including 

•OH, H2O2 and •O2
− [14]. As one of the advanced oxidation methods, semiconductor 

photocatalytic technology (“green” method) could use ultraviolet or visible light to 

form a variety of ROS for energy generation, pathogen inactivation and contaminant 

degradation [8, 15-17]. Generally speaking, a photocatalytic reaction process mainly 

includes five steps [18-20] (Fig. 1): (i) semiconductor photocatalyst absorbs photons; 

(ii) excitation of semiconductor energy levels; (iii) separation process of electrons and 

holes in semiconductors; (iv) migration of electrons and holes in semiconductors; (v) 
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interface reaction. In 1985, Matsunaga et al. successfully used photocatalytic 

technology to kill a variety of bacteria including Lactobacillus acidophilus, 

Saccharomyces cerevisiae and Escherichia coli (E. coli) for the first time [21]. Since 

then, abundant photocatalytic systems have been well built for aqueous viruses 

inactivation, whereas the review of photocatalytic disinfection is still limited [22]. In 

different photocatalytic systems, it is important to choose the “suitable” 

semiconductor. In the early, titanium dioxide (TiO2) has become the most commonly 

used nanomaterial for photocatalytic disinfection due to its non-toxicity, low price, 

high efficiency and stability [22]. Under the irradiation of ultraviolet light, TiO2 

mainly absorbs photons and promotes the separation of photo-generated electrons and 

holes, thereby generating ROS to inactivate microorganisms [23]. Nevertheless, there 

are still many challenges in using TiO2-based semiconductor for photocatalytic 

disinfection due to its limited light absorption (corresponding to only ~4% sunlight 

utilization) [24]. Hence, a series of stable and robust visible-light-driven (VLD) 

photocatalysts to maximize the use of solar energy is needed. 

Very recently, a metal-free organic polymeric nanomaterial (g-C3N4) has become 

the focus of VLD photocatalysis research, and it could be prepared from low-priced 

dicyanamide, cyanamide, thiourea, melamine and urea via thermal polymerization [25, 

26]. Besides, it is well known that metal-free g-C3N4 possesses many unique 

properties (proper band gap, physicochemical stability, and good photoelectric 

characteristics), which might be caused by its heptazine ring structure or high 

condensation degree [27]. Lin et al. found that g-C3N4 nanosheets (a low toxicity 
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nanomaterials) could be regarded as drug carriers for cancer diagnosis and therapy, 

which is of great significance for photocatalytic disinfection [28]. Unsatisfactorily, the 

pristine g-C3N4 also faces the shortcomings arising from the limited visible light 

response, few active sites and swift recombination of photo-induced carriers [27]. So 

far, a lot of modification methods have been applied to conquer above limitations and 

enhance the capability of bulk g-C3N4, such as building co-catalyst systems and 

complicated heterojunctions, morphological control and self-modification (structural 

design) [23]. Besides, g-C3N4-based (modified) photocatalysts also show outstanding 

performance in other fields such as pollutant degradation, water splitting, nitrogen 

fixation, CO2 reduction, and antibacterial treatment, etc [29-31]. For example, Wu et 

al. used g-C3N4-Zn2+@GO hybrid nanosheets to kill bacteria and assist wound healing, 

which indicates that the use of g-C3N4-based materials for the photothermal effect and 

antibacterial treatment of sterilization has bright prospects [30]. 

In the past few years, some reviews about nanomaterials for photocatalytic 

inactivation were reported with the development of photocatalytic water disinfection, 

while the reviews summarizing g-C3N4-based photocatalysts for aqueous viruses’ 

purification are still rare. In addition, the main influencing factors and mechanism of 

photocatalytic disinfection with g-C3N4-based photocatalysts are unclear in existing 

research. To fill above loopholes, a comprehensive review (“can we go further?”) 

about g-C3N4-based photocatalysts for solar photocatalytic disinfection is necessary, 

which provides some inspiration for further optimization of the g-C3N4-based 

photocatalytic disinfection system. Firstly, the basic structure and properties of 
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g-C3N4 catalysts are summarized in this review, and how to design g-C3N4-based 

nanocomposites with better performance are also discussed. Meanwhile, numerous 

typical examples of various modified g-C3N4 photocatalysts applied in disinfection 

are mentioned, and the main mechanisms and vital influencing factors in this topic are 

also explored. Finally, the prospects and possible challenges are pointed out. This 

review is expected to inspire ongoing efforts to reasonably utilize the various 

nanostructures to construct more high-performance g-C3N4-based nanomaterials for 

microbial inactivation using endless sunlight energy, and open a bright window to this 

booming research theme. 

 

2. Design considerations for carbon nitride-based photocatalysts 

Systematic understanding of properties of g-C3N4 and the semiconductor 

photocatalytic reaction process are beneficial to construct g-C3N4-based nanomaterials 

with better photocatalytic capability. Notably, among the several allotropic forms of 

C3N4 (alpha phase, quasi cubic phase, cubic phase, beta phase and graphite phase), 

graphite C3N4 is deemed as the most stable phase at ambient conditions [32]. This is 

ascribed to its specific two-dimensional (2D) π-conjugated polymeric architecture 

which based on two basic units, s-triazine and tri-s-triazine rings. Moreover, Kroke 

and coworkers proved that tri-s-triazine-based structure is the most stable structure 

and energetically favored according to density functional theory (DFT) [33-35]. The 

2D structure endows g-C3N4 with some promising and peculiar physical as well as 

electronic properties, supporting the application of g-C3N4 in environmental and 
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energy field. Weak van der Waals forces existed in layers provides the flake graphite 

characteristics, making the atoms in each layer arranged into a honeycomb structure 

with strong covalent bonds. The graphite like lamellar structure enables the transport 

of charge carriers and the mild energy gap (~2.7 eV) makes it workable at visible 

solar spectrum. The inherent electron-rich properties, hydrogen bond motifs and basic 

surface functionalities make it become a potential material in catalysis. Naturally, 

regarded as a conjugated polymer semiconductor, g-C3N4 has become a “hotspot” in 

environmental photocatalysis owing to its low cost, highly chemical stability and 

suitable electronic structure. Moreover, the specific properties (stability, optical and 

electronic properties, etc.) of g-C3N4 were provided in our previous research [36]. 

According to Fig. 1, the detailed process of the five steps of the photocatalytic 

reaction is as follows: First, the energy of the incident light must be greater than or 

equal to the band gap of the semiconductor, which will cause the electrons to be 

transferred to conduction band (CB) and then the holes to be generated on valence 

band (VB). Importantly, the semiconductor should possess adequate redox potential 

(appropriate location of CB and VB) for the desired photochemical reactions. 

Afterwards, the obtained electrons and holes will undergo a separation and transfer 

process in semiconductor. Accordingly, for better photocatalytic activity there must 

provide a driving force (electric field or magnetic field) to accelerate charge 

separation and boost the migration process. At last, the contaminants (bacterial, 

organic pollutions, and heavy metals, etc.) can react with photo-generated carriers in 

the surface of semiconductor, and the removal efficiency mainly counts on the 
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quantity of carriers and the redox ability of electron-hole pairs. 

To form effective g-C3N4-based nanocomposites, some pivotal issues must be 

considered: (i) How to improve the light absorption efficiency of semiconductors? (ii) 

How to regulate the band structure of semiconductors? (iii) How to improve the 

efficiency of carrier’s separation and migration? To conquer these barriers, 

corresponding measures should be taken: (i) Synthesis of special morphologies and 

nanostructures including different dimensions, core-shell structure and mesoporous 

structures of g-C3N4 to improve its specific surface area (SSA) and shorten the 

dispersal length of photo-generated carriers for better performance. (ii) Adjust the 

structure of g-C3N4 (metal doping, non-metal doping and defect engineering, etc.) to 

strengthen its VLD absorption capacity and redox capacity. (iii) Obtain the 

heterojunctions nanocomposites, construction the Schottky junction with built-in 

electrical potential and combination with co-catalysts (quantum dots or noble metals), 

helps to make better use of the advantages of the two semiconductors, thereby greatly 

improving catalytic activity of g-C3N4. 

According to the analysis above, in order to improve the photocatalytic 

inactivation efficiency of g-C3N4-based photocatalysts, the main design considerations 

are focused on extending light absorption, enhancing SSA, improving active site 

density, and increasing the separation of photo-generated carriers. In the following 

section, g-C3N4 based photocatalysts are mentioned and classified into three different 

modification systems. Numerous typical examples and the latest progresses about 

these various modified g-C3N4 photocatalysts applied in photocatalytic disinfection 
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are summarized. 

 

3. Recent advances in photocatalytic inactivation with carbon nitride-based 

photocatalysts 

Pathogenic microbial contamination in aqueous solution has always been 

harmful to aquatic ecosystems and public health, which can cause millions of deaths 

each year [37]. Very recently, semiconductor photocatalytic inactivation has become 

the focus of antimicrobial research due to its unique properties like eco-friendliness 

and strong oxidation ability, which shows better performance than traditional bacterial 

disinfection approaches [38]. In recent years, amounts of work have been done on the 

application of g-C3N4-based nanomaterials in photocatalytic inactivation. Various 

kinds of g-C3N4-based nanomaterials display efficient photocatalytic capacity for 

removal bacterial, and the corresponding inactivation properties and the modification 

strategy are summarized in Table 1 and Table 2. 

3.1 Morphology controlling 

The structure of photocatalysts could be divided into several typical structures: 

mesoporous structure, zero-dimensional (0D), one-dimensional (1D), 

two-dimensional (2D), three-dimensional (3D), and core-shell structure, etc [39]. In 

general, vast studies have shown that photocatalysts with special nanostructures 

possess better activity than bulk materials, which may be due to size effects, multiple 

light scattering effect, larger SSA and enhanced reactant/product diffusion [22, 40]. In 

few decades, the exponential growth of the synthesis of various nanostructures and 
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their potential applications in photocatalytic bacterial disinfection has been witnessed. 

Among the above several nanostructures, the most popular is the 2D structure, mainly 

because of the following aspects: (i) the 2D nanostructure usually have more active 

sites due to its bigger SSA. (ii) the photo-generated carriers have a longer life, which 

is caused by the defects and considerably nonstoichiometry on the nanosheets surface 

[22]. (iii) most importantly, it is very simple to dominate the exposed active facets in 

the 2D nanostructure [41]. 

The pioneer work of Wang et al., for instance, reported that mesoporous g-C3N4 

nanomaterials were prepared by hard templating method, exhibiting highly efficiency 

for Escherichia coli K-12 inactivation [42]. In this study, the SSA of mesoporous 

g-C3N4 (230 m2 g−1) was about a 20-fold increase compared to that of bulk g-C3N4 (12 

m2 g−1) and the carriers could promote bacterial inactivation. The hard templating 

method or the soft templating method, nevertheless, involves expensive functional 

templates and complicated deletion processes, which are disadvantageous for practical 

applications. With above in mind, Zhu et al. used a template-free approach (no extra 

reagents) to prepare a porous g-C3N4 nanosheets (PCNS) with the SSA of 190.1 m2 

g−1 [41]. From Fig. 2a-d, it is observed that all E. coli (~100.0%) could be destroyed 

by PCNS under visible light irradiation (4 h), and the corresponding morphological 

structures of bacterial is shown in Fig. 2e-g. And the enhanced photocatalytic 

sterilization performance of PCNS might be ascribed to the enlarged band gap, the 

increased amounts of ROS, the bigger SSA, the well-developed porosity and 

decreased thickness [41]. Equally important, the high-quality g-C3N4 nanosheets with 
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a thickness of 15.4 nm were fabricated via a facile and clean bacteria-inspired 

bioexfoliation strategy under ambient temperature, reported by Kang et al (Fig. 2h) 

[43]. And the optimal g-C3N4 nanosheets presented an impressive photocatalytic 

disinfection effect (completely inactivated of E. coli), which indicated that the 

exfoliation of bulk g-C3N4 into g-C3N4 nanosheets exhibited effective charge transfer 

and excellent bacterial inactivation behavior. 

Very recently, selectively introducing the electron-withdrawing groups onto the 

edge of g-C3N4 nanosheets (edge functionalization) could effectively boost the 

separation of carriers, assist production of H2O2 and induces an upward bending for 

enormous adsorption of oxygen molecules, thus improving disinfection efficiency 

[44-46]. Inspired by this strategy, Wang et al. synthesized an edge-functionalized 

g-C3N4 nanosheets (-COOH and C=O groups at the edge) as the photocatalysts to 

govern pathogen-rich wastewater, which exhibited an outstanding inactivation 

efficiency (nearly 100%) under 0.5 h visible-light irradiation with lower catalyst 

consumption [46]. The DFT calculations of edge-functionalized g-C3N4 nanosheets 

and schematic diagram of photocatalytic disinfection are depicted in Fig. 3a-c. DFT 

results showed that carbonyl and carboxyl groups changed the orbital state of adjacent 

carbon atoms, and proved that the functional groups on the edge can improve the 

efficiency of charge separation. From Fig. 3d-f, the edge functionalized g-C3N4 

nanosheets were drop-casted on the internal surface of bags, which involved the 

contaminated water with 5.0 cm depth. In this study, the final sterilized wastewater 

could meet the China drinking water standards (GB5749-2006). In terms of 
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photocatalysis, the single-layer g-C3N4 nanosheet possesses better optical and 

electronic properties than multi-layer g-C3N4 nanosheets [47-49]. For example, Zhao 

et al. fabricated an atomic single layer g-C3N4 via thermal etching and ultrasonic 

exfoliation, and the activity of photocatalytic inactivation was investigated by 

destruction of E. coli (2×107 CFU/mL). Only ~5 log and ~3 log of E. coli can be 

inactivated on multi-layer g-C3N4 nanosheets and pristine g-C3N4, whereas all E. coli 

were destructed over the single-layer g-C3N4 nanosheet in a period of 240 min [47]. 

In addition to 2D or porous structures, g-C3N4 with different kinds nanostructure 

has been prepared for photocatalytic wastewater sterilization. Core shell structure is 

regarded as the novel structure for protecting the core (“guest” nanomaterial) from the 

surrounding environment, which maximized the contact area of two nanomaterials 

(Fig. 4a), enhanced the materialization stability and improved the catalytic 

performance [50-53]. Recently, Song et al. synthesized core shell structure of 

g-C3N4@Co-TiO2 (CNCT) nanofibrous membranes via two-step process 

(electrospinning approach and thermal polymerization) (Fig. 4b) [54]. The as-obtained 

CNCT membranes presented a prominent antibacterial activity with a 6 log 

inactivation of E. coil within 1.5 h visible light irradiation, and corresponding 

disinfection efficiency, effect of dosage and SEM images of E. coil cells are described 

in Fig. 4c-g. The prominent photocatalytic performance benefits from the stable 

core-shell structures, enhanced visible-light response, maximum contact area and the 

effective charge transfer, etc. Similarly, for photocatalytic disinfection, 1D 

nanomaterials have attracted increasing attention due to their fast electron transport 
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efficiency (caused by 1D geometry), larger SSA (provide more active sites), enhanced 

light absorption (caused by high length-todiameter ratio) and fascinating physical 

properties, etc [55-57]. A unique structures of hollow tubular g-C3N4 (HTCN) were 

fabricated via a molecule self-assembly method by our group, and ~2.36-log 

destruction of E. coli cells by HTCN was obtained under visible light irradiation (40 

min) [57]. The outstanding capability could be ascribed to the improved light 

utilization efficiency and decreased photo-generated e−/h+ recombination ratio. It is 

worth noting that studies on sterilization of 0D or 3D structure of g-C3N4 are scarce, 

and the researchers should pay more attention to this aspect. In summary, g-C3N4 with 

various nanostructures possesses more exposed active facets, bigger SSA, rapid 

carriers transfer efficiency, and shows great potential for photocatalytic water 

disinfection, which deserve further investigation. Moreover, the typical g-C3N4-based 

catalysts with various well defined nanostructured morphologies for photocatalytic 

sterilization are depicted in Table 1. 

3.2 Structural design 

The structural design is not the design of nanostructures, but the overall band gap 

configuration and surface modification of g-C3N4, which could hugely improve the 

photocatalytic activity of pure g-C3N4. Among them, the element doping (metal, 

nonmetal and co-doping) is the most promising strategy to adjust the band gap and 

electronic structure of g-C3N4, which satisfactorily enhance the carriers migration and 

broaden the light responsive range [58-62]. In recent few years, although lots of 

metallic impurities and non-metal element doped g-C3N4 have been studied in 
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photocatalytic applications, there have been scarce reports on photocatalytic virus 

disinfection [34]. There is an example about g-C3N4 nanosheets and red phosphorous 

(r-P) nanoparticle, and the obtained nanocomposites (CN/red phosphorous) presented 

better photo-disinfection performance than r-P and bulk g-C3N4 [63]. Recently, Zhang 

and coworkers used a simple low-temperature solvothermal-hydrothermal method to 

prepared the heterojunction photocatalysts of O-g-C3N4/HTCC (oxygen-doped g-C3N4 

microspheres and hydrothermal carbonation carbon), which presented the excellent 

viricidal activity against human adenovirus type 2 (HAdV-2) within visible light 

irradiation [64]. The optimal heterojunction photocatalyst revealed the highest 

HAdV-2 viral inactivation efficiency (5-log), which was better than O-g-C3N4 (~ 

1.5-log) and HTCC (~ 0.2-log). The above phenomenon was derived from the 

O-doping in the g-C3N4 lattice (induce intrinsic electronic and band structure 

modulation) and the uniform distribution of HTCC on the surface of O-g-C3N4 [58, 64, 

65]. In this work, the corresponding band energy alignment and the Z-scheme 

mechanism diagram could be obtained in Fig. 5a. Till now, photocatalytic viral 

disinfection is still at its nascent stage for water treatment, but this pioneering work 

shed light on the developing more effective g-C3N4-based photocatalysts for 

wastewater treatment and highly resistant viral disinfection in practice. Notably, 

co-doping or tri-doping can combine the advantages of these single-doped atoms, 

leading to enhance the photocatalytic activity of g-C3N4 [66, 67]. For example, the 

nanocomposites of the silver particles (Ag) loaded on PSCN (phosphorus and sulfur 

co-doped g-C3N4) were constructed by calcination and biogenic-reduction procedures 
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with excellent sterilizing performance in water, researched by Xu et al [68]. As 

illustrated in Fig. 5b and Fig. 5c, all the nanocomposites of Ag/PSCN showed hugely 

enhanced inactivation activities as compared to bulk g-C3N4 and PSCN, but the excess 

deposited Ag (recombination centers) would reduce photocatalytic performance. The 

credible photocatalytic mechanism for destruction of E. coli with Ag/PSCN-4 was 

raised (Fig. 5d). 

In addition, structure defect engineering, as a method of structural design, could 

regulate the light response characteristics and the surface band structure, which is 

helpful to improve the photocatalytic activity of pure g-C3N4 [69-71]. On the one 

hand, optimization of crystal structure of g-C3N4 is favorable for its electronic 

property and redox capacity of photo-generated charge carriers [72]. On the other 

hand, modification of surface property could efficiently controlling recombination 

rate of the carriers and increasing the adsorption of reactants on its surface, and thus 

accelerating the surface catalytic reactions [73, 74]. The study of Liu and colleagues, 

for instance, exhibited that the porous g-C3N4 nanosheets with nitrogen defects was 

successfully fabricated through thermal polymerization method (freeze-dried 

HCl-pretreated urea) [75]. As depicted in Fig. 6a-f, the existence of nitrogen defects 

was verified by DFT calculation, X-ray photoelectron spectroscopy (XPS), 13C MAS 

NMR spectra and electron paramagnetic resonance (EPR) signals. Obviously, the 

optimized photocatalyst showed excellent pathogenic bacteria (E. coli and 

Staphylococcus aureus (S. aureus)) inactivation efficiency with the destruction of 

4.80-log and 4.24-log, respectively. Further, in order to better observe the death of E. 
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coli, the confocal fluorescent images of live and dead bacteria were shown in Fig. 6g. 

In the past few years, noble metal cocatalysts (Au, Ag, and Pd, etc.) have been 

considerably incorporated with g-C3N4 semiconductors, which could improve the 

photocatalytic performance through enlarging spectral response, separating charge 

carriers (electrons transfer) and the surface plasmon resonance (SPR) effect [76-81]. It 

is well-known that Ag is a promising bactericidal agent because of its beneficial roles 

(acceleration of carriers transfer and upshifting the VB of g-C3N4) [82, 83]. For 

example, Ma et al. introduced a photoreduction approach to obtain the hybrid 

Ag/g-C3N4 photocatalyst, which was used to destroy E. coli under light conditions. 

And it was confirmed through trapping experiments that e−, h+ and •O2
− played a key 

role in the inactivation of E. coli cell [82]. Similarly, Xu et al. reported highly 

efficient antimicrobial performance against S. aureus by Ag-doped g-C3N4, and nearly 

all bacteria cells were destructed within 3 h visible light exposure [84]. Apart from Ag, 

by integrating of Au nanoparticles on the g-C3N4, a nanocomposite was prepared 

which exhibited considerably strengthened bactericidal activity in Gram-positive (G+) 

and Gram-negative (G−) bacteria removal [85]. Interestingly, the analysis of Fig. 7 

exposed that Au/g-C3N4 could also efficiently resist wound infection and suppressing 

the creation of new biofilms in vitro. And others noble metal-based materials 

combinated with g-C3N4 were illustrated in section of heterojunctions. Furthermore, 

the latest g-C3N4-based photocatalysts with structural design for disinfection 

performances are also summarized in Table 1. 

3.3 Heterojunctions and other g-C3N4-based system 
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Combining two different semiconductors into a heterojunction structure can not 

only effectively adjust the performance of a single semiconductor, but also produce 

many new features. Constructing g-C3N4-based hybrid heterojunctions to use solar 

energy is an attractive approach to improve the separation efficiency of charge carriers, 

thus promoting its photocatalytic performance [86-90]. Metal-free nanomaterials 

obtain much attention due to their multiple advantages (environmentally amicable and 

low cost), and it is extremely promising to build metal-free heterojunctions based on 

g-C3N4. In a pioneering research, Wang et al. synthesized a novel metal-free 

heterojunction photocatalyst (reduced graphene oxide and g-C3N4 cowrapped 

cyclooctasulfur (α-S8)), and the as-prepared samples exhibited good bacterial 

inactivation efficiency under visible light irradiation [91]. As shown in Fig. 8a-c, two 

different synthetic routes were applied to synthesized the two different 

heterostructures (RGOCNS8 and CNRGOS8), and their antibacterial activity were 

both much higher than g-C3N4 sheets under the aerobic or anaerobic conditions. 

Obviously, the two core−shell structure in the different nanocomposites played a 

critical role in controlling their photocatalytic disinfection performance and the 

different mechanisms were shown in Fig. 8d. This study proposed a new insight into 

the investigation and understanding the use of metal-free solar-driven photocatalytic 

wastewater inactivation. Graphene oxide (GO), regarded as another promising 

metal-free cocatalyst, could rapidly transfer carriers to its surrounding environment 

[92, 93]. The first report to record the antibacterial activity of GO/g-C3N4 was 

researched by Sun et al., and 97.9% of 107 CFU/mL of E. coli could be inactivated 
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within 120 min [94]. In another recent study, Ouyang et al prepared novel metal-free 

photocatalysts based on g-C3N4 and fullerene (C60, C70), which possessed unique 

electronic properties and applied for antimicrobial photodynamic disinfection [95]. 

Bulk g-C3N4 can only achieve bacterial inactivation efficiency of 68% under 240 min 

of visible light exposure, whereas as-obtained C60/g-C3N4 and C70/g-C3N4 

nanocomposites destroyed 86% and 100% of E. coli O157:H7 cells, respectively. 

Above antimicrobials nanocomposites and others metal free photocatalysts could 

serve as a hopeful candidate for removing the bacteria in wastewater system. 

Due to the tunable optical absorptivity, small size effect and good electrons 

transfer rates of quantum dots, thus the heterojunctions of quantum dots (QDs) as 

cocatalysts combined with semiconductor (mainly g-C3N4) have also been studied by 

numerous scientists [57, 96-99]. For example, Wang and co-workers used an 

ultrasonic method to prepared vanadate QDs (BiVO3 and AgVO3) embedded g-C3N4, 

and the inactivation efficiency of BiVO3 QDs/g-C3N4 and AgVO3 QDs/g-C3N4 could 

reach to 84% and 96.4% towards G− Salmonella H9812 under 10 min of light 

illumination, respectively (Fig. 9a) [96]. From the results of Fig. 9b-d, the bactericidal 

efficiency of AgVO3 QDs/g-C3N4 nanocomposites enhanced with increasing catalyst 

dose. They also found the neglected antimicrobial activity of AgVO3 QDs, AgVO3 

QDs/g-C3N4 and BiVO3 QDs/g-C3N4 in dark condition, which indicates the non-toxic 

of afore-mentioned nanomaterials (Fig. 9g-h). Furthermore, the temperature of the 

photocatalytic reaction system was measured via a thermal imager, which is a vital 

condition for bacterial survival under light illumination. From Fig. 9e-f, only 2.9 °C 
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increased (from 27.2 °C at 5 min irradiation to 30.1 °C at 30 min irradiation) during 

the experiment, demonstrating the temperature stability of this system. For the first 

time, Li et al. synthesized VLD g-C3N4 QDs/ TiO2 nanotube array membrane, which 

displayed improved anti-fouling activity in filtering wastewater with E. coli because 

of the synergistic effect of photocatalysis and membrane filtration [100]. Another 

example was the hollow tubular g-C3N4 which could capture the carbon QDs for E. 

coli inactivation, reported by our team [57]. The schematic illustration of the 

preparation for hollow tubular g-C3N4 capture the carbon QDs is described in Fig. 9i, 

and the optimal sample exhibited superior performance with 99.99% destruction of E. 

coli in 40 min of visible light irradiation. The above results provide new clues for 

designing 0D semiconductor/g-C3N4 heterojunction photocatalysts for photocatalytic 

disinfection. 

Until now, many metal oxides and composite oxides have been attached with 

g-C3N4 for better bacteria sterilization performance under visible light illumination 

[101-103]. Among the diverse oxides semiconductors, TiO2 has been regarded as the 

most suitable candidate to be integrated with g-C3N4. For the first time, Li et al. 

smoothly prepared g-C3N4/TiO2 heterojunction and its bandgap was narrower than 

pure g-C3N4 and TiO2, which presented outstanding photocatalytic activity for E. coli 

destruction [102]. From the results of potassium ion (K+) leakage (concentration of K+ 

increases with the photocatalytic reaction time increases), the bacteria cell membrane 

permeability and intact cell structure was destructed by ROS. Inspired by the above 

results, Xu et al. used novel heterojunction (aligned TiO2 nanotube arrays loaded on 
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the g-C3N4 nanofilms) to destruction of E. coli, and the binary nanocomposites 

exhibited a significant bactericidal effect [104]. Moreover, the photocatalyst of 

g-C3N4/ZnO also possess great photocatalytic antimicrobial (towards S. aureus and E. 

coli) efficiency, proved by Sundaram et al. [105]. Very recently, a  Z-scheme 

heterostructure of g-C3N4/MnO2 on the surface of metallic Ti implants was 

constructed (Fig. 10a) and displayed superior antibacterial efficiency of 99.26% and 

99.96% against E. coli and S. aureus severally (Fig. 10b-c), in which MnO2 enhanced 

the photocatalyst activity of g-C3N4 to obtain more ROS and consume glutathione 

(GSH) to enhance inactivation efficiency [103]. The destruction of bacterial 

membrane and the leakage of protein were proved that more ROS could be generated 

in the g-C3N4/MnO2 heterostructure (Fig. 10d-f). Furthermore, GSH in bacteria will 

be oxidized by MnO2 in the coating, enhancing the efficiency of photodynamic 

antibacterial therapy (PDT), the corresponding loss diagram of GSH and mechanism 

graph was shown in Fig. 10g-i. Similarly, the composite oxides MgTi2O5 was chosen 

to attach g-C3N4 nanosheets via in situ growth strategy, and the obtained Z-scheme 

heterojunction MgTi2O5/g-C3N4 exhibited excellent E. coli inactivation effectiveness 

(7-log inhibition within 3 h) [106]. In the photocatalytic inactivation system, •O2
− and 

H2O2 played the dominant role and •OH and h+ played the moderate role, which 

confirmed by species trapping experiments. The proposed mechanism of 

MgTi2O5/g-C3N4 system is also depicted in Fig. 10j. Meanwhile, Ag-based composite 

oxides also have a wide range of applications in photocatalytic sterilization [107-110]. 

For instance, Li et al. synthesized a Ag2WO4/g-C3N4 nanocomposite via the 
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deposition-precipitation method, and the sample of Ag2WO4(5%)/g-C3N4 could 

remove 100% live bacteria within 1.5 h visible light irradiation [107]. Expanded 

perlite (EP), as a natural mineral (mainly contains Al2O3 and SiO2), has several merits 

such as low cost (earth-abundant element), large particle sizes (higher SSA) and high 

photocorrosion resistance, etc [111]. Due to the above advantages, Li’s group firstly 

developed water-surface-floating (g-C3N4/EP) photocatalytic nanocomposites for 

destruction of microorganism, and systematically studied water quality parameters for 

their potential application [111]. As previously mentioned, these researches 

demonstrate a proof-of-concept for developing antimicrobials with metal oxides and 

other complicated oxides for wastewater disinfection and microbial control. 

Bismuth-based photocatalysts (such as bismuth oxyhalide (BiOX, X = Cl, Br, or 

I), bismuth oxides, BiVO4 and Bi2MoO6, etc.) possess narrow bandgap, unique 

crystalline structures and excellent capacity of visible light absorption. Therefore, 

they gained extensive attention in photocatalytic field [112-117]. Recently, the 

Bi2MoO6/g-C3N4 heterojunctions were prepared based on g-C3N4 nanosheets via in 

situ solvothermal method, researched by Yin’s team, which antibacterial capacity was 

better than g-C3N4 sheets and pure Bi2MoO6 [118]. The photocatalytic disinfection 

efficiency of various photocatalysts was revealed in Fig. 11a-b, and the representative 

antibacterial process was also shown in Fig. 11c. From Fig. 11a-b, the disinfection 

activity of Bi2MoO6/g-C3N4 heterojunctions were all higher than individual Bi2MoO6 

and bulk CN, and the sterilization performance of g-C3N4 sheets was obviously 

promoted but still had room for further enhancement. Furthermore, the authors also 



 

24 
 

illustrated that the sterilization curve was divided into three parts: initial delay implied, 

log-linear disinfection region and an obvious deceleration process [118]. BiOBr has a 

tetragonal PbFCl-type layered crystal structure composed of [Bi2O2]
2+ plate and 

double plate of halogen atoms, which can improve the effective separation and 

movement of carriers [76, 119]. In Ni’s research, the nanocomposite of BiOBr/g-C3N4 

was prepared through a depositing method, and the obtained heterojunction exhibited 

outstanding photocatalytic disinfection activity towards to inactivated E. coli [120]. In 

addition, Wong et al. fabricated a monoclinic-Bi2O4/g-C3N4 heterostructure (Fig. 11d) 

that followed the Z-scheme photocatalytic mechanism (Fig. 11e) to removal E. coli 

within visible light [121]. Based on the Z-scheme mechanism, the e− on the CB of 

g-C3N4 could efficiently obtain H2O2 and •OH via O2 reduction due to its higher 

reducing power. From the sterilization curve (Fig. 11f), the monoclinic-Bi2O4/g-C3N4 

heterostructure could completely removal E. coli (6-log) within 1.5 h, whereas 4-log 

and 1.5-log reduction of E. coli was received under 2 h light irradiation for 

monoclinic-Bi2O4 and g-C3N4, respectively. 

For better develop the physicochemical properties of g-C3N4, the ternary or more 

complex design of g-C3N4 (consist of three or more components) antimicrobials have 

been proposed. Notably, this novel design of g-C3N4 antibacterial materials could 

make full of synergistic effects of multicomponent to uncommonly improve the 

separation efficiency of the carriers. It should be noted that the most common ternary 

structure of g-C3N4-based composite is g-C3N4/noble metals/semiconductor [122-127]. 

Very recently, Zeng et al. constructed a Z-scheme g-C3N4/Ag/BiVO4 nanocomposite 
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for removal E. coli cells in simulated wastewater and sewage [126]. In this ternary 

system, noble metals (Ag) could decrease the recombination of carriers, boosted the 

interfacial electron transfer and promoted the generation of ROS. Therefore, the 

photocatalytic disinfection of ternary composite (g-C3N4/Ag/BiVO4 6.5-log) is 

obviously better than binary composite (g-C3N4/BiVO4 0.5-log) under 1 h of visible 

light irradiation. However, the existence of natural organic matter (NOM) in sewage is 

the main reason for reducing the photocatalytic bactericidal activity of 

g-C3N4/Ag/BiVO4 nanocomposite. Another classic ternary structure of g-C3N4-based 

composite is g-C3N4/semiconductor/semiconductor [128-132]. For example, about 

100% of E. coli cells could be inactivated by BiOBr/BiOI/g-C3N4 nanocomposite, 

whereas BiOBr, BiOI and g-C3N4 photocatalysts killed 29.4%, 34.2%, and 83.7% of E. 

coli under the visible light exposure, respectively [132]. The disinfection performance 

of the g-C3N4/TiO2/kaolinite composite is significantly better than that of the g-C3N4 

and TiO2, which is a similar result obtained by Li et al [133]. Through all the analysis 

above, we have to admit that one modification method cannot significantly improve 

the performance of bulk g-C3N4, which encouraged us must adopt a combination of 

multiple modification strategies to enhance their photocatalytic activity. At last, 

amounts of recent g-C3N4-based heterojunctions materials for photocatalytic 

inactiviation are summarized in Table 2. 

 

4. Influencing factors 

In view of the lack of uniform specifications for the design of g-C3N4-based 
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photocatalysts, we summarize the factors that may affect its antibacterial activity as 

follows (Fig. 12a): (i) bacterial (types and concentrations); (ii) photocatalysts 

(nanostructure and sample loading); (iii) light conditions (light sources, light intensity 

and light wavelength); (iv) water qualities (dissolved oxygen (DO), dissolved organic 

matter (DOM), temperature, pH, inorganic ions, etc.). Analysis of these influencing 

factors will help us to further improve the efficiency of carbon nitride photocatalytic 

disinfection. 

For the aspect of bacterial (i), because of the different size, shape, composition 

and structure, various types of viruses present different resistances to inactivation in 

photocatalysis [134]. In general, the sensitivity of bacterial species to photocatalysis is 

sorted from strong to weak as follows: G− bacteria > G+ bacteria > Yeast > Mold 

(filamentous fungi) [134, 135]. This sensitivity difference is mainly determined by the 

cell wall structure (complexity and thickness) and the resistance of cell wall 

components to oxidative damage [136-138]. Specifically, the cell wall thickness of G+ 

bacteria is 2-8 times that of G− bacteria. Therefore, G+ bacteria have more 

peptidoglycan (one of the cell wall structures), which is the main substance against 

ROS. The initial concentration of bacteria also has a direct impact on the experimental 

results [139]. When the initial concentration of bacteria reaches 1 × 103 CFU/mL, the 

initial concentration has almost no effect on the sterilization rate. But when the initial 

concentration exceeds 1 × 108 CFU/mL, the photocatalytic activity may be reduced 

because of screen effect (reduces the light intensity that can be received in the 

cytoplasm) [140]. 



 

27 
 

For the aspect of photocatalysts (ii), the nanostructure of carbon nitride 

photocatalysts has a direct impact on the efficiency of photocatalytic disinfection. 

Carbon nitrides with various nanostructures have different properties and therefore 

exhibit different photocatalytic activities. Specific modification measures have been 

mentioned in “Morphology controlling”. Moreover, consistent with other 

photocatalytic applications, there also exists an optimal loading of g-C3N4-based 

photocatalysts for wastewater bacteria disinfection [141, 142]. Increasing the loading 

of g-C3N4 can provide more active site and improve the inactivation efficiency. 

However, exceeding the optimal loading of g-C3N4 will reduce the disinfection 

efficiency, which is caused by the reduced light penetration in water. 

For the aspect of light conditions (iii), the pristine g-C3N4 has limited visible 

light response. Therefore, many modification strategies were applied to enhance the 

utilization of visible light of bulk g-C3N4. Fortunately, some g-C3N4-based 

photocatalysts have strong solar energy utilization (near-infrared light absorb), and the 

light source effect changes with the optical properties of photocatalysts [143, 144]. In 

the case of sunlight intensity, the maximum intensity of natural sunlight reaching the 

Earth's surface is about 1000 W/m2, but the true intensity varies with various factors 

(season, weather, geographical location, etc.) [136, 145]. For example, Pulgarin et al. 

found that the inactivation efficiency of semiconductor photocatalysts increased with 

the increased light intensity [145]. Nonetheless, higher light intensity does not mean 

better inactivation efficiency, because higher light intensity could cause the waste of 

energy and lead to increased recombination of photo-generated carriers [142]. The 
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relationship between light wavelength and sterilization efficiency is not well 

understood, but few studies have shown that long-wavelength light has a better 

sterilization effect [146]. 

For the aspect of water qualities (iv), some important water factors like 

temperature, DO, pH, DOM, and inorganic ions on photocatalytic sterilization should 

be considered. In the Li’ group, it has been reported that the effect of common 

ambient temperature (1.48 ‒ 43.52 °C) on virus inactivation efficiency via g-C3N4 

system is negligible [10]. Furthermore, Li et al. used response surface methodology 

(RSM) to optimize the different operating parameters (reaction temperature, light 

intensity and photocatalyst loading) for destruction of bacteriophage MS2 under 

visible light irradiation [10]. From Fig. 12b, under the optimized conditions of 

reaction temperature (24.05 °C), metal loading (135.4 mg/L), and light intensity 

(199.8 mW/cm2), the viruses can be killed up to 6.58 log PFU/mL. According to 

photocatalytic reaction process, increasing the amount of DO in the water is 

conducive to the production of ROS, thereby improving the photocatalytic 

disinfection activity [111]. Nevertheless, the improvement for bacterial inactivation 

with floating system was limited, because the air-water interfaces was easily access 

sufficient oxygen gas. As for pH, lowering the pH promotes antibacterial effects 

because of the synthesis of acid shock proteins in bacteria, but this trend does not 

apply to virus inactivation [147-149]. For example, Zhang et al. found that the 

g-C3N4/EP-520 photocatalysts were more beneficial for virus (MS2) inactivation at 

lower pH values, which may be due to the decrease in electrostatic repulsion between 
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photocatalysts and viruses [111]. 

As for DOM, the presence of organic impurities reduces photocatalytic 

sterilization rate via inhibiting the generation of ROS [150]. On the one hand, 

smaller-molecular-weight DOM could consume ROS in photocatalytic reactions, thus 

reducing ROS that react with bacterial. On the other hand, larger-molecular-weight 

DOM could form a protective layer on the surface of microorganisms to protect 

bacterial from photocatalytic inactivation [151]. Partial inorganic ions have a 

significant effect on the performance of photocatalytic disinfection, especially Fe2+, 

Co2+, and Cu2+ can greatly improve the photocatalytic efficiency via Fenton reaction 

and/or Fenton-like reaction [152]. In contrast, other inorganic ions (PO4
3−, Ca2+, SO4

2−, 

and CO3
2−) could inhibit bacterial inactivation via competitive adsorption activity 

sites on the surface of g-C3N4 and capture free radicals [59, 153], whereas some ions 

such as Na+, Cl−, and Br−, etc. have negligible effects on photocatalytic disinfection 

[154]. To sum up, the above results unveil that the photocatalytic disinfection 

efficiency can be affected by many factors, and researchers should explore the optimal 

bactericidal conditions through extensive research. 

 

5. Photocatalytic inactivation mechanisms 

As mentioned in section 2, the photocatalytic reaction process involves five steps 

(Fig. 1), and the photocatalytic inactivation mechanism of g-C3N4 is explained by the 

generation of photo-induced charge carriers under visible light irradiation. Overall, 

electrons migration and generation of ROS species on g-C3N4 surface are illustrated 
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via following formulas (1–6) [34, 155-157]. 

g-C3N4 + hv        g-C3N4 (e
− + h+)                               (1) 

g-C3N4 (h
+) + H2O        g-C3N4 + •OH +H+      (+2.38 eV vs NHE)  (2) 

g-C3N4 (h
+) + OH−        g-C3N4 + •OH          (+1.99 eV vs NHE)  (3) 

g-C3N4 (e
−) + O2        g-C3N4 + •O2

−            (-0.33 eV vs NHE)  (4) 

•O2
− + •HO2        •OH + O2 + H2O2             (-1.18 eV vs NHE)  (5) 

g-C3N4 (e
−) + H2O2        g-C3N4 + OH− + •OH    (+0.73 eV vs NHE)  (6) 

Generally speaking, the key ROS species in the photocatalytic disinfection 

process are H2O2, •OH and •O2
−, which can effectively react with cellular compounds, 

leak the cell wall membrane of microorganisms, and finally lead to cell death [34, 

158-160]. However, the ROS that play a major role in different systems are uncertain. 

Hence, for the purpose of understanding the photocatalytic bactericidal mechanism, 

we should identify the major ROS formation from g-C3N4-based photocatalysts 

systems and their roles in bacterial destruction, as well as to know how the ROS lead 

to the destruction of bacterial cells. 

Facile ROS trapping experiments could identify the major ROS in different 

photocatalytic bactericidal systems [22, 161-163]. In general, several scavengers such 

as isopropanol (IPA), sodium oxalate (Na2C2O4), Fe(II)-EDTA, Cr6+ and 

4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL) were added in 

photocatalytic bacterial inactivation or photocatalytic degradation pollutions and act 

as quenchers of •OH, h+, H2O2, e− and •O2
−, respectively [164-166]. The trapping 

experiments were applied to determine the major ROS with or without the partition 
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system, and the role of specific ROS in bacterial inactivation can be identified. 

Furthermore, the concentration of reactive species like •OH, •O2
− and H2O2 could be 

quantitatively determined via terephthalic acid (TPA) probe means, nitroblue 

tetrazolium (NBT) transformation method and iodometry [126, 164]. For example, in 

a BiVO4/Ag/g-C3N4 photocatalytic system, Zeng et al. concluded that h+ and •O2
− 

followed by H2O2 played important roles in photocatalytic bacterial inactivation via 

trapping experiments (Fig. 13a). The authors also demonstrated that the produced 

amount of reactive species •O2
−, •OH and H2O2 by ternary BiVO4/Ag/g-C3N4 was 

higher than that of the binary nanocomposite (Fig. 13b-d) [126]. Notably, for 

maximum scavenging effect during the photocatalytic bactericidal process, the 

applied concentrations of the scavengers should be controlled and optimized because 

of their potential toxicity to bacterial cells. 

To further study the mechanism of g-C3N4-based nanocomposites photocatalytic 

bacterial inactivation, the cell membrane integrity variation of bacterial, release of 

intracellular substance (such as K+, nucleic acids and antioxidant enzymes, etc.) and 

energy (ATP) synthesis are explored [106, 155, 156]. First of all, the bacterial cell 

inactivation is originally proposed to consume coenzyme A (CoA) through 

dimerization and subsequent inhibition of respiration (photocatalytic reduction 

process) [21, 22, 167]. Superoxide dismutase (SOD) and catalase (CAT), act as 

indicators for the oxidative stress encountered by the cells, are further investigated 

(photocatalytic oxidation process). Because SOD could catalyze the dismutation of 

•O2
− to H2O2 or O2, and CAT could catalyze the dismutation of H2O2 to water and 
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oxygen to protect the bacteria [168-170]. For example, the SOD and the peroxidation 

intermediate MDA was measured to evaluate the bacterial membrane oxidation degree, 

studied by Jiang and co-workers (Fig. 13e) [106]. During the first 1.5 h, the MDA 

concentration increased, indicating that the lipid content was gradually oxidized, 

causing damage to the cell membrane. However, the concentration of SOD suggested 

the existence of antioxidant system and then damaged with the destructed of bacterial 

cells. Furthermore, most of the studies focus on microscopic analysis (SEM or TEM) 

to clearly observe the changes of bacterial morphology and confirm the destruction of 

bacterial cells during photocatalytic sterilization (like aforementioned Fig. 10d). 

Overall, key ROS species attack cells and cause damage to membranes and cell 

walls. As we all know, K+ is an important inorganic element in bacterial cells and is 

used for the regulation of proteins and polysomes [156, 171]. The concentration of K+ 

could regarded as an index to evaluate cell membrane permeability, and in our 

previous work, the leakage of K+ was detected to gradually increase with the visible 

light irradiation time increased, which indicates the breakage of cell membranes (Fig. 

13f) [57]. Besides, other substances such as DNA, RNA, enzymes, carotenoid, 

glutathione, and peroxidase, may also involve defending against oxidative stress 

processes. From Fig. 13g-i, the results of the fluorescent intensity of genomic DNA 

and the leakage of DNA and RNA contents display that amounts of nucleic acids were 

liberated to the extracellular within the photocatalytic disinfection [106]. In addition, 

energy (ATP) synthesis is significant for cell repair and growth, hence, the handicap 

of ATP production would harm the bacterial metabolism. In the study of Xia et al., the 
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level of ATP decreased from 123.8 RLU/103 to 0, which demonstrated that the 

structure and metabolism of bacterial cells were damaged after the exposure to visible 

light irradiated g-C3N4/m-Bi2O4 within 60 min [121]. 

Taking together, above results indicate that the ROS attack the cell and ultimately 

destroy the bacterial cell. As displayed in Fig. 13j, the bacterial (like G− E. coli) 

inactivation processes explored by g-C3N4-based nanocomposites within visible light 

irradiation, which mainly caused by chemical oxidation (ROS) mechanism? There are 

two other mechanisms (physical damage and the toxicity of metal ions based on 

metal-containing semiconductor) that have been studied by many researches [142]. 

Nonetheless, physical damage in virus inactivation usually involves GO-based 

photocatalysts, where GO has many sharp edges to destroy and inactivate the viral 

protein coat [172, 173]. As mentioned in section 4, the metal-based materials 

combined with g-C3N4 could improve the photocatalytic disinfection performance, 

because of the synergistic effect of photocatalysis and metal ion toxicity [174, 175]. 

Similarly, understanding photocatalytic inactivation mechanism of g-C3N4 will help 

us to further improve the efficiency of carbon nitride photocatalytic disinfection. 

 

6. Summary and prospects 

In summary, the solar-powered photocatalysis certainly represents one of the 

most promising technologies for wastewater disinfection. Unsatisfactorily, the pristine 

g-C3N4 shows poor performance in photocatalytic disinfection due to its limited 

visible light response, few active sites and swift recombination of light-induced 
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carriers. In present review, three different modification systems (morphology 

controlling, structural design and heterojunctions, etc.) based on g-C3N4 

nanomaterials were summarized in detail. And it has been observed that the modified 

g-C3N4 nanocomposites present superior photocatalytic disinfection efficiency due to 

their larger SSA, better light utilization efficiency and slowly recombination of 

carriers, etc. Meanwhile, the performance of photocatalytic viral disinfection for 

g-C3N4-based photocatalysts and the key mechanisms of this subject are summarized. 

It is anticipated that the g-C3N4-based photocatalysts will become a research hotspot 

and this study aims to open a bright window to this booming research theme. 

Although theoretical design is proposed and some considerable progress has 

been achieved, researches in this field and their development in practical applications 

are still in infancy and remain many challenges. First, in a photocatalytic system, the 

interface properties of the photocatalysts determine their final efficiency. So, it is 

critical to understand the carriers’ generation, separation and migration across these 

nanoscale interfaces. As we all known, it is easy to understand the separation and 

migration of carriers in a simple g-C3N4 systems, but it is becoming increasingly 

difficult to understand and control the charge transport in multi-component complex 

structures based on modified g-C3N4, particularly on the nanometer scale. Naturally, 

the mechanisms of photocatalytic disinfection by the g-C3N4-based complex 

nanocomposites systems are partly uncertain. The detailed mechanism research of the 

carriers transfer process in multi-component complex system (three or more 
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components) is insufficient and will be necessary to further develop the photocatalytic 

disinfection field. 

Secondly, most of the g-C3N4-based photocatalytic inactivation application have 

been proposed and studied in under laboratory conditions. For achieve future 

large-scale applications, amounts important issues such as catalyst immobilization, 

recycling methods, optimization of disinfection parameters and photocatalytic reactor 

design need to be addressed. Moreover, based on practical applications, the stability 

of g-C3N4-based nanomaterials also needs to be considered. DFT calculation is an 

essential tool in scientific research, which guide the modification of g-C3N4 and helps 

to predict photocatalytic reaction pathways. Hence, synthesizing innovative, efficient 

and stable g-C3N4-based nanocomposites via DFT technology is necessary. In addition 

to microorganisms in wastewater, the removal of the bacteria in the indoor/outdoor air 

and protozoa in the aqueous solution should also be stressed 

Thirdly, as is also well known, microbes in nature are not all harmful, and some 

of them are good for humans. However, according to the mechanism of photocatalytic 

disinfection, various microorganisms (whether harmful or not) will be removed by 

ROS without prejudice and there is no oxidation selectivity. To this end, considerable 

effort is required to design molecularly imprinted photocatalysts based on specific cell 

surfaces to efficiently selectively inactivate specific microorganisms. 

Finally, various advanced photocatalytic materials have appeared in few decades 

with the rapid development of nanotechnology. Interesting properties might be probed 

by integrating the advanced photocatalytic materials with g-C3N4, and the above 
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challenges must be able to overcome in the near future. To sum up, the prospect of 

photocatalytic disinfection looks bright. In the near future, it is sure that 

nanocomposites based on g-C3N4 will have many interesting opportunities in this field, 

which requires the joint efforts of scientists worldwide. 
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Table 1. Photocatalytic disinfection of g-C3N4 with different nanostructures and surface modification. 

Photocatalyst Nanostructure 
Target microorganism and  

microbial level (CFU/mL) 
Light source  

Inactivation 

performance 

Time 

(h) 

Catalyst dose 

(g/L) 

Ref 

(year) 

PCNS 
porous 

nanosheet 

E. coli 

5×106 

500 W xenon lamp with  

a 420 nm cutoff filter 
6.7-log 4 0.4 

[41] 

2017 

g-C3N4 mesoporous 
E. coli K-12 

2.5×106 

300 W Xenon lamp with 

a 420 nm cutoff filter 
6.39-log 4 1 

[42] 

2014 

BT-CN nanosheets 
E. coli 

3×107 

300 W Xenon lamp with 

a 420 nm cutoff filter 
7.47-log 2 1 

[43] 

2018 

F-g-C3N4-30-EP nanosheets 
E. coli 

1×106 

300 W Xenon lamp with 

a 400 nm cutoff filter 
6-log 0.5 0.01 

[46] 

2019 

SL g-C3N4 
single layer 

nanosheet 

E. coli 

2×107 

500 W xenon lamp with  

a 400 nm cutoff filter 
7.3-log 4 0.1 

[47] 

2014 

CNCT core shell 
E. coli 

1×106 

300 W Xenon lamp with 

a 420 nm cutoff filter 
6-log 1.2 0.5 

[54] 

2020 

HTCN hollow tubular 
E. coli 

3×109 

300 W Xenon lamp with 

a 420 nm cutoff filter 
2.36-log 0.67 0.6 

[57] 

2019 
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O-g-C3N4 doping 
HAdV-2 

1×105 

7 W-white light emitting 

diode lamp (λ > 400 nm) 
1.5-log 2 0.15 

[64] 

2019 

Ag/PSCN co-doping 
E. coli 

1×107 

300 W Xenon lamp with 

a 420 nm cutoff filter 
7-log 1 0.5 

[68] 

2020 

CN-4 
nanosheet with 

nitrogen defects 

E. coli and S. aureus 

1×106 

300 W Xenon lamp with 

a 420 nm cutoff filter 

4.80-log 

4.24-log 
2 4 

[75] 

2020 

Ag/g-C3N4 noble metals 
E. coli 

1×107 

300 W Xenon lamp with 

a 420 nm cutoff filter 
7-log 1.5 4 

[82] 

2016 

Ag/PCNO noble metals 
S. aureus 

1×107 

500 W Xenon lamp with 

a 420 nm cutoff filter 
7-log 4 0.2 

[84] 

2019 

g-C3N4 bulk 
Bacteriophage MS2 

1×108 

300 W Xenon lamp with 

a 400 nm cutoff filter 
8-log 6 N/A 

[141] 

2016 
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Table 2. Photocatalytic disinfection of g-C3N4 heterojunction. 

Photocatalyst Heterojunction 
Target microorganism and 

microbial level (CFU/mL) 
Light source 

Inactivation 

performance 
Time (h) 

Catalyst dose 

(g/L) 
Ref 

HTCN-C(2) 
CQDs/ tubular 

g-C3N4 

E. coli  

1×107 

300 W Xenon lamp with a 

420 nm cutoff filter 
6.88-log 0.67 1 

[57] 

2019 

CNP g-C3N4/red P 
E. coli K-12 

1×107 

300 W Xenon lamp with a 

420 nm cutoff filter 
7-log 1.34 1 

[63] 

2018 

CNRGOS8 g-C3N4/RGO 
E. coli K-12 

2×106 

300 W Xenon lamp with a 

400 nm cutoff filter 
6.3-log 4 N/A 

[91] 

2013 

GO/g-C3N4 GO/g-C3N4 
E. coli  

1×107 

300 W Xenon lamp with a 

420 nm cutoff filter 
6.99-log 2 0.1 

[94] 

2017 

fullerene/C3N4 
C60/g-C3N4 

C70/g-C3N4 

E. coli O157:H7 

3×108 

300 W Xenon lamp with a 

420 nm cutoff filter 

8.4-log  

8.47-log 
4 0.5 

[95] 

2017 

vanadate 

QDs/g-C3N4, 

AgVO3/g-C3N4 

BiVO3/g-C3N4 

Salmonella H9812 

1×107 

300 W Xenon lamp with a 

400 nm cutoff filter 

6.93-log 

6.97-log 
0.5 0.75 

[96] 

2018 

TiO2/g-C3N4 TiO2/g-C3N4 
E. coli K-12 

1×107 

300 W Xenon lamp with a 

420 nm cutoff filter 
7-log 3 0.6 

[102] 

2015 



 

40 
 

MnO2/g-C3N4 MnO2/g-C3N4 
E. coli and S. aureus 

1×105 

300 W Xenon lamp with a 

420 nm cutoff filter 

4.98-log 

4.99-log 
0.34 N/A 

[103] 

2019 

TiNT/g-C3N4 TiO2/g-C3N4 
E. coli DH5α 

1×105 

300 W Xenon lamp with a 

420 nm cutoff filter 
4.92-log 3 N/A 

[104] 

2016 

ZnO/g-C3N4 ZnO/g-C3N4 
E. coli and S. aureus 

1×108 

300 W Xenon lamp with a 

420 nm cutoff filter 

7.77-log 

7.95-log 
1 0.1 

[105] 

2017 

MgTi2O5/g-C3N4 MgTi2O5/g-C3N4 
E. coli  

1×107 

300 W Xenon lamp with a 

400 nm cutoff filter 
7.4-log 3 0.5 

[106] 

2019 

Ag2WO4/g-C3N4 Ag2WO4/g-C3N4 
E. coli  

1×109 

300 W Xenon lamp with a 

420 nm cutoff filter 
9-log 1.5 0.1 

[107] 

2017 

EP/g-C3N4 EP/g-C3N4 
E. coli and MS2 phage 

1×108 

300 W Xenon lamp with a 

400 nm cutoff filter 

8-log  

8-log 

3 

4 
N/A 

[111] 

2018 

Bi2MoO6/g-C3N4 Bi2MoO6/g-C3N4 
E. coli  

2.5×107 

300 W Xenon lamp with a 

420 nm cutoff filter 
6-log 2.5 0.1 

[118] 

2017 

BiOBr/g-C3N4 BiOBr/g-C3N4 
E. coli CICC 10389 

1×106 

300 W Xenon lamp with a 

400 nm cutoff filter 
5.91-log 2 N/A 

[120] 

2019 

m-Bi2O4/g-C3N4 m-Bi2O4/g-C3N4 E. coli K-12 300 W Xenon lamp with a 6-log 1.5 0.4 [121] 
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1×106 400 nm cutoff filter 2017 

g-C3N4/Ag/BiVO4 g-C3N4/Ag/BiVO4 
E. coli K-12 

3×106 

Philips Mini 8W E14 Cool 

Daylight, Netherlands  
6.5-log 1 0.1 

[126] 

2019 

g-C3N4/TiO2/ 

Al2O3/EP 

g-C3N4/TiO2/ 

Al2O3/EP 

Microcystis aeruginosa 

2.7×106 

500 W Xenon lamp with a 

400 nm cutoff filter 
6.35-log 6 2 

[130] 

2018 

g-C3N4/BiOI/BiOBr g-C3N4/BiOI/BiOBr 
E. coli ATCC 15597 

1×103 

300 W Xenon lamp with a 

400 nm cutoff filter 
3-log 3 0.5 

[132] 

2018 

AgBr/g-C3N4 AgBr/g-C3N4 
E. coli and S. aureus 

3×106 

300 W Xenon lamp with a 

420 nm cutoff filter 

6.47-log  

6.47-log 

1 

2.5 
0.1 

[171] 

2017 

Ni2P/g-C3N4 Ni2P/g-C3N4 
E. coli K-12 

1×107 

300 W Xenon lamp with a 

420 nm cutoff filter 
7-log 4 1 

[176] 

2017 



 

42 
 

 

Fig. 1. Typical five steps in the photocatalytic reaction process of semiconductor. 
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Fig. 2. (a) VLD photocatalytic disinfection performance against E. coli over BCN, 

PCN, and PCNS. Images of E. coli colonies on solid culture medium (b) before 

irradiation and (c) after disinfection for 2 h and (d) for 4 h using PCNS. TEM images 

of E. coli cells (e) before irradiation and (f, g) after disinfection for 4 h using PCNS. 

((a-g) are reprinted with permission from Ref. [41]. Copyright 2017 American 

Chemical Society; (h) is reprinted with permission from Ref. [43]. Copyright 2018 

American Chemical Society.) 
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Fig. 3. (a) Highest occupied molecular orbitals of Melem+, Melem-OH+, and 

Melem-COOH+; (b) Mulliken charge distribution of different carbon atoms in Melem+ 

(black numbers), Melem-OH+ (red numbers), and Melem-COOH+ (orange numbers); 

(c) Schematic diagram of indirect bacteria inactivation using H2O2 generated by an 

edge-functionalized g-C3N4 nanosheet; (d) Diagrammatic sketch of the modification 

process utilizing F-g-C3N4-30-EP coated onto a polyethylene bag modified by a silane 

coupling agent. (e) Photograph of newly prepared F-g-C3N4-30-EP-modified 

polyethylene bags. (f) Photograph of newly prepared F-g-C3N4-30-EP-modified 

polyethylene bag filled with water. (Reprinted with permission from Ref. [46]. 

Copyright 2019 Cell.) 
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Fig. 4. (a) The schematic diagram of combinations of Ag2CrO4 and g-C3N4. The 

growth of Ag2CrO4 nanoparticle on the surface of g-C3N4 obtain limited contact area, 

and the core-shell Ag2CrO4@g-C3N4 provide the maximum contact area; (b) 

Schematic illustration for the fabrication of soft CNCT nanofibrous membranes; And 

disinfection efficiency against E. coil over blank, TiO2, Co-TiO2, g-C3N4, and 

CNCT-3 (c) in the dark and (d) under visible light irradiation; (e) Effect of CNCT-3 

dosage on the photocatalytic inactivation of E. coil; (f) Photographs of E. coil colonies 

treated by different photocatalysts without and with visible light irradiation for 90 min, 

respectively; (g) SEM images of E. coil cells before (left) and after (right) 

photocatalytic disinfection using CNCT-3 membrane. ((a) is reprinted with permission 

from Ref. [53]. Copyright 2018 Elsevier; (b-g) are reprinted with permission from Ref. 

[54]. Copyright 2020 Elsevier.) 
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Fig. 5. (a) Two possible heterojunctions of Z-scheme and Type II proposed for 

O-g-C3N4/HTCC-2 in photocatalysis; Photocatalytic inactivation towards E. coli 

under visible light irradiation: with Ag/PSCN (b) and with different as-prepared 

composites (c); (d) Photocatalytic inactivation mechanism of Ag/PSCN-4 under 

visible light irradiation. ((a) is reprinted with permission from Ref. [64]. Copyright 

2019 Elsevier. (b-d) are reprinted with permission from Ref. [68]. Copyright 2020 

Elsevier.) 
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Fig. 6. Top view of the optimized (a) CN and (b) CN-4 configuration, color scheme: C, 

grey; N, blue; H, white; The XPS spectra of (c) C 1s, (d) N 1s and (e) solidstate 13C 

MAS NMR spectra of the CN and CN-4 (the insets are their tri-s-triazine rings); (f) 

room-temperature EPR spectra of the CN, CN-8, CN-6, CN-4, CN-2; (g) Confocal 

fluorescent images of live and dead E. coli (109 cfu/mL) treated with 100 mg/L of 

CN-4 under visible light irradiation. The scale bar is 50 μm. (Reprinted with 

permission from Ref. [75]. Copyright 2020 Elsevier.) 
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Fig. 7. Photographs of wound on the mice from the six groups at different times 

during the therapeutic process. Please note that in all these statistics (a) control; (b) 

g-C3N4(20 μg/mL); (c) CNA (20 μg/mL); (d) H2O2 (100 μM); (e) g-C3N4 (20 μg/mL) 

+ H2O2 (100 μM); (f) CNA (20 mg/mL) + H2O2 (100 μM); Photomicrographs 

showing section of skin tissues with H&E staining. (g) control; (h) g-C3N4; (i) CNA; 

(j) H2O2; (k) g-C3N4 + H2O2; (l) CNA + H2O2. All fluorescence images were obtained 

under magnification of 20. (Reprinted with permission from Ref. [85]. Copyright 

2017 Elsevier.) 
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Fig. 8. (a) Schematic illustration of the two different synthetic pathways for the 

praparation of graphene and C3N4 sheets cowrapped α-sulfur; Photocatalytic 

inactivation efficiency against E. coli K-12 (2×106 cfu/mL, 50 mL) in the presence of 

the as-prepared samples in aerobic (b) and anaerobic (c) condition under visible light 

irradiation. No inactivation occurs in the dark and light controls; (d) Schematic 

illustration of the VLD photocatalytic bacterial inactivation mechanisms of 

CNRGOS8 andRGOCNS8 in aerobic condition, and CNRGOS8 and RGOCNS8 in 

anaerobic condition. (Reprinted with permission from Ref. [91]. Copyright 2013 

American Chemical Society.) 
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Fig. 9. (a) Bactericidal efficiency against Salmonella with different samples under 

concentration of 0.75 mg/mL; (b) Bactericidal efficiency against Salmonella with 

AgVO3/g-C3N4 under different concentrations; (c) Bacterial colony growth in the 

presence of AgVO3/g-C3N4 with Salmonella; (d) Bacterial colony growth in the 

presence of AgVO3/g-C3N4 with Salmonella under different concentrations; The 

corresponding thermal images of AgVO3/g-C3N4 at (e) 5 min and (f) 30 min 

irradiation; Bacterial colony growth with (g) AgVO3/g-C3N4 and (h) BiVO4/g-C3N4 in 

the dark; (i) Schematic illustration of the preparation for modifed carbon quantum 

dots loaded hollow tubular carbon nitride (HTCN-C) samples. ((a-h) are reprinted 

with permission from Ref. [96]. Copyright 2018 Elsevier. (i) is reprinted with 

permission from Ref. [57]. Copyright 2020 Elsevier.) 
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Fig. 10. (a) The procedure of synthesizing MnO2/g-C3N4-Ti; The antibacterial effect 

of as-prepared samples on (b) S. aureus, and (c) E. coli after irradiation for 20 min; 

the antibacterial effect of samples on (d) SEM morphology of E. coli after irradiation 

or dark treatment for 20 min (scale bars = 1 μm); Various samples under illumination 

caused the protein leakage toward (e) S. aureus and (f) E. coli after irradiation for 20 

min. (g)The color change of GSH solution treated with samples in diverse conditions, 

and (h) the corresponding loss plot of GSH; The error bars indicate means ± standard 
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deviations: *P < 0.05, **P < 0.01, ***P < 0.001, n. s. means no significance; (i) 

schematic illustrating the mechanism of the antibacterial property of MnO2/g-C3N4-Ti 

under visible light; (j) Proposed mechanism for the photocatalytic inactivation toward 

E. coli by Z-scheme MgTi2O5/g-C3N4 composite. ((a-i) are reprinted with permission 

from Ref. [103]. Copyright 2019 Elsevier. (j) is reprinted with permission from Ref. 

[106]. Copyright 2019 Elsevier.) 
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Fig. 11. (a) Photocatalytic disinfection efficiency of E. coli for different samples; (b) 

Fitted curves of photocatalytic disinfection using modified Hom model; (c) Bacterial 

colonies of re-cultured E. coli after dealing with 20%-BM/CNNs at different time and 

dilution multiple; (d) TEM image of m-Bi2O4-g-C3N4; (e) Z-scheme electron transfer 

model for m-Bi2O4-g-C3N4; (f) photocatalytic inactivation of E. coli by m-Bi2O4, 

m-Bi2O4-g-C3N4 and g-C3N4. ((a-c) are reprinted with permission from Ref. [118]. 

Copyright 2017 Elsevier. (d-f) are reprinted with permission from Ref. [121]. 

Copyright 2017 Elsevier.) 
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Fig. 12. (a) Various factors influencing photocatalytic viral disinfection with minor 

modifications from Ref. [142]. Copyright 2019 Elsevier. (b) The 3D response surface 

plots of the photocatalytic viral inactivation efficiency by g-C3N4. Reprinted with 

permission from Ref. [10]. Copyright 2018 Elsevier. 
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Fig. 13. (a) Effect of reactive species scavengers on the disinfection activity of 

BiVO4/Ag/g-C3N4; Transformation percentage of NBT concentration (b), changes of 

fluorescence intensity at 425 nm (c) and the concentration of H2O2 produced (d) by 

BiVO4/g-C3N4 and BiVO4/Ag/g-C3N4 after 1 h of visible light irradiation; (e) MDA 

generation and SOD activity during the photocatalytic disinfection of E. coli; (f) 

Leakage of K+ from E. coli cells under visible light irradiation; (g) Cell density and 

relative respiration activity; (h) Investigation of the leakage bacterial genomic DNA 
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extracted from harvested cells; (i) Concentration of the leakage of DNA and RNA 

during the destruction of bacterial cells; (j) Responses of bacterial to g-C3N4-based 

photocatalytic disinfection. ((a-d) are reprinted with permission from Ref. [126]. 

Copyright 2019 Royal Society of Chemistry. (e and g-i) are reprinted with permission 

from Ref. [106]. Copyright 2019 Elsevier. (f) is reprinted with permission from Ref. 

[57]. Copyright 2019 Elsevier. (j) is reprinted with permission from Ref. [156]. 

Copyright 2019 Elsevier. 
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