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A B S T R A C T   

Diseases caused by pathogens continue to threaten the health of people around the world, 
especially with the emergence of drug resistance. Therefore, there is an urgent need to develop 
new strategies that can replace antibiotic therapy. Novel nanomaterials represented by two- 
dimensional nanomaterials (2DNMs) have great application prospects in the field of antibacte
rial due to their tunable band gaps, special crystal structures, and limitations on carrier migration 
and thermal diffusion. In this review, several representative 2DNMs such as graphene, graphitized 
carbonitride and transition-metal dichalcogenides are reviewed and summarized including their 
research basis, progress, and prospects in the field of antibacterial. It starts with the introduction 
of the material, focusing on summarizing its inherent antibacterial properties and light-induced 
antibacterial properties. Specific strategies to optimize the antibacterial properties of 2DNMs 
are discussed. Finally, the challenges facing current antimicrobial 2DNMs are discussed and 
future prospects for the field are proposed based on the combination of photocatalysis and other 
germicidal technologies.   

1. Introduction 

Bacterial infection in humans has long been a concern. Although it was hoped that Fleming’s discovery of antibiotics in 1928 would 
overcome bacterial-related diseases [1], in recent decades, the misuse of antibiotics has weakened the susceptibility of bacteria to 
antibiotics, resulting in the reduction or elimination of drug potency [2]. Hence, the treatment of bacterial infections has become 
increasingly difficult [3,4]. The development of drug systems that have excellent antibacterial properties and the prevention of drug 
resistance are important topics in scientific research. Since the discovery of graphene in 2004 [5], two-dimensional materials (2DNM) 
have drawn the attention of researchers. 2DNMs are materials in which electrons can move freely in only two dimensions (planar 
motion) at the nanoscale (1–100 nm) [6]. Typical 2DNMs discovered so far include carbon-based materials, such as the following: 
graphene, graphene oxide (GO) [7]; reduced graphene oxide (rGO) and its derivatives [8]; transition metal dichalcogenides (TMD) and 
their derivatives [9]; graphitic carbon nitride (g-C3N4) [10]; titanium carbide (MXenes) [11]; black phosphorus (BP) [12]; and boron 
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Abbreviation 

2DNMs Two-dimensional nanomaterials 
3D Three-dimensional 
Ag Silver 
Cu Copper 
Zn Zinc 
Pd Palladium 
AuNPs Gold nanoparticles 
S. aureus Staphylococcus aureus 
E. coli Escherichia coli 
P. aeruginosa Pseudomonas aeruginosa 
B. subtilis Bacillus subtilis 
PTT Photothermal therapy 
PTAs Photothermal agents 
PDT Photodynamic therapy 
SDT Sonodynamic therapy 
MW Microwave 
ROS Oxygen species 
•OH Hydroxyl radicals 
•O2

– Superoxide anion 
1O2 Singlet oxygen 
CB Conduction band 
VB Valence band 
SPR Surface plasmon resonances 
LSPR Localized surface plasmon resonances 
GO Graphene oxide 
rGO Reduced graphene oxide 
TMDs Transition metal dihalides 
g-C3N4 Graphitic carbon nitride 
MXenes Titanium carbide 
BP Black phosphorus 
MoS2 Molybdenum disulfide 
WS2 Tungsten disulfide 
WO3 Tungsten trioxide 
BN Boron nitride 
CVD Chemical vapor deposition 
NIR Near-infrared 
RP Red phosphorus 
Bi2WO6 Bismuth tungstate 
CQDs Carbon quantum dots 
N Nitrogen 
O Oxygen 
S Sulphur 
PA Polyamide 
PDINH Perylene-3,4,9,10-tetracarboxylic diimide 
PEI Polyethyleneimine 
PEG Polyethylene glycol 
CS Chitosan 
VOPc Vanadyl-phthalocyanine 
AQS Sodium anthraquinone-2-sulfonate 
QAS Quaternary ammonium salt 
AA Ascorbic acid 
HA Hyaluronic acid 
Hap Hydroxyapatite 
PVP Polyvinylpyrrolidone 
BNN6 N,N’-di-sec-butyl-N,N’-dinitroso-1,4-phenylenediamine 
NHx A types of N vacancies 
N2C A types of N vacancies 
PAO Polyamidoxime 
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nitride (BN) [13]. As novel materials with unique properties, 2DNMs may provide new solutions to the growing problem of microbial 
infection. 

Antibacterial strategies are either endogenous or exogenous. Among the antibacterial materials that have been developed, 2DNMs 
exhibit unique advantages for both exogenous and endogenous strategies because of their specific 2D structures, tunable size, and 
energy bands [14]. First, all 2DNMs have large specific surface areas, so they can be used as carriers of antibacterial drugs [15–16]. In 
addition, compared with traditional endogenous antibacterial systems, such as various metal ions (silver (Ag) [17], copper (Cu) [18], 
and zinc (Zn) [19]), organic materials (antimicrobial peptides [20], quaternary ammonium salts [21], and other systems [22]), 2DNMs 
have distinctive antibacterial mechanisms. Traditional endogenous antibacterial systems take advantage of their interactions with 
bacterial cell membranes [23–24] or their oxidative properties [25–26] to achieve bacteriostatic and bactericidal effects. However, 
2DNMs use their 2D structures to achieve the effect of physical puncture and produce an oxidative stress response through physical and 
chemical interactions with microorganisms [27], thereby eliminating microorganisms. Meanwhile, traditional materials have limi
tations. For example, the release of ions is uncontrollable. When the upper tolerance limit of the human body is reached, toxicity occurs 
[28]. Organic antibacterial agents have poor heat resistance, and they are easily hydrolyzed, resulting in a short period of validity [29]. 
In addition, the toxicity of their decomposition products cannot be determined [30], which seriously hinders future research on the 
applications of this traditional antibacterial agent. In contrast, because 2DNMs have the advantages of simple preparation, low cost 
and high stability to induce drug resistance, they are novel antibacterial candidates [31]. 

Finally, in 2DNMs, because an exogenous antibacterial effect can be generated by exogenous stimuli, they are versatile and suitable 
for the elimination of microorganisms without causing drug resistance. Moreover, they are highly stable and have low toxicity in tissue 
cells [32,33]. Unlike the endogenous antibacterial strategy, which requires that the material contacts bacteria, the exogenous anti
bacterial strategy requires external stimuli, such as light, ultrasound, and microwaves, to stimulate the material, thus affecting the 
local environment and indirectly acting on bacteria, which are then inhibited or inactivated [34–36]. The photoinduced antibacterial 
method includes photothermal therapy (PTT) and photodynamic therapy (PDT), both of which can induce bacterial inactivation [37]. 
Reactive oxygen species (ROS) generated by PDT and local high temperatures generated by PTT disrupt bacterial cell membranes and 
inactivate bacterial deoxyribonucleic acid (DNA) and proteins, which are the main bactericidal mechanisms [38]. This antibacterial 
mode has a controllable effect on local infection and minimizes side effects in normal tissues. However, because of the poor penetration 
of light, the therapeutic effect on deep bacterial lesions is greatly reduced, which limits its applicability. Sonodynamic therapy (SDT) is 
a particularly novel technology [39]; it relies on the interaction of ultrasound and sonosensitizers to generate ROS under low- 
frequency ultrasound, destroying almost all bacteria. Because of the deep tissue penetration of ultrasound, this technology is suit
able for treating deep infections. Another exogenous stimulus strategy, microwave irradiation, excites responsive materials to produce 
a microwave thermal effect that can inhibit bacterial growth [40]. 

Despite significant achievements in the development of 2D antibacterial materials, only a few reviews of the relevant literature 
have been conducted. Furthermore, these previous reviews focused on a certain types of 2D materials with antibacterial properties 
[41,42]. Therefore, from the perspective of materials science, an in-depth and systematic review of the latest research in the literature 
is warranted. The present literature review summarizes new frontiers in recent research on 2D antibacterial materials, including the 
inherent antibacterial properties of 2DNMs, as well as their light-responsive photothermal and photodynamic antibacterial properties 
and mechanisms. In addition, methods for improving the performance of 2DNMs are reviewed in terms of surface modification, de
fects, heterojunctions, and so on. [43]. Finally, the antibacterial potential of 2DNMs under ultrasonic and microwave irradiation is also 
discussed. The literature review discusses and analyzes the development of 2DNMs and suggests future research directions for 
overcoming challenges in their practical application. 

2. Typical 2D antibacterial nanomaterials 

After Geim’s team at the University of Manchester successfully separated the single atomic layer of graphene, the 2DNM concept 
was proposed to describe a 2D atomic crystal material [5]. Thereafter, other 2DNMs were discovered, such as graphitic carbon nitride 
(g-C3N4) [44], molybdenum disulfide (MoS2) [45], tungsten disulfide (WS2) [46], MXene [47], bismuth (Bi)-based materials [48], and 
BN [49]. Because of their unique structures and photoelectrical properties, these 2DNMs exhibit immense potential for biological 
applications. Fig. 1 provides a schematic summary of these 2DNMs and their biomedical applications. 

2.1. Graphene-based 2DNMs 

Graphene is a 2DNM composed of carbon atoms, and structured in a hexagonal honeycomb lattice due to the sp2 hybrid orbital of 
the atoms [50]. In this particular structure, the p-s orbital of each carbon atom in graphene is perpendicular to the direction of the 
layer, which forms a large polyatomic π bond throughout the entire layer, resulting in tunable electrical, thermal, optical, mechanical 
properties and a large specific surface area [51]. Graphene is prepared through chemical vapor deposition and thermal stripping. 
Graphite oxide is fabricated by oxidation using the Hummers method [52]. Reduced graphene oxide flakes were obtained by a 

GSH Glutathione 
GSSG Oxidized glutathione 
ATP Adenosine Triphosphate 
EPS Extracellular polymers  
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reduction method. Because graphene is a zero-band gap material (i.e., its band gap is zero) and is easily oxidized, it is often com
pounded with other semiconductors and metal nanostructures to improve its performance, thereby forming composite materials 
suitable for various applications [53,54]. For example, in the field of photocatalysis, graphene has been applied because of its high 
electrical conductivity (106 S m− 1), and in nanocomposites, it plays a positive role in accepting or transferring electrons, which helps to 
improve photocatalytic performance [55]. At present, the main methods used to enhance the antibacterial properties of graphene- 
based materials are as follows: adjusting the size and number of layers, surface functionalization, building a heterojunction struc
ture, and building a composite system [56–59]. 

2.2. Graphitic carbon nitride 

Similar to graphene, graphitic carbon nitride (g-C3N4) has a planar 2D sheet structure [44]. It has two basic units: a triazine ring and 
a 3-s triazine ring. The layers are assembled by van der Waals forces to form a 2D nanosheet [60]. Because of its convenient synthesis 
and functionalization, stable electronic field emission, and controllable forbidden band, g-C3N4 has received much attention in the 
photocatalysis literature. Moreover, g-C3N4 has perfect thermal and chemical stability. It maintains the stability of the structure and its 
performance under high temperatures as well as in acid and alkali conditions. In addition, the material is environmentally friendly and 
does not cause secondary pollution. The general preparation route of g-C3N4 uses a variety of nitrogen (N)-rich precursors (e.g., 
dicyandiamide, urea, melamine, and thiourea) in various methods, such as the solid-phase reaction method, solvothermal method, 
electrochemical deposition, and thermal polymerization [61]. As a result, g-C3N4 has received extensive attention in various research 
fields. However, it is worth noting that because of its poor water solubility, large particle size, low conductivity, wide band gap (i.e., 
light absorption wavelengths of less than 460 nm), and other shortcomings, its practical application remains limited. Therefore, several 
recent studies have shown that its photocatalytic performance could be improved by surface modification, doping, defect formation, 
and composite structure [62–65]. 

2.3. MXene 

MXene is a 2D, layered transition metal carbide or nitride etched to obtain a layered structure [47]. It is composed of three main 
elements: transition metals (e.g., Ti, V, Cr, and Nb), IIIA, or IVA elements (e.g., Al, Si, and St), and carbon or nitrogen. Its chemical 
formula is Mn+1AXn (n = 1, 2, or 3). MXenes have not only the characteristics of a large specific surface area and high conductivity 
(9.88 × 105 S m− 1), similar to graphene, but also the advantages of the flexible adjustment of components and controllable minimum 
nanolayer thickness [66]. Because they are prepared by etching, the obtained MXenes consist of a single layer or only a few layers, and 
their thickness is usually less than 1 nm. Their lateral size ranges from nanometers to micrometers. Modified by functional groups, such 
as hydroxyl, oxygen, or fluorine, the surfaces of MXenes are hydrophilic, and they have broad application potential in the field of 
biomedicine [67]. Moreover, because they have good biocompatibility, nontoxicity, and degradability, they are eliminated by the 
human body. In addition, MXenes have a strong light response to near-infrared (NIR) light. Therefore, in antibacterial applications, 
they are flexibly functionalized through different surface modifications to improve their photocatalytic antibacterial performance 
[68]. 

Fig. 1. Common 2DNM and its application in biology.  
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2.4. Black phosphorus 

In recent years, phosphorus has received much attention because of its widespread distribution and its environmentally friendly 
characteristics [24]. So far, various phosphorus allotropes have been found, including BP, amorphous red phosphorus (RP) [33], 
Hittorf’s RP, and fibrillar RP [69,70]. Among these, BP differs from other allotropes because it has a 2D structure, which has attracted 
much attention in the relevant literature. The most mature methods used to prepare BP include mechanical extraction, liquid 
extraction, and in situ chemical vapor deposition (CVD). Phosphorus is sensitive to air because its valence electrons and configuration 
result in a pair of unshared electrons in each phosphorus atom [71]. Therefore, it has potential as a photocatalytic antibacterial [72]. In 
addition, the antibacterial strategy of physical puncture is also an advantage of BP [73]. 

2.5. Transition metal dichalcogenides 

TMDs are a new type of 2DNM [22]. Their chemical formula is expressed as MX2, which contains three atomic layers. Three 
chalcogenide (S, Se, and Te) atomic layers are connected by a transition metal atomic layer. In TMDs, two adjacent chalcogenide layers 
are combined by van der Waals forces, which allow for maintaining a 2D structure. Their ultrathin atomic single- or multilayer 
structure results in semiconductivity and semimetallic magnetism. TMDs have been shown to have unique optical, mechanical, and 
electronic properties, and they are widely used in optoelectronics, catalysts, biomedical engineering, and solar energy batteries 
[74,75]. The edge of MoS2 has high catalytic activity, which, unlike the base surface of TMDs, tends to function as the catalytic center. 
However, its thermodynamic reactions tend to occur on the substrate surface, which limits the activation of active surface sites [76]. 
Therefore, improving the photocatalytic antibacterial efficiency of TMDs depends on controlling the surface structure on an atomic 
scale, including increasing the defective content and the specific surface area to expose more edge sites [77]. 

2.6. Bismuth-based materials 

Bismuth (Bi)-based materials have been extensively researched because of their high stability, nontoxicity, wide energy band 
structure, and excellent photodegradation performance in pollutants. At present, bismuth-based photocatalysts that have been studied 
include bismuth oxide, bismuth halide oxide, bismuth tungstate (Bi2WO6), and bismuth molybdate [78]. Bismuth and oxygen can be 
combined through the hybridization of Bi(6 s) orbital and O(2p) orbital. Their unique atomic layer structure facilitates electronic 
conduction, and their tunable physical and electronic properties enable Bi-based materials to maximize their photocatalytic activity in 
a wide range [79]. Therefore, the current research directions for improving the photocatalytic antibacterial properties of Bi-based 
materials are as follows: changing the size, doping, or introducing defects, metal deposition, semiconductor bonding, and conju
gated structural surface modification [80–82]. 

2.7. Boron nitride 

BN is a 2D crystal composed of N atoms and boron atoms. Hexagonal BN has perfect high-temperature stability, high strength, high 
thermal conductivity (22 W m− 1K− 1), a low expansion coefficient (8.1 × 10− 6 K− 1), large resistivity (14.4 Ω cm), and corrosion 
resistance [49]. They are prepared by chemical gas phase synthesis, hydrothermal synthesis, benzene thermal synthesis, self- 
propagating technology, and carbothermal synthesis technology [83]. The properties and applications of BN nanosheets are com
plementary to graphene, and they have advantages for chemical and thermal stability. The biocompatibility of BN depends on its size, 
shape, structure, and surface groups. Unsaturated boron atoms located at the edge or surface of nanosheets cause bacterial death [84]. 
In the field of photocatalytic antibacterials, the high thermal conductivity and high specific surface area of BN are often used to form 
heterojunctions with metals, metal oxides, and semiconductors to improve their antibacterial activity [85]. 

3. Antibacterial mode and related mechanisms 

The antibacterial mode comprises both endogenous and exogenous antibacterial strategies. 2DNMs have unique 2D structures and 
abundant surface groups. In addition, their properties include tunable thickness and band gaps. 2DNMs not only inhibit bacterial 
activity through their inherent antibacterial activity but also indirectly act on bacteria through their response under specific condi
tions. The former is the endogenous mode, while the latter is the exogenous mode. These modes will be discussed in detail in the 
following sections. 

3.1. Inherent antibacterial properties of 2DNMs 

3.1.1. Physical prick 
The bacterial cell wall is located in the outermost layer, which is wrapped around the cell membrane [86]. The surface compo

sitions of the bacterial membrane of gram-positive bacteria and the cell walls of gram-negative bacteria are different, but they have in 
common the functional substance of peptidoglycan [87]. The main functions of the bacterial membrane are as follows: 1) maintains the 
shape of the cell and improves mechanical strength; 2) inhibits mechanical and osmotic damage; 3) assists in cell movement and 
growth; and 4) confers specific antigenicity on antibiotics and bacteriophages [88]. 

Previous studies confirmed that when nanosheets come into physical contact with bacteria, their sharp edges are beneficial for 
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destroying bacterial membranes [89]. The destruction of the bacterial membrane leads to the leakage of DNA, phospholipids, and 
proteins in the cell. Through physical action, antibacterial agents have the following advantages: 1) they have a universal eliminating 
effect on a variety of bacteria; 2) their high stability prevents bacterial growth for a long time; and 3) they do not cause secondary 
pollution. In recent years, an increasing number of 2DNMs, such as MoS2, WS2, GO, and BP, have been proven to have physical 
puncture properties, and they have been used in effective physical contact sterilization [90]. 

The physical puncture hypothesis first needs to be determined. Lu et al. studied the interactions between different orientations of 
GO toward bacteria [91]. Three different orientations of GO nanosheets (i.e., random, vertical, and planar) were prepared via the 
action of a magnetic field. The morphology of bacteria on random GO and planar GO remained intact, whereas the bacteria on vertical 
GO presented severe shrinkage, indicating a loss of viability and cell membrane damage [92]. This mechanism suggested that the sharp 
edges of graphene nanosheets had the characteristic of destroying the bacterial membrane. The detection of dye fluorescence further 
confirmed that the breakage of the membrane in the GO/lipid vesicle system was caused by the physical disruption of the bilayer 
structure of the GO nanosheets, rather than by ROS oxidation. 

Specific 2DNMs have been shown to have physical piercing antibacterial properties, but the specific mechanism of action still needs 
to be determined. There are three modes of insertion: First, under the action of bacteria’s gravity, contact between bacteria and the 
edge of the nanosheet is established. For example, Wei et al. designed and investigated the antibacterial properties of vertically and 
horizontally aligned graphene on semiconductor silicon (Si) and insulator silicon dioxide substrates against different types of bacteria 
[93]. According to the experimental results, the specific antibacterial mechanisms of different types of bacteria were different (Fig. 2a). 
The mechanism of gram-positive bacteria was physical puncture. By their own gravity, the bacteria were easily punctured by the 
vertically arranged graphene film, thus destroying the bacterial membrane and inactivating bacteria. In gram-negative bacteria, the 
antibacterial mechanism was shown to be electron transfer. Because negative electricity came from the respiratory proteins in the 
microbial membrane, the bacteria membrane surface had more negative charges. In addition, graphene has excellent conductivity and 
can be used as an electron acceptor, electrons were easily captured from the microbial film, which was then transferred to the 

Fig. 2. (a) Diagram showing the different antibacterial mechanisms of graphene coated materials [93]. Adapted with permission. Copyright 2021, 
Royal Society of Chemistry. (b) Final snapshots of g-C3N4 nanosheet interacting with the lipids of bacterial membrane in three independent tra
jectories. (c) Snapshot of g-C3N4 capturing lipids’ heads at it pore sites. And the interaction energies between one typical lipid and g-C3N4 [94]. 
Adapted with permission. Copyright 2019, Royal Society of Chemistry. 
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underlying substrate. Compared with the insulating silica substrate, the antibacterial performance of the silicon substrate system was 
better. It could be more clearly shown that graphene caused a continuous loss of electrons from the gram-negative bacterial biofilm, 
thereby making it inactive. Second, nanosheets can adsorb to the bacterial membrane and destroy its structure through van der Waals 
forces and hydrophobic interactions. For example, Cui et al. examined the sterilization properties of g-C3N4 treated with N plasma (N- 
g-C3N4) [94]. After 8 h of incubation in a dark environment, the bactericidal rate of N-g-C3N4 against eight kinds of foodborne 
pathogens was over 99%, which was over 10 times more efficient than that of untreated g-C3N4. The main reason for this result was 
that direct physical contact between the g-C3N4 nanosheets and the cell membrane led to cell rupture. To further characterize its 
performance by simulating molecular dynamics, it was found that the process of N-g-C3N4 nanosheets approaching the cell membrane 
was mainly driven by the Coulomb force (Fig. 2b, c). When the nanosheets were close to the phospholipid molecules on the cell 
membrane, the Coulomb force between the phospholipids carrying positively charged amino groups and negatively charged N-g-C3N4 
nanosheets drove the nanosheets into the phospholipid bilayer. The nanosheets were then easily inserted into the phospholipid bilayer, 
resulting in the high physical antibacterial properties of N-g-C3N4. Finally, destructive extraction has been shown to cause membrane 
deformation and loss of integrity. For example, Tu et al. studied the molecular mechanism of graphene-induced E. coli cell membrane 
degradation and found that, in addition to severe insertion and cleavage, the destructive extraction of lipid molecules was also an 
important factor [95]. The phenomenon of the direct extraction of phospholipids from lipid membranes was verified by computer 
simulations and TEM images. This phenomenon was mainly due to the unique 2D structure of graphene, which had sp2 carbon atoms 
that contributed to the generation of an exceptionally strong dispersion interaction between the graphene and lipid molecules, 
resulting in a powerful attraction. Because of the redistribution of hydrophobic tails, in order to maximize the hydrophobic interaction 
with the graphene surface, the extracted lipid molecules also performed synergistic movements on the graphene 2D surface. 

3.1.2. Antibacterial oxidative stress 
The term oxidative stress refers to an imbalance in the oxidative and antioxidative effects on bacteria under external stimuli. The 

generation of oxidative stress oxidizes and destroys the substances on the surface of the membrane, disrupts the basic functions of cells, 
hinders the metabolism of bacteria, and eventually leads to bacterial inactivation [96]. Therefore, oxidative stress is a widely accepted 
antibacterial method. As shown in Fig. 3, two types of oxidative stress are mediated by 2DNMs. The first is ROS-dependent oxidative 
stress. When bacteria are activated by outside stimuli, the intracellular redox reaction is unbalanced, resulting in the excessive 
accumulation of active substances, such as hydrogen peroxide (H2O2), hydroxyl radical (•OH), superoxide anion (•O2

–), and singlet 
molecular oxygen (1O2), which ultimately affects bacterial activity [97,98]. The second type is ROS-independent oxidative stress, 
which refers to the direct contact of nanomaterials with bacterial membranes through electron transfer or redox reactions, directly 
destroying or oxidizing the structure of the membrane and its surface components, rather than generating ROS [99,100]. 

To verify the mechanism of ROS-dependent oxidative stress, as shown in Fig. 4a-c, Karunakaran et al. used different surfactant 
molecules with thiol functions to exfoliate and modify 2H-MoS2 nanosheets to enhance antibacterial effects [98]. In the main 
mechanism, positively charged and functionalized 2H-MoS2 interacted with the bacterial surface to generate ROS. The conduction 
band (CB) of 2H-MoS2 was lower than the redox potential of ROS generation, which contributed to the generation of ROS. A gluta
thione (GSH) depletion experiment further verified the production of ROS in the cells. Gurunathan et al. reported the antibacterial 
mechanism of GO and rGO against Pseudomonas aeruginosa [101]. Both GO and rGO accelerated oxidative stress in cells by disrupting 
the balance between oxidant and antioxidant processes. The generated ROS accumulated and destroyed cellular components, 
including DNA and proteins. Another 2D nanomaterial, BP, can also be used to eliminate bacteria by promoting the production of 
oxidative stress. The antibacterial behavior of BP nanosheets after exfoliation was examined by Xiong et al [102]. They detected 
intracellular ROS levels by testing the fluorescence intensity, confirming that the main bactericidal mechanism of BP was to induce 

Fig. 3. Schematic diagram of oxidative stress of 2DM.  
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ROS-dependent oxidative stress. Specifically, the BP nanosheet group showed more obvious green fluorescence compared with the 
control group, indicating that BP enhanced the production of ROS in bacteria, consequently leading to bacterial death. Furthermore, 
because of differences in membrane structure and function, the BP nanosheets against two bacterial strains, gram-negative Escherichia 
coli (E. coli) and gram-positive Bacillus subtilis (B. subtilis), showed time- and concentration-dependent bactericidal activities. The 
thinner cell wall of E. coli made it more sensitive to the treatment of BP nanosheets in an early stage (6 h), so the growth inhibition and 
bactericidal effects on E. coli were more pronounced than those of B. subtilis. Considering the self-healing ability of the outer membrane 
of E. coli, the antibacterial properties of BP against it were partially reversible, and the effect weakened after 12 h. 

Unlike ROS-dependent mechanisms, ROS-independent mechanisms are direct oxidation reactions. As shown in Fig. 5a, Pandit et al. 
used different thiol ligands to chemically exfoliate and modify MoS2 to obtain ce-MoS2. The surface of the material then had different 
charges and hydrophobicities, thus achieving highly efficient antibacterial efficacy against pathogens and their biofilms [103]. Their 
results demonstrated that because of the positive charge, the bacterial surface was effectively bound to MoS2 nanosheets, thereby 
amplifying the effects of oxidative stress on the bacteria (Fig. 5b-c). Long-chain alkanes have hydrophobic interactions with bacterial 
cell membranes, which could depolarize bacterial membranes to varying degrees, change the surface potential of the membranes, 
inhibit bacterial metabolic activities, and lead to bacterial death. In addition, they could inhibit the formation of bacterial biofilms 
while maintaining inhibitory activity on the already formed biofilm [104]. Kim et al. investigated GO and MoS2 composite systems that 
had enhanced antibacterial activity [105], mainly because of their increased oxidation ability and improved electrical conductivity 
(Fig. 5d). The GO-MoS2 nanocomposite exhibited a higher ROS-independent oxidation ability (Fig. 5e-f). That is, it oxidized the 
bacterial cell structure directly, destroying the bacterial membrane and inducing leakage of intracellular components, thus eliminating 

Fig. 4. (a) Schematic representation of the ligand induced exfoliation and possible modes of MoS2 surface functionalization. (b) Abiotic oxidative 
stress estimation by Ellman’s assay. (c) Estimation of the type of ROS species by Ellman’s assay in the presence of different ROS scavengers. [98]. 
Adapted with permission. Copyright 2018, American Chemical Society. 

Fig. 5. (a) Schematic representation of functionalized ce-MoS2 with thiol ligands. (b) Abiotic glutathione oxidation assay for quantification of 
oxidative stress generated. (c) Quantification of membrane depolarization of MRSA using DISC3(5) fluoresecent probe [103]. Adapted with 
permission. Copyright 2016, American Chemical Society. (d) Schematic of GO-MoS2 nanocomposite film. (e) Representative cross-sectional images 
of 3D RI tomograms of a bacterial cell came in contact with 2D nanocomposite surface for 90 min on the focal plane. (f) In vitro glutathione oxidation 
using Ellman’s assay [105]. Adapted with permission. Copyright 2017, American Chemical Society. 
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the bacteria. In addition to direct contact with bacteria, 2DNMs can also wrap bacteria, which leads to their inactivation. Rasool et al. 
reported the antibacterial behavior of Ti3C2Tx in a colloidal suspension [106]. Their results showed that Ti3C2Tx exhibited strong 
antibacterial properties because of its high hydrophilicity, which enhanced contact with bacteria. As the Ti3C2Tx concentration 
increased, the bacteria were encapsulated by nanoscale Ti3C2Tx flakes to form aggregates. The strong reducing activity of Ti3C2Tx and 
its active surface could be used to directly inactivate attached microorganisms. Finally, hydrogen bonds between the oxygen- 
containing groups of Ti3C2Tx and lipopolysaccharide chains on the cell membrane inhibited bacterial growth by preventing the up
take of nutrients. 

3.2. Photodynamic antibacterial activity of 2DNMs 

Photodynamic therapy is a new technology developed to treat bacterial diseases based on the photocatalytic properties of 
photosensitive materials [107,108]. As shown in Fig. 6, when light irradiation excites the photosensitive material, electrons gain 
energy and transfer from the ground state to the excited state. The excited electrons react with water or oxygen to generate highly 
reactive 1O2 and •OH, which directly oxidates bacteria, resulting in cell damage and even death [109,110]. This strategy has been 
extensively studied, and the application of 2DNMs has been expanded in the antibacterial field [111,112]. 

Chong et al. confirmed the antibacterial property of GO under simulated sunlight and revealed its underlying mechanism [113]. 
Measurements of ROS showed that GO produced only a few 1O2 under dark conditions, and its oxidative activity was low (Fig. 7a-e). 
However, under light irradiation, photoinduced electron-hole pairs were generated on the active sites on the surface of GO. These 
photoinduced electrons promoted the reduction of GO which then introduced carbon-centered radicals, thus accelerating damage to 
the bacterial antioxidant system and effectively eliminating bacteria [114]. Huang et al. found that graphitic carbon nitride polymer 
was an effective and recyclable catalyst that induced electrons and holes to react with the bacterial membrane and caused bacterial 
inactivation under visible light irradiation [115]. 

3.3. Strategies for enhancing photocatalytic activity 

Despite the advantages described above, most 2DNMs exhibit poor innate photocatalytic performance due to poor photoelectric 
conversion efficiency or rapid coupling of light-generated electrons and holes, which results in poor antibacterial efficiency under light 
irradiation. Various strategies have been developed to improve the photocatalytic antibacterial effects. Recent studies in the relevant 
literature have found methods that can be used to improve the photocatalytic performance of 2DNMs, thereby improving their 
antibacterial effects [116]. 

3.3.1. Changing the size or thickness of nanometer sheets 
The size and thickness of 2DNMs have been shown to be closely related to their performance [117]. For example, the bandgap of the 

conventional multilayer bulk nanocrystalline Bi2WO6 is 2.9 eV. When Bi2WO6 was prepared as a monolayer using cetyl
trimethylammonium bromide, the band gap was reduced to 2.7 eV. In this case, the prepared monolayer of Aurivillius oxide, Bi2WO6, 
had a unique sandwich structure [BiO]+-[WO4]2− -[BiO]+, which mimicked a traditional heterojunction structure (Fig. 8a) [118]. 
Because it was a single-atom-layer nanosheet, many unsaturated bismuth atoms on its surface were used as active sites. Therefore, 
under irradiation, the active sites directly generated holes, and the interlayer generated electrons, which enabled ultrafast charge 
separation. Hence, the brominated surface modification reduced the material’s bandgap by 0.2 eV and increased the material’s light 
absorption intensity. In addition, the unique atomic arrangement mimicked the heterojunction, which facilitated the separation of 
photogenerated carriers, thus effectively improving photocatalytic performance. In addition to simulating the heterostructure inter
face in a specific monolayer 2DNM by changing the number of layers, the structure could also be changed to obtain a porous structured 
2DNM with an increased surface area, thereby lowering its band gap and enhancing its light absorption. For example, the photo
catalytic performance of bulk g-C3N4 is not ideal because of its wide band gap (2.7 eV), high exciton dissociation energy, and limited 
electron mobility. The first issue to be solved was a peeling and layering treatment, which would be highly significant for improving 
overall activity. Kang et al. developed a simple bacterial etching method by exfoliation at room temperature to prepare high-quality g- 
C3N4 nanosheets (Fig. 8b) [119]. The g-C3N4 treated with bacteria had not only a 2D structure (BT-CN-2D) but also a porous structure 

Fig. 6. Antibacterial diagram of photocatalyst.  
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on the surface. Therefore, its specific surface area was significantly increased, and the band gap was significantly reduced to 2.11 eV. 
Many unpaired electrons were enriched in BT-CN-2D, and the electrons were rapidly transmitted. Therefore, the photocatalytic 
performance of BT-CN-2D was four times higher than that of bulk g-C3N4, and antibacterial stability was superior. In addition to 
structure, changing the thickness of 2DNMs also can greatly improve performance [120]. For example, a single layer of g-C3N4 pre
pared by thermal etching and ultrasonic stripping had a thickness of 0.5 nm and exhibited excellent photocatalytic performance [121]. 
Therefore, the 2D conduction path was shortened, which reduced the resistance to charge transfer. Combined the short transfer 
distance and low charge transfer resistance promoted the effective separation of photogenerated charges and improved photocatalytic 
efficiency. Finally, photocatalytic activity is also affected by the number of layers of 2DNMs [122]. Liu et al. arranged a few layers of 
MoS2 vertically to obtain FLV-MoS2 film [123]. By reducing the thickness of MoS2 to a few layers or one layer, its energy band gap was 
increased from 1.3 eV to 1.55 eV (Fig. 8c). The increase in the band gap effectively enhanced the absorption of visible light. In addition, 
compared with the performance of FLV-MoS2 and horizontal MoS2, the vertical configuration had a higher photocatalytic disinfection 
rate because the vertical thin layer structure shortened the electron transfer distance, increased the hole separation efficiency, had 

Fig. 7. (a) Antibacterial diagram of GO in dark and visible light (b) UV–vis spectra of GO dispersions under different conditions as above. (c) ESR 
spectra of GO alone, addition of NaN3, and anaerobic conditions. (d) In vitro GSH oxidation. (e) Representative fluorescence images of cells after 
different treatments. Scale bars = 20 μm [113]. Adapted with permission. Copyright 2017, American Chemical Society. 

Fig. 8. (a) Schematic illustration of photocatalytic mechanism over the monolayer Bi2WO6. And the band energy diagrams of Bi2WO6 nanocrystals 
and monolayers [118]. Adapted with permission. Copyright 2015, Springer Nature. (b) The proposed bacterial-inspired synthesis process and 
mechanism of bacteria treated g-C3N4 samples [119]. Adapted with permission. Copyright 2018, American Chemical Society. (c) Schematic that 
shows the FLV-MoS2 inactivating bacteria in water through visible-light photocatalytic ROS generation [123]. Adapted with permission. Copyright 
2016, Springer Nature. 
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higher in-plane conductivity, and exposed more active edge sites on the FLV-MoS2 film. 

3.3.2. Organic matter surface modification 
The weak electrochemical activity and easy agglomeration of 2DNMs greatly impair their photocatalytic performance, thus 

limiting their photocatalytic antibacterial applications. The modification of organic compounds, regardless of whether they are small 
organic molecules, macromolecules, or antimicrobial peptides, imparts different properties to 2DNMs, which have a profound impact 
on expanding their application [124–125]. 

For example, in a recent study, the recrystallization of perylene-3,4,9,10-tetracarboxylic diimide (PDINH) was performed on the 
surface of g-C3N4 nanosheets (Fig. 9a) [126]. The recrystallization of PDINH further enhanced the crystal structure of g-C3N4. The 
lattice spacing was reduced to 0.475 nm, and there were strong intermolecular π-π interactions between the layers (Fig. 9b-d). The 
optical absorption spectrum of the system was extended from 450 nm to 750 nm, and the band gap decreased. Therefore, the sepa
ration efficiency of the photoinduced carriers in the system was greatly improved. The photocatalytic performance of the modified g- 

Fig. 9. (a) Schematic diagram of preparation method. (b) Band alignmnet of the C3N4/PDINH heterostructure. (c) ESR spectra upon irradiation of 
self-assembled PDINH, C3N4, PDINH/C3N4 heterostructure for detection of •O2

– (d) Relative bacteria viabilities of S. aureus in different time intervals 
with C3N4/PDINH heterostructure and the corresponding SEM images [126]. Adapted with permission. Copyright 2019, Wiley-VCH. (e) Illustration 
of the roles of PEI on C3N4 for enhanced photocatalytic bactericidal activity [127]. Adapted with permission. Copyright 2020, Elsevier B.V. 
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C3N4 was also improved, which catalyzed water and O2 to produce •OH, •O2
– and 1O2, inducing serious damage to bacterial cells. 

To solve the problem of incompatibility between materials and bacterial membrane potential, Zeng et al. modified 2D g-C3N4 using 
polyethyleneimine (PEI) through a simple immersion and electrostatic adsorption process [127]. As shown in Fig. 9e, PEI adjusted the 
electronic structure of g-C3N4 through molecular interactions, thereby promoting the separation of light-excited electrons and holes in 
g-C3N4, which led to the generation ROS (•O2

– and H2O2). The photocatalytic activity of the modified g-C3N4 was twice as high as that 
of the untreated group. In addition, the protonation of surface-grafted PEI in water induced a positive charge. Because of these 
properties, PEI interacted with the negatively charged membrane surface, which was beneficial for the adherence of bacteria to g-C3N4 
and the improved inactivation of ROS. In addition, antimicrobial peptides were found to play an important role in changing the 
hydrophilic properties of materials. For example, Samak et al. prepared cyclic dodecapeptide (AMP) composed of various ratios of 
arginine (Arg) to tryptophan (Trp) [128], which was immobilized on a nanocomposite (RGO/β-MnO2) hybridized by flaky reduced 
graphene oxide and β-phase manganese dioxide (β-MnO2). The cationic nature of AMP facilitated electrostatic interactions with 
Pseudomonas aeruginosa-negative surfaces and improved binding to phospholipid membranes, resulting in an amphiphilic structure 
that facilitated adaptation between the membrane-water interfaces. Thus, the antibacterial properties of the system improved. 

3.3.3. Organic photosensitizer modification 
Organic photosensitizers absorb light radiation and excite the transition of electrons from the ground state to the short-lived singlet 

excited state, and then to the long-life triplet state. In the triplet state, electrons undergo direct reduction reactions with the substrate 
or electronic disintegration. When an organic photosensitizer is in contact with bacteria, the unsaturated phospholipids in the cell 
membrane are oxidized [129]. Organic photosensitizers also react with O2 through energy transfer to produce 1O2. The highly active 
1O2 rapidly reacts with biomolecules on the bacterial membranes, such as amino lipids, peptides, enzymes, and receptors, which 
induce damage [130]. 

Because of the abovementioned characteristics, some organic photosensitizers have been utilized to assist 2DNMs in achieving 
better photocatalytic antibacterial efficiency. Table 1 shows the combinations of some common organic photosensitizers and 2DNMs 
[131–145]. 

In 2DNMs, organic photosensitizers play a role in promoting absorption in the visible NIR region, which greatly enhances their light 
excitation ability. For instance, Shi et al. were the first to adopt the simple solution of a phase method to couple vanadyl- 
phthalocyanine (VOPc) and g-C3N4 (Fig. 10a, b) [138]. VOPc is a photosensitizer that broadens the absorption range of g-C3N4 
from visible light to the NIR light region. Therefore, the optoelectronic activity and photocatalytic performance of g-C3N4 were 
significantly improved. Li et al. devised a composite system consisting of MoS2, IR780, and arginine-glycine-aspartate-cysteine [144]. 
IR780 is a photosensitizer that adheres to the negatively charged MoS2 layer through electrostatic bonding. Through atomic-level 
contact, it changed the electronic structure of the 2DNMs, which then affected the separation of electrons and holes generated by 
light. In addition, it produced 1O2 under NIR light irradiation, which also played a positive role in antibacterials. Zhang et al. used 
sodium anthraquinone-2-sulfonate (AQS) to modify GO using a simple polymerization process (Fig. 10c) [145]. In composite mate
rials, AQS showed a variety of biological activities as a photosensitizer, and GO provided a high surface area. Both were combined 
through π-π bond conjugation. Experimental results showed that AQS-GO had a more obvious photocurrent response, which indicated 
higher charge transfer efficiency and electron-hole pair separation efficiency. The electrons and holes generated on the CB and valence 
band (VB) of the AQS reacted with oxygen and H2O to form •O2

– and •OH, respectively (Fig. 10d). In addition, the holes in the VB of GO 

Table 1 
The properties of organic photosensitizers compounded with 2DM.  

Organic Photosensitizer Two demension 
material 

Irradiation 
wavelength 

synthetic method combination 
mode 

Ref 

TCPP rGO, Bi2WO6 Visible light hydrothermal, ultrasonic method π-π stacking interactions 131 
CuTCPP g-C3N4 450–600 nm Ultrasound, water bath electrostatic, stacking interaction 132 
mTCPP g-C3N4 visible light impregnation method π-π stacking interactions 133 
MTPPs g-C3N4 visible light hydrothermal method π-π stacking interactions 134 
ZnTcPc g-C3N4 visible light – Coupling 135 
DPyP GO White light mix and stir Electrostatic, coordination interaction 136 
N-CuMe2Pc GO visible light ultrasonic assisted method π-π stacking interactions 137 
VOPc g-C3N4 vis/ NIR – coupling 138 
ZnTNPc g-C3N4 visible light impregnation method coupling 139 
Zn-tri-PcNc g-C3N4 NIR impregnation method – 140 
MPc g-C3N4 UV–vis light surface hydroxylinduced assembly process coupling 141 
ICG MoS2 808 nm one-step  

hydrothermal method 

covalently grafting, loading 142 

ICG-CPPDN rGO NIR mixture stirred electrostatic interaction 143 
IR780-PDA- 

RGDC 
MoS2 NIR – electrostatic  

binding forces 

144 

AQS GO visible light ultrasonic  

treatment 

π-π stacking interactions 145  
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Fig. 10. (a) Fabrication process of PEC sensor for DCF detection under light irradiation of λ < 400 nm and (b) The electron-transfer process of 
VOPc/CN nanocomposites [138]. Adapted with permission. Copyright 2019, Elsevier B.V. (c) Schematic illustrating the plausible mechanism of 
antimicrobial activity of AQS-GO under visible light illumination. (d) Schematic mechanism of AQSGO for photo-generated ROS under visible light 
[145]. Adapted with permission. Copyright 2020, Elsevier B.V. 

Table 2 
The common defects in 2DMs.  

2DNM composite Irradiation 
wavelength 

synthetic method defect type Ref 

GO – UV–visible CVD C-defects 147 
Bi2WO6 – solar light solvothermal method Bi-O dimer Vacancy pairs 148 
Bi2WO6 Bi quantum dots visible light hydrothermal O-Vacancy 149 
Bi2WO6 – visible light ion exchange process Bi-vacancy 150 
BiOCl – 380 nm cracking the crystal Pits defects 151 
Bi2MoO6 Ce visible light hydrothermal Crystal Defects 152 
Bi3O4Br – Solar light self-assembly strategy Bismuth, O-Vacancy 153 
BiOBr  visible light hydrothermal O-Vacancy 154 
BiOBr – visible-light solvothermal method Bi-vacancy, Bi-O double, Bi-O-Bi 

triple atoms defect cluster 
155 

g-C3N4 3-AT prepolymers 420 nm thermal polymerization N-defects 156 
g-C3N4 – visible light acid etching effect N-defects 157 
PCN Cu visible light in-situ vapor diffusion N-defects 158 
g-C3N4 – visible light twice thermal treatment surface C-defects 159 
g-C3N4  visible light thermal polymerization structural defects 160 
g-C3N4  solar light one-pot KOH-assisted calcination NHx and N2C Vacancy 161 
g-C3N4 – visible light pyrolysis edge site defects 162 
MoS2 – – electron irradiation line defects 163 
MoS2 C, CdS visible light hydrothermal S-Vacancies 164 
MoS2 Ru visible light hydrothermal S-Vacancies 165 
MoS2 Ag2S visible light Electrospray-deposited Mo-rich edges defect 166  
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directly reacted with E. coli. Therefore, the composite system had stronger light-induced antibacterial properties compared with single 
components. 

3.3.4. Surface defects 
During the preparation and storage of 2DNMs, defective structures may occur [146]. Table 2 shows common types of defects in 

2DNMs that enhance photocatalytic performance [147–166]. There are four types of defects in 2DNMs (Fig. 11). The first category is 
the vacancy of nonmetallic elements. The defect elements are mainly carbon (C), nitrogen (N), oxygen (O), and sulfur (S). For example, 
Guirguis et al. used electron cyclotron resonance microwave plasma CVD to grow vertically aligned graphene nanosheets on carbon 
fibers to produce graphene with carbon edge defects (Fig. 12a) [147]. The second type consists of cation vacancies, such as metal 
cation holes. Using the solvothermal method, Zhang et al. prepared Bi2WO6 nanosheets with a large proportion of crystal faces, and 
“Bi-O” dimer vacancy pairs were formed on the (100) high-energy plane (Fig. 12b) [148]. The third type consists of cavities or even 
pits. In ultrathin 2DNMs, atoms on adjacent surfaces escape from lattice points because of their low atomic escape energy. Guan et al. 
obtained ultrathin nanosheets with high solar photocatalytic activity by preparing BiOCl nanosheets with fully exposed (001) facets, 
which were more active (Fig. 12c) [151]. In addition, when the thickness of the nanosheet was reduced to the atomic level, more atoms 
escaped, causing the defects to change from the isolated single-atom defect “VBi” to the three-vacancy polyatomic defect “VBiVOVBi.” 
The fourth type comprises lattice defects, such as lattice dislocation, distortion, and disorder. During the preparation of Bi2MoO6, Dai 
et al. added metal cerium (Ce) to cause ion substitution and a charge compensation reaction process to generate O vacancies, thus 
distorting the crystal structure (Fig. 12d) [152]. These defects changed the local electronic structure of 2DNMs to a certain extent, 
thereby adjusting their physical and chemical properties and ultimately improving their photocatalytic performance. 

Defects can increase the number of unsaturated active sites. During heterogeneous catalysis, a catalytic reaction preferentially 
occurs on coordinated unsaturated active sites, such as steps, edges, and protrusions on the surface of the material. [167]. First, 
unsaturated active sites greatly affect the electrochemical structure of a material. Di et al. successfully prepared Bi3O4Br nanosheets 
with single-cell thickness and bismuth defects using a self-assembly strategy with the surfactant polyvinylpyrrolidone (PVP) (Fig. 13a) 
[153]. The existence of Bi vacancies greatly reduced the formation energy of O vacancies, so as to achieve the purpose of regulating the 
generation of O vacancies (Fig. 13b-d). Because of its unique ultrathin atomic structure, surface defects were easily produced which 
changed the local atomic arrangement and affected its electronic structure. The combination of O vacancies and Bi vacancies led to the 
appearance of defective energy levels. A higher defect density led to the formation of defect levels near the energy band, thereby 
indirectly reducing the band gap. Therefore, under light irradiation, electrons were easily excited and transferred to CB. In addition, 
the more that defect states appeared in the band gap, the more likely was the surface separation center of carriers. This facilitated 
enhancing the electron trapping speed, thus promoting charge separation and prolonging the lifetime of the carriers. Hence, in this 
study, the photocatalytic efficiency was increased by 4.9 times compared with that in bulk Bi3O4Br. 

Second, these active sites have been shown to contribute to the adsorption and desorption of reactants. Defective unsaturated 
coordination can provide many dangling bonds that preferentially adsorb reactants [168]. The adsorption of reactants is an important 
prerequisite for catalytic reactions that facilitate the transfer of interfacial charges. Local electrons at defect sites have the potential to 
feed electrons back to the adsorbed molecule, which activates some inert chemical bonds in the adsorbed molecule [154]. Qi et al. 
reported a double-defect strategy used to expand charge dynamics. The in situ vapor-phase diffusion method simultaneously generated 
N defects in polymer carbon nitride (PCN) and formed atomically dispersed single-point copper (Cu) at the DPCN-Cu’s interface [158]. 

Fig. 11. The four kinds of defects in 2DNM.  
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Surface N defects extended light absorption to long wavelengths through sub band absorption. The Cu-N bond formed by the inter
action between N and single-point Cu facilitated the transfer of photoelectrons. Therefore, highly dispersed active sites effectively 
captured electrons, and were used for the adsorption and activation of reactant molecules, which improved surface reaction efficiency 
and further improved photocatalytic activity. Therefore, DPCN-Cu photocatalytic efficiency was about 4.5 times higher than that of 
PCN, regardless of whether it was in the visible light range or the full light range. 

Finally, the introduction of defects has been found to adjust the band gap of the semiconductor, expand the light absorption range, 
regulate the generation of photoexcitons, affect the separation and transmission of electrons and holes, and promote the process of gas 
adsorption and activation, thus promoting the catalytic reaction and improving catalytic efficiency [169]. For example, Xie et al. used 
a one-pot calcination method to prepare polymer carbon nitride with two NHx and N2C vacancies (Fig. 14a, b) [161]. NHx and N2C 
holes on the two electron paths accelerated the separation of the photoexcited charges. The former led to the accumulation of surface 
carriers for the subsequent reduction reaction with O2, while the latter was mainly used to activate O2. In addition, the local deep 
energy level generated by the N2C vacancy broadened the absorption range to the visible light region. The local shallow energy level 
generated by the NHx vacancy was slightly higher than the maximum value of VB, which increased the mobility of the carriers and 
extended the free path of carrier diffusion. Therefore, NHx vacancies promoted the separation of photogenerated carriers, resulting in 
higher electron density. The synergy between the two defects improved the photocatalytic performance of the system. The optimized 
sample showed a 15-fold increase in catalytic performance under solar irradiation. 

3.3.5. Heteroatom doping 
Heteroatom doping is a valid method for tuning the physical and chemical performance of 2DNMs [170]. Regardless of whether it 

replaces atoms in the unit cell or enters the crystal lattice through heteroatom doping, changes in the properties of 2D materials are 
induced. The method of doping atoms can effectively tune the band gap width and electronic structure of the material, thereby 
affecting photocatalytic performance [171]. As shown in Table 3, the carbon (C), nitrogen (N), oxygen (O), and sulfur (S) atoms are 
common heteroatom elements used for doping in the 2DNMs [172–185]. 

Xiong et al. used glucose as a carbon source to fabricate C-doped (BiO)2CO3 (CBCO) nanosheets and self-assembled microspheres 
using a simple hydrothermal method (Fig. 15a) [172]. When the amount of doped carbon element increased in the crystal structure of 
BCO, a localized state on the edge of the VB appeared, and both the potential of CB and the band gap of CBOC decreased, resulting in 
enhanced visible light absorption (Fig. 15b-d). In addition, carbon doping tended to form more defect sites in the crystal lattice, which 

Fig. 12. (a) Schematic representation of the VGN/CF structure [147]. Adapted with permission. Copyright 2020, Elsevier B.V. (b) Schematic 
representation of the crystal structure of Bi2WO6. And the optimized model of Bi2WO6 with surface defects (left) [148]. Adapted with permission. 
Copyright 2015, Wiley-VCH. (c) Schematic representation of the crystal structure of BiOCl, Three-dimensional projection and [Bi2O2]2+ layers along 
with the [0 1 0] and [0 0 1] direction, respectively. And the schematic representations of trapped positrons of VBi

’’’ defect and VBi
’’’VO

••VBi
’’’ vacancy 

associates, respectively [151]. Adapted with permission. Copyright 2013, American Chemical Society. (d) Schematic representation of the photo
catalytic degradation of dyes and photoinactivation of bacterium by Ce-doped Bi2MoO6 photocatalyst. And illustration of the possible formation 
process of crystal defects in Ce-doped Aurivillius Bi2MoO6 structure [152]. Adapted with permission. Copyright 2016, American Chemical Society. 
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could be employed as active site centers to promote the separation of electrons and holes. In addition, the layered structure on the 
surface of the nanomicrospheres allowed for the multiple scattering and reflection of incident light, thus increasing the light absorption 
efficiency. Moreover, this structure facilitated the diffusion of reaction intermediates and products to accelerate the reaction rate. The 
photocatalytic activity of CBCO was effectively enhanced and steadily improved, far exceeding that of undoped BCO. Zhang et al. 
fabricated a highly efficient porous O-doped g-C3N4 photocatalytic catalyst [177]. The catalyst ensured the complete binding of 
melamine to its hydrolysate by forming uniform supramolecular assemblies during the hydrothermal process. On a g-C3N4 network, 
nanopores and oxygen (O) doping were uniformly distributed on the surface. The porous structure and the introduction of heteroatoms 
(O) increased the number of active sites and tuned the electronic structure, thereby narrowing the energy band and enhancing its light- 
harvesting ability. In another study, Feng et al. synthesized a simple heat-treatment strategy to prepare S-doped h-BN and tuned the 
band structure and interlayer distance through doping (Fig. 15e, f) [181]. Compared with the original h-BN, the performance of the 
optimized S-doped h-BN was greatly improved because of the doping of sulfur (S). The doping amount of S adjusted the band gap of the 
h-BN. The p-orbital and d-orbital of S participated in the hybridization so that new VB and CB edges formed in h-BN. As a result, the 
potential of CB decreased, the band gap shrunk, the absorption spectrum of h-BN red-shifted, and the light absorption performance 

Fig. 13. (a) Illustration of molecular assembly for the formation of single-unit-cell Bi3O4Br nanosheets with or without defects. (b) Schematic 
representations of trapped positrons of defect-deficient Bi3O4Br and defect-rich SUC Bi3O4Br, respectively. (c) Structural model to show surface Bi 
defects. (d) The O 1 s XPS spectra [153]. Adapted with permission. Copyright 2019, Wiley-VCH. 

Fig. 14. (a) Schematic diagram of efficient solar-to-H2O2 conversion by polymeric carbon nitride with two types of cooperative nitrogen vacancies 
(NHx vacancy and N2C vacancy). (b) Density-functional theory calculations. Structure models of polymeric carbon nitride with N2C vacancy and with 
NHx vacancy [161]. Adapted with permission. Copyright 2019, Elsevier B.V. 
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increased (Fig. 15g). Because many polar B-S bonds increased the interaction between layers, the interlayer distance of h-BN was 
compressed. Abundant S-doped sites and shortened layer stacking distance might be the main reasons for promoting charge mobility 
and surface reactivity, which ultimately led to improved photocatalytic activity. 

3.3.6. Building heterojunctions 
The construction of heterojunction structures can significantly improve the photocatalytic performance of materials. According to 

the classification of materials, heterojunction structures are categorized as metal/2DNMs or semiconductor/2DNMs [186,187]. 

3.3.6.1. Precious metal/2DNM heterojunction. The combination of precious metals (Au or Ag) with 2DNM significantly improves the 
photoreactivity of 2DNMs because of two main characteristics: the Schottky junction and localized surface plasmon resonances (LSPR) 
[188,189]. In the Schottky junction, precious metals capture light-emitting electrons from 2DNMs and then participate in the 
reduction reaction [190]. As shown in Fig. 16, a Schottky junction is formed when the 2DNM is in close contact with the metal, and 
their EFermi changes simultaneously, and then reaches equilibrium in a uniform constant value. As a result, the energy band of 2DNM is 
bent and deformed, and a potential energy difference appears. Captured by the metal, the electrons from the 2DNM cannot return 
because they are blocked by the Schottky barrier. Hence, the Schottky junction further accelerates the transfer of the photogenerated 
electrons to improve the efficiency of separation from holes, accelerate photogenerated carrier dynamics, and improve the photo
catalytic performance of 2DNM [191]. 

Cai et al. prepared an Ag3PO4/Ti3C2 Schottky catalyst, and the synergy between the two components effectively improved per
formance (Fig. 17a, b) [190] for the following reasons: 1) the surface of Ti3C2 had a large number of hydrophilic functional groups, 
which had a strong interaction force with Ag3PO4, facilitating charge migration and separation; 2) highly active electrons accumulated 
on the surface of titanium (Ti) sites participated in the reduction reaction to generate •OH; 3) the difference in Fermi levels between 
Ti3C2 and Ag3PO4 induced electrons to flow from Ag3PO4 to Ti3C2 until a uniform Fermi level was formed, creating an embedded 
electric field that was beneficial to the effective transfer of electrons to the surface of Ti3C2. As a result, Ag3PO4/Ti3C2 showed better 
light absorption, higher photoelectric properties, and photocatalytic activity. 

Schottky heterojunctions often occur in multiple heterojunctions. For example, Zhang et al. synthesized a 2D flat SnS2/rGO/Ag 
nanocomposite with multiple junctions using a hydrothermal method and ultraviolet reduction [191]. Because the conjugated 
structure of rGO provided abundant delocalized electrons, the holes on the VBs of SnS2 were rapidly transferred to the rGO surface 
under illumination, thereby facilitating the transport of charge carriers. The photoelectrons of SnS2 were transferred to Ag clusters 
because of the formation of the Schottky junction. Photoinduced electrons on Ag captured H2O and O2 to produce ROS. The holes on 
the surface of rGO generated •OH radicals by reacting with H2O. Based on the synergy between the ternary heterojunctions, rGO and 
Ag were vehicles of holes and electrons, which promoted their separation, extended the life of carriers, and improved the photo
catalytic activity of the system. Han et al. prepared hydrophilic porous composite nanofiber membranes through electrospinning, 
followed by hydrolysis and thermal reduction treatments, in which polyamidoxime (PAO)-grafted rGO was used as an additive to 
adsorb heavy metals, and PVP was used as a pyrogen (Fig. 17c, d) [192]. Because some of the silver ions adsorbed by PAO were 
reduced to elemental silver, there were two Schottky junctions (rGO/Ag and Ag+/Ag) in the PAN-based nanofiber membrane. The light 
absorption of the system was enhanced, and the photoelectrons were quickly transferred from Ag to rGO-g-PAO@Ag+ to promote their 
separation and improve the photocatalytic sterilization effect (Fig. 17e-h). 

It has been shown that the surface plasmon resonance (SPR) effect can strengthen the photocatalytic performance of 2DNMs 
(Fig. 18a). Surface plasmon photocatalytic material is a metal–semiconductor composite photocatalytic based on the SPR effect of 
precious metal nanoparticles (NPs) [193]. Of note is the special SPR effect of LSPR (Fig. 18b). The main determinant of its occurrence is 
the size of the metal nanostructure. Generally, the particle size must be smaller than the mean free path of electrons and the wave
length of incident light. The unique LSPR effect of precious metal NPs can greatly expand the absorption spectrum range, thereby 
obtaining more energy to excite electrons, promoting their separation from holes, and ultimately improving the solar energy 

Table 3 
The common heteroatom doping in 2DMs.  

2DM composite Irradiation 
wavelength 

synthetic method Dopant atoms type Ref 

(BiO)2CO3 Cu visible light hydrothermal method C-doped 172 
Bi2WO6  visible light hydrothermal N-Doped 173 
graphene RhCrOx/STO:Al visible light hydrothermal N-doped 174 
Ti3C2 TiO2 UV–visible low temperature calcination N-doped 175 
MoS2 Pt UV–visible one-step solvothermal N-doped 176 
g-C3N4 – visible light solvothermol route O-doped 177 
g-C3N4 – visible light hydrothermal O-doped 178 
g-C3N4 – UV–visible thermal condensation P-doped 179 
g-C3N4 CoS2 visible light hydrothermal and sulfidation processes S-doped 180 
h-BN – visible-light heat treatment strategy S-doped 181 
rGO ZnS sunlight hydrothermal S-doped 182 
Bi2WO6 Ce  one-step hydrothermal F-doped 183 
Bi2MoO6 – visible light one-pot solvothermal F, Cl, Br, I-doped 184 
g-C3N4 – visible light Heat treatment P,S,O-doped 185  
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conversion efficiency and the photocatalytic performance of the materials [194]. 
Studies had shown that Ag/AgO synthesized in situ enhanced the photocatalytic performance of g-C3N4 (Fig. 19a) [195]. Compared 

with g-C3N4, due to the SPR effect of nano-Ag and AgO, the composite exhibited a stronger visible light absorption intensity, and its 
band gap was also significantly reduced (Fig. 19b, c). In addition, the decreased charge transfer resistance of the composite material 
accelerated the charge transfer. Because the potential of g-C3N4 CB was higher than that of AgO, the excited electrons were first 

Fig. 15. (a) Proposed schematic energy band structure of the as-prepared samples. UV–vis DRS (b) and plots of (ahv)1/2 vs. photon energy (c) of the 
four as-prepared samples. (d) Transient photocurrent density of the as-prepared samples [172]. Adapted with permission. Copyright 2015, Royal 
Society of Chemistry. (e) Schematic diagram for the interlayer charge transfer, band structure change and 2,4-DCP degradation process of S-BN 
photocatalysts. (f) The schematic diagram for the band variations of h-BN and xS-BN samples. (g) UV–vis DRS for h-BN and xS-BN samples [181]. 
Adapted with permission. Copyright 2019, Elsevier B.V. 
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transferred to the CB of AgO and then to Ag. The VB potential of AgO was lower than that of g-C3N4, so the holes migrated smoothly to 
g-C3N4. Hence, the carriers were well separated in the composite system, which helped generate a large number of active substances 
with oxygen and H2O, which greatly increased the photocatalytic bactericidal performance of g-C3N4. In another study, Xie et al. 
reduced Ag+ in situ to obtain Ag/GO so that AgNPs were uniformly distributed on the nanosheets, and then type I collagen was 
deposited on the surface to improve its biocompatibility (Fig. 19d) [196]. The results showed that GO had a large specific surface area 
and many negatively charged functional groups, which was beneficial in uniformly dispersing AgNPs through electrostatic adsorption 
and avoiding agglomeration. Light irradiation induced the SPR effect of AgNPs to generate electrons. In addition, by taking advantage 
of the high conductivity of GO, these excited electrons were quickly transferred to the surface, avoiding interactions with holes. 

Fig. 16. Schottky Junction schematic.  

Fig. 17. (a) The photacatalysis schematic diagram of Ag3PO4/Ti3C2. (b) The mechanism of photodegradation and anti-photocorrosion of Ag3PO4/ 
Ti3C2 Schottky catalyst [190]. Adapted with permission. Copyright 2018, Elsevier B.V. (c) The photacatalysis schematic diagram of rGO-g- 
PAO@Ag+/Ag. (d) Scheme of the Fabrication Procedure of H-PPAN/rGO-g-PAO@Ag+/Ag CNFM. (e) Hypothetical photocatalytic mechanism of 
CNFM4-7. (f) DOS for Ag and rGO Schottky junction. (g) Schematic of the hypothetical synergistic antibacterial mechanism of the rGO-g-PAO@Ag+/ 
Ag nanosystem. (h) The results of colony culture after 6 h of irradiation for the blank group and the detection system containing CNFM2-7, CNFM3-7 
and CNFM4-7. [192]. Adapted with permission. Copyright 2019, American Chemical Society. 
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Finally, the electrons reacted with oxygen and H2O to generate ROS to eliminate bacteria. The results showed that after 20 min of 
irradiation, the bactericidal effects on E. coli and Staphylococcus aureus (S. aureus) were 96.3% and 99.4%, respectively. 

3.3.6.2. Semiconductor/2DNM heterojunction. In addition to the above strategies for enhancing photocatalytic antibacterial activity, a 
heterojunction composed of semiconductor photocatalysts and 2DNM was developed to obtain high antibacterial efficacy [197]. 

Fig. 18. (a) The schematic of SPR effect. (b) The schematic of LSPR effect.  

Fig. 19. (a) Schematic illustration of electron transfer in Ag/AgO/g-CNMS composite (b) UV–Vis absorption spectra and (c) Kubelka-Munk plots of 
g-C3N4 and Ag/AgO/g-CNMS [195]. Adapted with permission. Copyright 2017, Elsevier B.V. (d) Schematical Illustration of cytocompatibility and 
synergistic bacteria killing through the innate antimicrobial ability of Ag+ and the photodynamic effects of AgNPs in GO/AgNPs/Collagen hybrid 
coating using 660 nm visible light [196]. Adapted with permission. Copyright 2017, American Chemical Society. 
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Heterojunctions that establish close contact between dissimilar semiconductors are a current topic because they accelerate electron 
transfer, thereby indirectly promoting the separation of electrons and holes [198]. Depending on different material types and band 
gaps, heterojunctions are categorized into four types: conventional, p-n, Z-scheme, and S-scheme heterojunctions. Each heterojunction 
has profound effects on its own charge transfer properties [199]. Table 4 shows typical semiconductor/2DNMs heterojunctions that 
enhance the photocatalytic performance of 2DNMs [200–217]. 

3.3.6.2.1. Conventional heterojunctions. There are three types of traditional heterojunctions: spanning gaps (type I), staggered gaps 
(type II), and broken gaps (type III) [201]. In the type I heterojunction photocatalyst (Fig. 20a), the CB and VB of semiconductor A are 
higher and lower than semiconductor B, respectively. According to this principle, electrons transfer from a low electric potential to a 
high electric potential, and holes transfer from a high electric potential to a low electric potential. Electrons and holes accumulate at 
the CB and VB of semiconductor B, respectively. The combination probability of the two is relatively high, so effective separation 
cannot be achieved. In addition, redox reactions occur in semiconductors with lower potentials, which reduce the redox capability of 
heterojunction photocatalysts. In the type II heterojunction photocatalyst, the CB and VB of semiconductor A are both higher than 
those in semiconductor B (Fig. 20b) [202]. Therefore, the photogenerated electrons are transferred to semiconductor B, and the 
photogenerated holes are transferred to semiconductor A. The electrons and holes accumulate in the two materials, and the probability 
of their combination is reduced, thereby enhancing the redox activity of the photocatalyst. In the type III heterojunction photocatalyst, 
the band gap distribution of the two is extreme. That is, the VB of semiconductor A is higher than the CB of the semiconductor, resulting 
in band gaps that cannot overlap (Fig. 20c). Therefore, there is no electron transfer between the two semiconductors, which is un
suitable for improving the performance of the photocatalyst. Therefore, among the three types of heterojunctions, the type II heter
ojunction photocatalyst improves the separation efficiency of electrons and holes, thus improving the performance of the 
photosensitizer [203]. 

Cai et al. used a one-pot synthesis strategy to load titanium dioxide (P25) and metal palladium (Pd) into g-C3N4 to form a type II 
heterostructure for photocatalysts (Fig. 21a) [200]. When the type II heterojunction was formed, the electrons generated by the light 
excitation of g-C3N4 were directionally transferred to the surface of P25 and then to Pd, while the holes were transferred to g-C3N4, 
thereby preventing recombination of the carriers (Fig. 21b-c). Therefore, the catalytic activity of the g-C3N4/P25(N)-Pd system was 
significantly enhanced. Under the illumination of visible light and full-wave light, catalytic performance was enhanced by 8.7 times 
and 24.5 times compared with pure g-C3N4, respectively. In another study, a microwave-assisted hydrothermal reaction was used to in 
situ synthesize zinc sulfide (ZnS) on the surface of g-C3N4 to form a type II heterojunction [202]. Excited by visible light, g-C3N4 
generated excited electrons and holes. Because of the low CB potential energy of ZnS, the electrons on g-C3N4 CB were transferred 
easily to the CB of ZnS to achieve the separation of electrons and holes. Finally, the performance of the system was enhanced 4.5 times 
compared with pure g-C3N4. Type II heterojunctions can also be formed between 2DNMs. For example, Li et al. used an in situ sol
vothermal method to prepare the type II heterojunction Bi2MoO6/g-C3N4 [203]. The exfoliated nanosheet g-C3N4 had a large specific 
surface area and numerous active sites on the surface, which was beneficial for the close combination of g-C3N4 and Bi2MoO6, thereby 

Table 4 
The typical semiconductor/2DM heterojunctions.  

2DM composite Irradiation 
wavelength 

synthetic method type Improve photocatalytic 
performance 

Ref 

g-C3N4 P25 visible, full wave 
light 

calcinated Type-II 8.7 and 24.5 times 200 

g-C3N4 AgX (X = Cl,Br) visible light sonication, deposition Type-II 4.2 times 201 
g-C3N4 ZnS visible light microwave hydrothermal Type-II 4.5 times 202 
g-C3N4 Bi2MoO6 – visible light in situ solvothermal Type-II 4 times 203 
Bi2WO6 Cu2ZnSnS4 visible light secondary solvothermal Type-II 3 times 204 
BiOI, rGO – visible light solvothermal reactions p-n 2 times 205 
g-C3N4 CuBi2O4 visible light calcining method p-n 4 times 206 
Bi2WO6 MoSe2 visible light bath sonication method p-n 6 times 207 
Bi2O2CO3/BiOCl – visible light homogeneous precipitation p-n 1 ~ 2 times 208 
Bi2MoO6 CuBi2O4 visible light solvothermal p-n 3 ~ 6 times 209 
Bi2MoO6 poly(benzothiadiazole) visible light in situ palladium- 

catalyzed cross-coupling 
Z- 
scheme 

3 ~ 4 times 210 

g-C3N4 TiO2 visible light one-step hydrothermal Z- 
scheme 

4 times 211 

rGO TiO2, WO3 visible light hydrolysis- 
hydrothermal 

Z- 
scheme 

2 times 212 

MoS2 WS2, WO3-x visible -NIR light hydrothermal, heat- 
treatment 

Z- 
scheme 

4 times 213 

BP, Bi2WO6 – visible light exfoliated, 
hydrothermal 

Z- 
scheme 

9.15 times 214 

Bi2MoO6 MO (M = Cu, Co3/4, or Ni) visible light hydrothermal Z- 
scheme 

2 ~ 3 times 215 

BiOBr/ 
BiOAc1− xBrx 

– visible light co-precipitation S- 
scheme 

2 ~ 3 times 216 

g-C3N4 Cd0.5Zn0.5S visible light annealing S- 
scheme 

9 times 217  
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shortening the diffusion distance of the photogenerated charges. The results showed that the electrons generated in the CB of g-C3N4 
were transferred to Bi2MoO6 after excitation by light radiation. Moreover, the holes in the VB of Bi2MoO6 moved to g-C3N4, which 
promoted the separation of the photoelectrons and holes, involving them in the subsequent sterilization process. The experimental 
results showed that the 20%-Bi2MoO6/g-C3N4 heterojunction had the best photocatalytic disinfection effect on bacteria and that the 
holes were the dominant active substances in deactivating E. coli. 

3.3.6.2.2. p-n heterojunction. Ideally, a type II heterojunction can separate light-excited electrons and holes to avoid recombina
tion. However, in practical applications, the carrier separation speed caused by a type II heterojunction is not as high as its recom
bination speed [204]. Thus, a unique p-n heterojunction has been extensively studied [205]. In this type of heterojunction, a weak 
electric field is formed at the interface (Fig. 22). Under the influence of this field, the migration rate of electrons and holes to the 
heterojunction is accelerated, which is beneficial for catalytic applications. Specifically, because the Fermi levels of the p-type 
semiconductor and the n-type semiconductor are close to their corresponding VB and CB, respectively, when the two are in contact, the 
electrons near the n-type semiconductor interface and the holes on the p-type semiconductor interface spontaneously spread to the 
other side until the EFermi balance of the system is reached [207]. This also causes the VB and CB of the p-type and n-type semi
conductors to bend and deform, eventually shifting to high- and low-level potentials, respectively. The spontaneous movement of 
interfacial electrons and holes eventually lead to the formation of an internal electric field. When irradiated, the p-type and n-type 
semiconductors are sufficiently excited to generate carriers. Influenced by the internal electric field, the excited electrons and holes 
migrate quickly to the CB of the n-type semiconductor and the VB of the p-type semiconductor, respectively, which resulted in a higher 
separation efficiency of carriers compared with the type II heterojunction [208]. 

Guo et al. synthesized Cu2ZnSnS4/Bi2WO6 (CZTS/BWO) p-n heterojunctions using a brief secondary solvothermal process 
(Fig. 23a, b) [204]. After the two were in contact, the imbalance of EFermi energy led to the migration of carriers until equilibrium was 
reached. Therefore, the interface between BWO and CZTS was positively and negatively charged, respectively, forming an interca
lation electric field and bending the band edges of both. After excitation by light radiation, the electrons generated by CZTS were 

Fig. 20. The schematic diagram of conventional heterojunction: (a) type-I, (b) type-II, (c) type-III heterojunction.  
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transferred to BWO under the drive of electric field force, and the holes on BWO were transferred to CZTS. After the transfer, large 
numbers of accumulated electrons and holes had strong reducibility and oxidability, thereby participating in the redox reaction to 
reduce or oxidize O2 and H2O to •O2

– and •OH, respectively (Fig. 23c, d). Because of this synergy, the photocatalytic efficiency of the 
heterojunction was five and two times higher than that of the simple CZTS and BWO, respectively. The photocatalytic performance of 
2D Bi2WO6 was enhanced by forming a p-n heterojunction with MoSe2 using a simple ultrasonic method [207]. The results showed that 
the photocatalytic activity of the 1.5%-MoSe2/Bi2WO6 catalyst was six times and seven times higher, respectively, than that of pure 
Bi2WO6 and pure MoSe2. This result was due to the lower band gap in MoSe2, and the composite material exhibited a significant red 
shift, which was beneficial for the catalytic performance of both materials. In addition, under the action of the internal electric field, 
the strong interlayer interaction of MoSe2/Bi2WO6 promoted the separation of holes and electrons. That is, the holes moved to the 
MoSe2 interface, and the electrons moved to Bi2WO6, effectively extending the lifetime of light-induced carriers. The results showed 
that as surface carriers accumulated, more ROS was generated, and the catalytic performance of the system was significantly improved. 

Fig. 21. (a) The diagram of type II heterostructured g-C3N4/P25(N)-Pd (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.). (b) The illustration of bandstructures for g-C3N4/P25 and g-C3N4/P25(N)-Pd, respectively. (c) 
Plausible mechanisms photocatalytic hydrogen evolution over g-C3N4, g-C3N4/P25, and g-C3N4/P25(N)-Pd, respectively [200]. Adapted with 
permission. Copyright 2019, Elsevier B.V. 

Fig. 22. The schematic diagram of p-n heterojunction before the contact and after contacr between p-type and n-type semiconductor.  
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Another CuBi2O4/Bi2MoO6 p-n heterojunction also confirmed improvement in the catalytic performance of the system, thus endowing 
2DNMs with high photocatalytic bacteria-eliminating efficiency under visible light excitation (Fig. 23e) [209]. 

3.3.6.2.3. Z-scheme heterojunction. Both heterojunctions, type II and p-n, have obvious defects. Both electrons and holes are 
concentrated at the lower energy level of semiconductors, thus reducing the redox performance of the materials. As a result, a new type 
of heterojunction, the Z-type heterojunction, gradually developed. The Z-scheme was developed over three generations (Fig. 24) in 
1979, 2006, and 2013, respectively: 1) a traditional Z-scheme with a space shuttle redox media; 2) an all-solid-state Z-scheme with 

Fig. 23. (a) Proposed photocatalytic and photo-Fenton catalytic mechanisms by the 2D/2D CZTS/BWO type-II p-n heterojunction. (b) UV–Vis 
diffuse reflectance spectra of BWO, CZTS, and the 2% CZTS/BWO heterojunction.DMPO spin-trapping ESR spectra of the catalysts for (c) DMPO-⋅OH 
and (d) DMPO-⋅O2

– [204]. Adapted with permission. Copyright 2020, Elsevier B.V. (e) Mechanism of photocacalytic disinfection towards E. coli of 
CuBi2O4/Bi2MoO6 p-n heterojunction [209]. Adapted with permission. Copyright 2019, Elsevier B.V. 
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electronic media; and 3) a direct Z-scheme [218–220]. 
Fig. 24a shows a traditional Z-scheme. The system consists of photocatalyst1 and photocatalyst2 (without physical contact) and a 

liquid-phase electron acceptor/donor (A/D) pair. When two kinds of semiconductors are exposed to light radiation, the excited 
electrons in the CB of the photocatalyst2 reduce A to produce D, and the holes of the photocatalyst1 oxidize D to produce A. Using the 
redox conversion of the A/D medium, the electrons in photocatalyst2 and the holes in photocatalyst1 are indirectly combined, and the 
holes and electrons in the two are retained, respectively, which indirectly realizes the separation of light-excited carriers. The retained 
electrons and holes are in higher potential CB and VB, which provides the system with a higher redox capacity, thereby greatly 
promoting photocatalytic reduction and oxidation reactions. However, redox media (A / D), such as IO3− /I− , Fe3+/Fe2+ and I3− /I− , 
exist only in the liquid phase, which hinders their development in the gas–solid two-phase [221]. 

Fig. 24b shows an all-solid-state Z-scheme system, which is composed of two semiconductors (photocatalyst1 and photocatalyst2) 
and a solid electronic medium in close contact with the two semiconductors. Solid electronic media, such as precious metal NPs and 
carbon-based materials, are generally excellent conductors of electrons [222]. Similar to the traditional Z-scheme, after excitation by 
light irradiation, using an electronic medium with good electron transport properties, the electrons in the CB of the photocatalyst2 are 
directly combined with the holes in the VB of photocatalyst1. Finally, highly oxidative holes and strongly reductive electrons are left in 
photocatalyst2 and photocatalyst1, respectively. 

For example, through a simple calcination strategy, Feng et al. used carbon quantum dots (CQD) as the electronic medium between 
CdS and g-C3N4 to synthesize a Z-scheme heterojunction with a visible NIR light response [223]. The CQDs showed excellent up- 
conversion performance, in which NIR light was converted to visible light and an NIR light response was realized. In addition, as 
an electronic medium, CB electrons in CdS quickly migrated to the CQDs and then interacted with the holes in g-C3N4, which led to the 
separation of carriers in the composite material. The remaining electrons in g-C3N4 CB reacted with O2 to generate •O2

– and combined 
with the holes accumulated in CdS to cause a redox reaction. In addition to CQDs, a recent study showed that rGO could also be used as 

Fig. 24. The schematic diagram of three type Z-scheme heterojunction: (a) traditional Z-scheme (b) all-solid-state Z-scheme (c) direct Z-scheme.  
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an electron transfer medium between two semiconductors: TiO2 and WO3. A simple hydrolysis-hydrothermal method was employed to 
prepare the Z-scheme heterojunction of TiO2/rGO/WO3, and rGO was used to combine the other two phases. (Fig. 25a, b) [212]. 
Compared with TiO2/WO3 nanocomposites, TiO2/rGO/WO3 had a Z-type heterojunction structure because rGO acted as an electron 
transport medium, which improved the optoelectronic properties and photocatalytic activity of the system, which then exhibited 
enhanced bacterial inactivation activity under simulated sunlight (Fig. 25c). In particular, the photoexcited electrons in the CB of WO3 
migrated to the VB of TiO2, while the respective electrons and holes were stored and aggregated. Finally, the electrons on the CB of 
TiO2 oxidized oxygen to produce •O2

– and H2O2. The holes accumulated in WO3 reduced H2O to generate •OH. These active substances 
effectively inactivated E. coli, achieving a sterilization efficiency of 97.3% within 80 min under visible light irradiation. 

The third type of direct Z-heterojunction is shown in Fig. 24c. Compared with photocatalyst2, the CB and VB of photocatalyst1 have 
higher potential energy with a smaller work function (i.e., a higher Fermi level). When the two are in contact, the free electrons on the 
CB of photocatalyst2 are transferred to the VB of photocatalyst1 until the Fermi level is balanced. Therefore, the light-excited electrons 
in photocatalyst1 and the holes in photocatalyst2 are preserved and separated, and their original strong redox ability is maintained, so 
they exhibit higher photocatalytic efficiency [224]. 

Wu et al. constructed a Z-scheme composed of two 2D materials, O-doped carbon oxynitride (OCN) and ultrathin coal double 
hydroxide (CoAl-LDH), which were tightly combined by hydrogen bonding [225]. After visible light irradiation, both OCN and CoAl- 
LDH generated charge carriers. At the heterojunction interface, the electrons of OCN and the holes of CoAl-LDH were rapidly com
bined, and the holes and electrons on each were retained separately to avoid recombination. The light-induced electrons accumulating 
in the CB of CoAl-LDH oxidized O2 to form •O2

–. The VB of the OCN transferred more positively charged holes to reduce H2O to generate 
•OH. Consequently, the hybrid exhibited enhanced photocatalytic performance compared with the single component. Hu et al. 
designed and synthesized a simple and effective 2D/2D BP/monolayer Bi2WO6 (MBWO) nanosheet Z-type heterojunction (Fig. 26a) 
[214]. The catalytic performance of the BP/MBWO heterojunction was greatly enhanced compared with that of each individual 
component (Fig. 26b), which was caused by the effective separation and transfer of carriers by the Z-scheme and the wide absorption 
spectrum (i.e., from ultraviolet to NIR) of BP. The electrons in the CB of MBWO combined with the holes on the BP, and the accu
mulated electrons on the VB of BP reduced O2 to •O2

–, which enhanced the photocatalytic performance of the hybrid heterojunction. In 
another study, Wu et al. used MnO2 and g-C3N4 to construct a direct Z-scheme on the surface of a Ti implant [226]. After excitation by 
visible light radiation, MnO2 and g-C3N4 generated carriers. Because of the influence of the heterojunction interface, the excited 
electrons in MnO2 were directly combined with the holes in g-C3N4, which indirectly avoided the recombination of the single 
component carrier. In the final performance, the light conversion efficiency of the system was 21.11% higher than that of pure g-C3N4. 
On the surface of the heterostructure, O2 reacted with the photogenerated electrons of g-C3N4 to generate •O2

– and 1O2, and H2O 
reacted with the holes of MnO2 to generate •OH, which denatured the protein and DNA and effectively eliminated both S. aureus and 
E. coli. 

3.3.6.2.4. S-scheme heterostructure. The S-type heterojunction is composed of two n-type semiconductors: an oxidation photo
catalyst (OP) and a reduction photocatalyst (RP) (Fig. 27). Because the Fermi level of the former is lower than that of the latter, in the 
absence of radiation, electrons in the RP spontaneously flowed into the OP at the interface until the Fermi levels of the two reached 
equilibrium, thereby generating an internal electric field. When OP and RP are excited by light to generate a large number of carriers, 
the electrons in the CB of OP consume photogenerated holes in the VB of RP induced by the internal electric field. The reserved holes 
and electrons with strong redox ability accumulate in the two, playing an important role in subsequent catalytic applications. 

Jia et al. fabricated an S-scheme composite BiOBr/BiOAc1-xBrx using a simple co-precipitation method to prepare BiOBr and BiO 
(CH3COO)1-xBrx at room temperature [216]. In this S-scheme heterojunction, BiOAc1-xBrx and BiOBr were used as RPs with a higher 
Fermi level and OPs with a lower Fermi level, respectively. When they were in close contact, the Fermi level tended to balance, causing 

Fig. 25. (a) Schematic diagram for describing the conduction band and valence band of TiO2 and WO3; Heterojunction-type charge transfer and 
surface redox reactions for TiO2/WO3; Z-scheme charge transfer and surface redox reactions for TiO2/rGO/WO3. (b) UV–vis diffuse reflectance 
spectra of different samples. (c) Photocurrent response curve [212]. Adapted with permission. Copyright 2017, Elsevier B.V. 
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Fig. 26. (a) Schematic illustration of the fabrication of BP/MBWO heterojunction. (b) Photocatalytic mechanism of NO removal and water splitting 
by BP/MBWO heterojunction under visible-light irradiation (the various redox potentials versus RHE) [214]. Adapted with permission. Copyright 
2018, Wiley-VCH. 

Fig. 27. The schematic diagram of S-scheme heterojunction before the contact and after contacr between two n-type semiconductors.  
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the charge in the interface of BiOAc1-xBrx to spontaneously transfer to BiOBr, which also led to the formation of an internal electric 
field. In a subsequent excitation by light radiation, because of the electric field, the excited electrons in the CB of BiOBr were trans
ferred to the VB of BiOAc1-xBrx to combine with “useless” holes, and a large number of “useful” holes and electrons were accumulated 
and retained in BiOBr and BiOAc1-xBrx, respectively. The electrons and holes were combined with O2 and H2O to generate •O2

– and 
•OH, respectively, thereby enhancing the photolysis performance of the hybrid product. In another study, Xia et al. used an in situ 
growth strategy to grow CeO2 quantum dots on the surface of PCN nanosheets to obtain a new 0D/2D S-scheme heterojunction 
material (Fig. 28a-c) [227]. The Fermi level of PCN was higher than that of CeO2. In this study, when the CeO2 photocatalyst was in 
close contact with PCN, the Fermi energy level tended to reach the same level, and the electrons in PCN flowed to CeO2 spontaneously. 
Then, under light irradiation, both PCN and CeO2 generated excited carriers. Subsequently, driven by the internal electric field and the 
Coulomb interaction, electrons accumulated in the CB of CeO2 tended to recombine with the holes in PCN VB, while the other excitonic 
holes and electrons accumulated in VB and CB, respectively, and interacted with the surrounding H2O and O2 molecules to produce 
•OH and •O2

– (Fig. 28d, e). Finally, these active species effectively destroyed the cell walls of bacteria through advanced oxidation 
processes, inducing a highly effective antibacterial efficiency of 99.4% after 60 min of light irradiation. 

3.4. Photothermal antibacterial of 2DNMs 

High-temperature treatment is the most common method used to eliminate microorganisms. When the temperature exceeds 55 ◦C 
over a period of time, the physiological and biochemical reactions in non-heat-resistant bacteria are accelerated, and temperature- 
sensitive substances in the body, such as heat shock proteins, are irreversibly damaged as temperatures increase [228]. Photo
thermal therapy has been employed to treat cancer and bacterial diseases using the thermal effects of photothermal agents (PTA) under 
light irradiation [229]. As shown in Fig. 29, the main antibacterial mechanism of PTA is to increase the surrounding local temperature 
by converting light energy into thermal energy. High temperatures can denature bacterial proteins, alter gene expression, disrupt 
metabolism, and induce bacterial cell apoptosis. Based on the discovery of the photothermal properties of 2DNMs, many 2DNMs have 
been used as PTAs in antibacterial applications [230–232]. 

Many 2DNMs have photothermal conversion properties, such as MXene [233], GO [234], MoS2 [235,236], and BP [237]. Chou 
et al. prepared MoS2 using the chemical stripping method [235]. By measuring the photothermal curves of different concentrations of 
MoS2, they determined that when a low concentration of MoS2 was applied (38 ppm), the temperature quickly rose to above 40 ◦C after 

Fig. 28. (a) The calculated work function and corresponding structural model of (111) plane of CeO2 and (001) plane of PCN. And the planar- 
averaged electron density difference Δρ and side view of the charge density difference over the CeO2/PCN heterojunction. The orange and pur
ple areas represent depletion and accumulation of electrons, respectively. (b) Band structure of pure CeO2 and PCN. (c) The internal electric field 
with band edge bending near the interface of CeO2/PCN. And the S-scheme transfer mechanism of photogenerated electrons under the illumination. 
EPR signals of (d) DMPO-•OH adducts in deionized water and (e) DMPO-•O2

– adducts in methanol over various photocatalysts under illumination for 
120 s [227]. Adapted with permission. Copyright 2019, Wiley-VCH. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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light irradiation for 1 min (0.8 W cm− 2, 808 nm). Li et al. used chitosan hydrogels as carriers and BP nanosheets as PTAs to construct 
filtration membranes with sandwich structures [237]. Under irradiation of 808 nm light at a power density of 0.5 W cm− 2, the 
temperature of the film rose to 100 ◦C within 10 min. 

To discuss the photothermal mechanism of 2DNMs, it is necessary to understand the principle of light absorption by materials. The 
unique feature of 2DNMs is their layered structure [238]. When 2D materials are irradiated by light, radiation waves are absorbed 
repeatedly between layers. The repeated refraction and absorption of light by the multilayer structure led to the obvious absorption of 

Fig. 29. The schematic diagram of photothermal of PTAs action on bacterial cell membrane.  

Fig. 30. Proposed electromagnetic waves shielding mechanism. Incoming electromagnetic waves (green arrows) strike the surface of an MXene 
flake [239]. Adapted with permission. Copyright 2020, American Association for the Advancement of Science. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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light by 2DNMs, which is also the basis of its excellent photothermal performance. For example, a recent study showed that when 
electromagnetic waves hit the surface of 2D MXene nanosheets, some electromagnetic waves would be reflected [239]. The remaining 
electromagnetic waves passed through the MXene lattice structure and interacted with its high density of discrete electrons to generate 
an electrical current, resulting in ohmic losses and reduced electromagnetic wave energy (Fig. 30). The surviving electromagnetic 
waves encountered the next barrier layer after passing through the first layer, and the electromagnetic wave attenuation phenomenon 
was repeated. Moreover, layer II acted as a reflective surface, causing multiple internal reflections. Electromagnetic waves were re
flected back and forth between layers until they were completely absorbed into the structure, which resulted in the phenomenon that 
the multilayer structure effectively absorbed electromagnetic waves. 

The mechanism of the absorption spectrum of 2DNMs has understood, but the mechanism by which radiant light is consumed and 
converted into 2DNMs needs to be further explored. The common mechanisms of light conversion to thermal energy are shown in 
Fig. 31. 2DNMs generate hot electrons and holes upon light excitation, and the temperature of the initial carriers is higher than the 
lattice temperature [240]. The phonons are scattered by electrons and holes to achieve a thermal balance between the hot carriers and 
the crystal lattice. When excess heat energy is transferred to the phonons, it causes vibrations in the crystal lattice, which raises the 
local temperature. Defects of the surfaces of 2DNMs induce the formation of deep-level defects in the intermediate energy gap [241]. 
The photoexcited electrons recombine with the holes through the limited bridge deep-level defects to generate phonons. They then 
generate strong lattice vibrations that release heat to the surrounding medium. Zhang et al. developed a solar steam generator based on 
defect-rich graphene sheets [242]. Utilizing these abundant defects shortened the free path of long-wave phonons in graphene, thereby 
reducing overall thermal conductivity and presenting better optical and thermal performance. In another situation, in most photons, 
the energy emitted by the light source is higher than the excitation energy required for 2DNM. The excited carriers relax to the edge of 
the band gap, and the extra energy is converted into heat through the thermalization process [243]. When a 2DNM heterojunction is 
constructed, the band gap in each component changes, and more electron transfer paths are formed, which is beneficial for improving 
photothermal efficiency [244]. Some 2DNMs, such as the Bi-based materials, MoS2 and MXene, have been shown to have unique LSPR 
effects. For example, Fan et al. found that MXenes and Ti3C2Tx exhibited semimetallic properties with ultrahigh metal conductivity, 
which produced an LSPR effect similar to metal NPs [245], resulting in enhanced light absorption, rapid solar collection, and high heat 
conversion ability. Under visible light irradiation at a power density of 128.6 mW cm− 2, the temperature of PEG/Ti3C2Tx composite 
increased sharply from 19 ◦C to > 55 ◦C. 

3.5. Strategies for enhancing photothermal antibacterial therapy 

Because of the larger bandgap width in 2DNMs, the light absorption range is narrow. As a result, photothermal conversion effi
ciency is limited, resulting in poor photothermal antibacterial performance. Therefore, it is necessary to improve the photothermal 
performance of 2DNMs by modification. Current modification methods include changing the size and thickness of 2DNMs and 
combining with other photothermal agents (PTAs). 

3.5.1. Changing the structures 
In addition to the previously described PDT, the PTT performance of 2DNMs varies according to changes in their structure 

[246–248]. 2DNMs have micron-scale and nanoscale structures. The micron-scale structure is modified by changing the morphology of 

Fig. 31. The five photothermal production mechanism diagram of PTAs.  
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the material, such as particle size tuning. The nanoscale structure is modified by doping or defect formation. Table 5 lists typical 
2DNMs and their structure-dependent photothermal properties [249–253]. The micron-scale structure of 2DNMs is determined by the 
aspect ratio and the number and thickness of the nanosheets. In [249], a nanoscale rGO (NRGO) had a lateral size of less than 100 nm 
and a longitudinal thickness of less than 1 nm, which was used as an effective photothermal agent to eliminate pathogenic bacteria. In 
addition, NRGO was bound to the anti-S. aureus polyclonal antibody through its surface groups, so the composite could be used for 
specific recognition. Compared with large rGO, NRGO showed greater absorbance and better photothermal performance. When the 
system concentration was only 20 mg L− 1, the temperature reached 55 ◦C under 808 nm wavelength light (400 mW cm− 2) after 
irradiation for 10 min. Therefore, the antibody-NRGO complex selectively adsorbed and contacted S. aureus through antibodies, thus 
eliminating the bacteria through the photothermal effect. 

In addition to the size of the nanosheets, the number of their layers was shown to affect photothermal performance. Xuan et al. 
reported a new method for preparing extremely thin delaminated titanium carbide (TC) sheets with strong NIR absorption (Fig. 32a-c) 

Table 5 
Summary of the size-dependent PTT of 2DMs.  

2DM Irradiation 
wavelength 

synthetic method Size and thickness Irradiation 
time 

T (oC) Antibacterial efficiency Ref 

NRGO 808 nm Hummers method thickness lower than 1 
nm 

10 min 60 ◦C almost 100 % 
for S. aureus 

249 

titanium 
carbide 

808 nm intercalation, 
delamination 

monolayer or bilayer 5 min 60 ◦C – 250 

MnB2 808 nm chemical etching monolayer 5 min 60 ◦C – 251 
MoS2 808 nm in situ solvothermal diameters of 25 nm 20 min 50 ◦C 97 % for Ampr E. coli and 100 % 

for 
B. Subtilis 

252 

ce-MoS2 Solar light chemically exfoliated monolayer 15 min 60 ◦C – 253  

Fig. 32. (a) Schematic illustration showing the intercalation and delamination process. (b) NIR absorption spectra for the colloidal sheet sus
pensions. Inset: Beer law absorbance plot for absorption at 808 nm. (c) Photothermal heating curves of TC nanosheets at various power densities 
[250]. Adapted with permission. Copyright 2016, Wiley-VCH. 
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Table 6 
Summary of the PTAs composite with 2DMs.  

2DNM PTAs Irradiation 
wavelength 

synthetic method Irradiation time photothermal conversion efficiency PTT Antibacterial efficiency Ref 

WS2 carbon dots 1064 nm hydrothermal 5 min 56.3 % 53 ◦C – 259 
MoS2 carbon dots 808 nm Hummers method 5 min 78.2 % 55 ◦C – 260 
BP carbon dots 808 nm, 

1064 nm 
microwave, stirring 6 min 77.3%, 

61.4% 
55.5 ◦C, 53.7 ◦C – 261 

BP Cu, RGD, PEG 808 nm exfoliation 
conjugated 

5 min – 56 ◦C – 262 

g-C3N4 CuS 
PEG 

808 nm pyrolysis 20 min 59.64 % 46 ◦C 99% of both S. aureus and E. coli 263 

MoS2 CdS/ 
Au 

660, 808 and 980 nm chemical vapor 
deposition 

– – – – 264 

rGO CdSe/ZnS QDs 808 nm Hummer, sedimented 5 min – 67 ◦C – 265 
rGO AuNS 808 nm seed mediated growth 6 min 22.6 % 61 ◦C 97% for 

S. aureus and 
98% for 
E. coli 

266 

GO AuNP, QCMC 808 nm Hummer method 2 min – 88.2 ◦C effective for B. subtilis and E. coli 267 
BP Au 808 nm physical adsorption 20 min 36.1 % 50 ◦C – 268 
GO Ag 808 nm Hummer method 7 min – 61.6 ◦C 95.6% and 95.9 %for MDR-1 and MDR-2 

E. coli 
269 

BP Ag 808 nm, in situ growth strategy 5 min – 55 ◦C effective for MRSA 270 
MnO2 Ag, CS 808 nm hydrothermal 20 min 30.79 % 55.4 ◦C 99 % and 99.25% for 

S. aureus and E. coli 
271 

BP, rGO – 808 nm sonication and annealing 5 min 57.79 % 51 ◦C – 272  
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[250]. Compared with the traditional method, this method uses organic base tetramethylammonium hydroxide (TMAOH) as an 
etchant. It reacted with Al in TC and generated Al(OH)4

− as an interlayer to promote delamination. After irradiation by 808 nm light at a 
power density of 0.8 W cm− 2 for 3 min, the temperature of the ultrathin monolayer TC at a concentration of 50 mg mL− 1 was increased 
to 50 ◦C. TMD is also a commonly used 2D photothermal material. Because some 2DNMs are polycrystaline, the properties of the 
crystaline phases differ. Changing the thickness of the nanosheets also changes the crystal phase of the material and improves per
formance. For example, Ghim et al. focused on the different photothermal properties in the 1 T phase and 2H phase of MoS2 [253]. By 
preparing chemically exfoliated MoS2 (ce-MoS2), its crystal phase was changed from the 2H phase (triangular prism coordination) to 
the 1 T phase (octahedral coordination). The results showed that compared with bulk MoS2, ce-MoS2 had a highly efficient photo
thermal effect, and its photothermal conversion efficiency was increased by about 19%. 

In addition to changes in micron-scale structure, nanoscale structure changes also modify photothermal performance. This change 
is mainly achieved through doping and defect formation. Ito et al. developed a multifunctional nitrogen-doped porous graphene 
material [254]. Pore size and chemical doping determined the thermal conductivity of graphene samples to some extent. N-doping led 
to the formation of defects in the lattice structure of graphene, which then led to a decrease in the thermal conductivity and specific 
heat capacity of graphene. 

3.5.2. Combination with other photothermal materials 
In addition to changing the size, other PTAs have been utilized to strengthen the photothermal effects of 2DNMs by fabricating 

composites [255,256]. PTAs commonly used to enhance the photothermal performance of 2DNMs have good electrical conductivity or 
narrow band gaps. These PTAs conduct the electrons generated by 2DNM photoexcitation, which then disperse and generate more 
phonons. The phonons then transfer energy to the lattice and generate heat through lattice vibrations [257]. The incorporation of PTA 
also leads to a red shift in the absorption spectrum of the material, increasing the light absorption intensity and photothermal con
version efficiency. In addition, the LSPR effect of PTA is beneficial for improving photothermal performance [258]. Table 6 [259–272] 
summarizes recent advances in this field. 

For example, carbon dots (CD) are PTA. The positively charged N-doped CDs synthesized by the microwave-assisted hydrothermal 
method have been shown to have an absorption spectrum ranging into the NIR-II region. Geng et al. assembled CDs on the surface of 

Fig. 33. (a) Preparation procedure of CD/WS2 HJs including three steps. (b) Schematic illustration of the energy position and the deep defect state 
formation under NIR laser irradiation. UV–vis-NIR absorption spectra (c) and the photothermal effect (d) of CDs, WS2, and CD/WS2 HJs under 1064 
nm laser irradiation (0.6 W cm− 2) [259]. Adapted with permission. Copyright 2019, Elsevier B.V. (e) Schenatic illustration of the photoelectric 
response mechanism and (f) the omnidirectional absorption and radiative balance characteristic of the MoS2/CdS/Au_C_PW photodetector. (g) The 
absorption spectra of the different samples over the wavelength range of 400–810 nm. (h) Absorption and thermal radiation spectra of MoS2/CdS/ 
Au_C_PW [264]. Adapted with permission. Copyright 2020, Royal Society of Chemistry. (i) Schematic Drawing Exhibiting the Synergistic Behaviors 
in the Bacteria-Killing Processes of Ag/CS@MnO2-Ti through Prereleased Low-Concerntration Ag+ and Photothermal Effects of MnO2 in the Coating 
under NIR Irradiation [271]. Adapted with permission. Copyright 2019, American Chemical Society. 
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negatively charged WS2 nanosheets by electrostatic force, so the CDs/WS2 mixture had higher light absorption efficiency under NIR-II 
light irradiation (Fig. 33a, b) [259]. Under irradiation, the excited electrons in the VB of CDs were trapped by the N-doping induced 
defects, and the holes were rapidly transferred to the WS2. As a result, a large number of free carriers accumulated in WS2, which 
caused the LSPR effect to enhance absorption in the NIRII region (Fig. 33c, d). Therefore, under irradiation by a laser with a power 
density of 0.6 W cm− 2 and a wavelength of 1,064 nm for 5 min, the temperature of CD/WS2 rapidly increased from 28.5 ◦C to 53.0 ◦C, 
and the photothermal conversion efficiency reached 56.3%. The CuS NPs also showed excellent photothermal effects through the LSPR 
effect under light irradiation. The CuS NPs and g-C3N4 were combined through a simple hydrothermal strategy, which showed uniform 
dispersion without agglomeration. The composite was subsequently encapsulated by PEG [263]. The hybrid had a strong NIR ab
sorption capacity, 59.64% light-to-heat conversion efficiency, and an elimination efficiency of up to 99% against S. aureus and E. coli 
under NIR irradiation for 20 min. Tian et al. designed a MoS2/CdS/Au composite material with excellent photothermal properties 
under full-spectrum light irradiation (Fig. 33e-h) [264]. The LSPR effect of Au NPs and layered MoS2 promoted light absorption and 
enhanced the exciton transition capability of CdS NPs. Furthermore, due to the LSPR, the excition of Au NPs decayed nonradiatively 
into hot carriers. The hot electrons were transferred to the CB of the CdS NPs. However, because of the low CB edge in MoS2, the 
photoexcited electrons of CdS NPs were transferred to the MoS2. The tight interfacial contact between CdS, Au, and MoS2 led to the 
narrowing of the energy band, enabling a wider range of light absorption. Finally, the remaining photoelectrons were relaxed through 
collisions between electrons or phonons. This process generated heat energy. In addition to Au NPs, another common noble metal, Ag, 
is also used to improve the photothermal performance of 2DNMs. Wang et al. prepared an Ag/CS@MnO2 composite using a simple 
hydrothermal method [271]. Because of the LSPR effect of Ag, the photothermal performance of the system exhibited a significant 
enhancement compared with that of MnO2 alone (Fig. 33i). After irradiation with 808 nm NIR light for 20 min, in response to the high- 
temperature treatment, the antibacterial effects of AgNPs/MnO2 nanosheets were modified by chitosan (CS) against S. aureus and 
E. coli, reaching 99.00% and 99.25%, respectively. Local hyperthermia produced after irradiation increased the permeability of the 
membranes of these bacteria, increasing their sensitivity to small amounts of the released Ag+, which eventually damaged the bacterial 
membranes, caused protein leakage, and decreased ATP levels. In an acidic environment, MnO2 nanosheets reacted with GSH at 
membrane rupture sites, MnO2 was degraded to Mn2+, and GSH was oxidized to glutathione disulfide (GSSG). The rate of this process 
was accelerated by hyperthermia. The oxidation of GSH in bacteria caused disturbances in the internal balance of bacteria, thus 
accelerating bacterial death. 

3.6. Synergy of photothermal and photodynamic therapy 

Although PDT has exhibited unique advantages for eliminating bacteria [273,274] (i.e., inhibition of bacteria resistance formation, 
high controllability, and low invasiveness), ROS has a short life span (less than40 ns) and a small action radius (about 10 nm) [275]. 
Only a small amount of ROS interacts with bacteria, and bacterial membranes effectively block foreign substances, resulting in poor 
antibacterial effects [276]. PTT increases local temperature, thereby damaging bacteria. However, the use of PTT alone has the 
following limitations: 1) long-term exposure to a high-power density laser may damage healthy tissues; and 2) the temperature of 
photothermal treatment is generally from 45 to 50 ◦C [277]. Some heat-resistant bacteria are difficult to eliminate because they remain 
active at temperatures as high as 60 ◦C [278,279]. Recent studies have revealed that a combination of PDT and PTT achieves better 
antibacterial therapeutic effects than PDT or PTT alone (Table 7) [280–287]. 

For instance, Li et al. combined Zn2+-doped flake g-C3N4 with GO through electrostatic bonding and π-π stacking interaction to 
prepare g-C3N4-Zn2+@oxide graphene (SCN-Zn2+@GO) hybrid nanosheets) (Fig. 34a) [281]. Under short-term (10 min) dual light of 
660 nm and 808 nm irradiation, because of the synergy between the PDT and PTT, the membranes of E. coli and S. aureus were distorted 
or ruptured, and the cytoplasm overflowed. The generation of localized high temperatures altered the permeability of bacterial 

Table 7 
Summary of the combination of PDT and PTT in 2DMs.  

2DM composite Light source synthetic method time PTT PDT Antibacterial efficiency Ref 

GO AIEgen daylight, 795 
nm 

stirring 1 h, 
5 min 

50 ◦C ROS Over 99 % for S. aureus and E. coli 280 

g-C3N4 

GO 
Zn2+ 660, 808 nm electrostatic bonding and π π 

stacking interactions 
10 
min 

58 ◦C •O2
–, 

H2O2 

Over 99.1% for S. aureus and 
E. coli 

281 

g-C3N4 ZnO, 
C Dots 

visible light thermal- 
polymerization 

15 
min 

51.3 ◦C •O2
–, 

•OH 
99.97 % and 99.99 % for S. aureus 
and E. coli 

282 

MoO3− x Ag 808 nm sonication, 
hydrothermal 

10 
min 

55 ◦C h+, •O2
–, 

•OH 
99.2% of 
E. coli and 97.0% of 
S. aureus 

283 

MoS2 PDA, RGD 808 nm hydrothermal 6 min 56.4 ◦C 1O2 Over 92.6% for S. aureus and 
E. coli 

284 

MoS2 CS 660, 808 nm electrophoretic deposition 10 
min 

50 ◦C 1O2 99.84% and 99.65% 
against E. coli and S. aureus 

285 

WS2 Ag2S 808 nm exfoliated 20 
min 

55 ◦C ROS 99.93% and 99.84% for 
S. aureus and E. coli 

286 

Bi2WO6 AuNRs 808 nm hydrothermal 15 
min 

55.2 ◦C ROS 99.96% and 99.62% against E. coli 
and S. aureus 

287  
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membranes, reduced bacterial protein activity, and inhibited ATP synthesis. Photocatalytically generated ROS oxidized intracellular 
proteins through the bacterial cell wall and disrupted bacterial homeostasis. Furthermore, the electron transport of complex I, which 
binds NADH, FMN, and a tetranuclear FeS cluster, on the membrane respiratory chain was disrupted. The doping of Zn2+ increased 
defects in the SCN. Because both GO and Zn2+ easily captured electrons, they facilitated the separation of the photogenerated electron- 

Fig. 34. (a) Preparation procedures of SCN-Zn2+@GO with the atomic structure shown on the right. (b) Pristine SCN structure and possible binding 
modes of Zn and N atoms in SCN-Zn2+@GO. From left to right are undoping and two kinds of Zn2+ doping (intertitial and substitutional doping) 
structure, respectively. The ΔE means the energy difference between undoped and doping structures. (c) Antibacterial mechanism of SCN- 
Zn2+@GO20% under mixed light irradiation of ROS and hyperthermia [281]. Adapted with permission. Copyright 2018, Wiley-VCH. (d) Disin
fection schematic in vivo, disruptive behavior on bacterial cell membrane, and inactivating bacteria through photodynamic and photothermal ac
tions of CS@MoS2 hybrid coating on Ti implant under the dual lights (660 nm VL + 808 nm NIR) [285]. Adapted with permission. Copyright 2018, 
Wiley-VCH. 

Fig. 35. (a) Schematic illustration of the antimicrobial mechanism of B-CG-QAS. (b) Zeta potentials of CG, B-CG, CG-QAS and B-CG-QAS. (c) 
UV–Vis-NIR spectra of CG, B-CG, CG-QAS and B-CG-QAS. (d)Temperature evolution curves of B-CG-QAS with different concentrations (0.05–0.5 
mg⋅mL− 1) under 808 nm NIR irradiation at 0.5 W⋅cm− 2 (e) Representative SEM images of MDR Ab after incubation with PBS, CG, B-CG, CG-QAS and 
B-CG-QAS [294]. Adapted with permission. Copyright 2020, Elsevier B.V. 
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hole pairs (Fig. 34b). Zn2+ also increased light absorption and produced more carriers, which was conducive to the production of ROS 
that destroyed the cell membranes of bacteria, denatured proteins, and inhibited the metabolic pathways of bacteria (Fig. 34c). Yin 
et al. used MoO3-x nanosheets to load Ag nanotubes and designed an efficient NIR light-driven hybrid antimicrobial agent [283]. 
Excited by NIR light, carriers that were effectively separated at the MoO3-x-Ag interface reacted with O2 and H2O to generate active 
substances (•O2

–, and •OH), which oxidized and destroyed the outer membranes of bacteria. In addition, MoO3-x-Ag showed obvious 
NIR light absorption and efficient photothermal conversion ability. Hence, temperatures could reach 51.5 ◦C, and the generated 
hyperthermia could effectively inhibit bacterial activity. Finally, compared with bare MoO3-x and Ag, under the synergistic effect of 
PDT and PTT, the system showed good bactericidal effects at a lower Ag content. Moreover, heat promoted the release of Ag+, and 
metal ions had an inhibitory effect on bacterial activity. The antibacterial results showed that the antibacterial efficiency of the system 
against E. coli and S. aureus was as high as 99.2% and 97.0%, respectively, after 10 min of light stimulation. Feng et al. modified MoS2 
with CS to obtain a CS@MoS2 hybrid coating, which had both photodynamic and photothermal properties for antibacterial appli
cations (Fig. 34d) [285]. The results showed that, compared with a single light source, after irradiating with 660 nm and 808 nm light 
for 10 min, the antibacterial effects of the coating on E. coli and S. aureus reached 99.84% and 99.65%, respectively. In the underlying 
mechanism involving the 660 and 808 nm light sources, the former induced the system to produce singlet oxygen 1O2 under 660 nm, 
while the latter caused the temperature to rise from 27.8 ◦C to 51.5 ◦C under 808 nm light irradiation. The cooperation of PDT and PTT 
led the system to have good antibacterial applications. 

4. Synergistic antimicrobial activity 

4.1. Functionalized targeting synergy 

Targeted therapy has continued to be a research hotspot in the field of antibacterials because of its accurate bacterial-killing, high 
selectivity, and low toxicity effects on normal tissue [288,289]. Therefore, the establishment of a multi-modal targeting and treatment 
platform is a promising strategy for the treatment of bacterial infections [290,291]. 

Fig. 36. (a) Schematic illustration of the antibacterial mechanism of GCS-CG. (b) Optical absorbance spectra of GCS, CG and GCS-CG at pH 6.3. (c) 
Photothermal conversion characterizations of GCS-CG aqueous solution with various concentrations under 0.75 W cm2 808 nm laser irradiation for 
a certain time. (d) The GCS-CG surface-charge changes under different environmental pH. (e) Zeta potentials of bacteria before and after incubation 
with GCS-CG at pH 6.3. (f) Representative SEM micrographs of bacteria (pH 6.3 & 7.4) before and after incubation with GCS-CG [295]. Adapted 
with permission. Copyright 2018, Elsevier B.V. 
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For example, the heptadecylic end group of 1,2-distearoyl-sn-glycerol-3-phosphoethanolamino-[amino(polyethylene glycol-NH2)] 
was utilized to hydrophobically interact with GO to obtain GO-PEG-NH2 [292]. GO-PEG-NH2 is a multifunctional antibacterial system 
with selective recognition, bacterial capture, and photothermal properties. Because the cell wall of bacteria was composed of pepti
doglycan and acidic polysaccharides, the surface of the cell membrane was negatively charged. However, the cell membranes of 
normal tissue were almost neutral. Therefore, the amino functional group of GO-PEG-NH2 was bound by electrostatic adsorption with 
negatively charged bacterial membranes. The presence of PEG chains also reduced the nonspecific adsorption of cell-surface proteins. 
Moreover, by utilizing the photothermal properties of GO, the system rapidly generated high local temperatures under NIR light 
irradiation to inactivate bacteria [293]. In another study, boric acid (BA), carboxylated graphene (CG), and quaternary ammonium salt 
(QAS) were combined to develop a dual-targeted antibacterial platform (B-CG-QAS) (Fig. 35a) [294]. On one hand, both bacteria and 
their biofilms had negative surface charges due to high levels of anionic phospholipids on their cell walls and negatively charged 
groups on polysaccharides and proteins in bacterial biofilm extracellular polymers (EPS). On the other hand, the cell walls and biofilm 
matrices of gram-negative bacteria were rich in polysaccharides, which covalently bound to BA to form cyclic boronated esters. 
Therefore, the positively charged B-CG-QAS reacted with the bacterial cell surface through electrostatic and hydrophobic interactions, 
thereby changing the molecular structure of the cell membrane surface and increasing the permeability of the cell membrane, which 
ultimately led to cytoplasmic diffusion and cell lysis (Fig. 35b). Furthermore, QAS damaged bacterial cell membranes, leading to the 
leakage of intracellular components and increasing the permeability and sensitivity of bacterial cells to heat. Finally, the platform 
exhibited a good photothermal effect under NIR light irradiation, and the system temperature rose to 51.2 ◦C after 10 min of irradiation 
(Fig. 35c, d). The induced high-temperature irreversibly inhibited bacterial intracellular responses and disrupted bacterial structures 
(Fig. 35e). 

Inspired by the phenomenon that the pH values of bacterial microenvironments and normal tissue differed slightly, Qian et al. 
designed a pH-triggered system of ethylene glycol chitosan (GCS)-conjugated carboxygraphene (CG) (GCS-CG) (Fig. 36a-c) [295]. The 
system had the obvious ability to distinguish and target subtle changes in the pH value of the microenvironment, thus achieving 
bacteria targeting (pH = 6.3), and concentrated aggregation without damaging the surrounding healthy tissues (pH = 7.4) (Fig. 36d, 
e). After modification of the GCS, the absorption intensity of the system in the NIR range increased. Under the influence of the pH of the 
lesion, the surface charge in the system gradually changed from negative to positive. GCS-CG interacted strongly with the negatively 
charged bacterial surfaces, whereas healthy tissue was not targeted. In addition, after irradiation by NIR light, the local temperature of 
GCS-CG increased from 29 ◦C to 55 ◦C, and the antibacterial efficiency of the infected site was as high as 100% after photothermal 
treatment (Fig. 36f). In addition, specific secreted proteins on the surface of bacteria are used in targeted research field. For example, 
Liu et al. proposed an enzyme-responsive nanosystem using hyaluronic acid (HA) to encapsulate MoS2 and ruthenium (Ru) loaded with 
ascorbic acid (AA). Bacterial infections were treated by using the synergistic chemical and photothermal effects of AA@Ru@HA-MoS2 
[296]. Ciprofloxacin-coated MoS2 NPs with peroxide-like activity targeted bacteria and accumulated effectively in the infected area. 
Hyaluronidase secreted by the bacteria decomposed the encapsulant HA. When the NPs moved to the infected site, HA was broken 
down and AA was released. MoS2 adsorbed on bacterial cells directly catalyzed AA to produce •OH, while mesoporous Ru NPs pro
vided an NIR-responsive photothermal effect. As a result, it was able to target and eliminate the infection of S. aureus and P. aeruginosa 
under the synergistic effects of PTT and PDT, and the antibacterial rates were 89.2% and 81.9%, respectively. 

Fig. 37. (a) Construction of the antimicrobial glycosheets for double light-driven therapy of Pseudomonas aeruginosa (P. aeruginosa) on wounds. (b) 
The reactive oxygen species productivity of 2D MoS2 and Fuc-sheet upon white light (400–700 nm; 1 W cm− 2) irradiation measured by a fluorogenic 
probe. (c) Morphological analysis of P. aeruginosa in the absence and presence of Fuc-sheet@CAZ without and with single NIR irradiation (2 h) or 
double-light irradiation (2 h) of NIR followed by 1 h of white light). The wavelength of NIR and white light is 808 nm (1 W cm− 2) and 400–700 nm 
(1 W cm− 2), respectively [298]. Adapted with permission. Copyright 2019, Wiley-VCH. 
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In addition, antigen–antibody proteins were targeted on the surface of bacterial cell membranes [297]. Hu et al. designed thin 
layers of MoS2-based multivalent glycosheets, which targeted and treated multiple drug-resistant (MDR) P. aeruginosa wounds under 
light irradiation (Fig. 37a) [298]. A dense sugar alcohol layer formed on the MoS2 surface using galactose- and fucose-based ligands, 
which facilitated the selective capture of carbohydrate-binding proteins on the surface of P. aeruginosa. After excitation by 808 nm NIR 
radiation at a power density of 1 W cm− 2, the glycoside tablets effectively generated hyperthermia in situ. Hyperthermia is important 
for increasing the permeability of bacterial membranes and reducing bacterial tolerance. Furthermore, under the synergistic action of 
ROS generated under visible light irradiation, the bacteria were thoroughly inactivated (Fig. 37b, c). 

4.2. Magnetic field synergy 

Magnetic materials effectively captured bacteria under the action of a magnetic field [299]. In addition, the negative magneto
resistance effect under an external magnetic field increased the mobility of carriers, thereby reducing the probability of carrier 
recombination at the interface and increasing the photocatalytic efficiency of the entire system [300]. Jia et al. synthesized CS- 
functionalized magnetic graphene oxide as a multifunctional therapeutic agent using the hydrothermal method (Fig. 38a) [301]. 
CS effectively contacted and trapped bacteria through the positively charged functional groups on its surface. GO is a common PTA 
used in the field of antibacterials because of its photothermal properties. The superparamagnetism of iron oxide makes bacteria easy to 
separate and aggregate under an external magnetic field, thereby improving the efficiency of photothermal sterilization (Fig. 38b-d). 
As a result, the bacteria were effectively eliminated, and the bacterial biofilm was destroyed after 10 min of NIR light irradiation. In 
addition, the antibacterial agent was regenerated by external magnets and reused in subsequent antibacterial applications [302]. 
Zhang et al. also constructed a multifunctional CS-functionalized magnetic MoS2 to effectively eliminate pathogenic bacteria and treat 
diseased infections [303]. Wu et al. proposed rGO functionalized by glutaraldehyde and superparamagnetic Fe2O3, which showed 
excellent NIR photothermal conversion efficiency [304]. Under the action of an external magnetic field, bacteria gathered in a small 
area so that hyperthermia could better eliminate concentrated bacteria and improve killing efficiency [305]. 

4.3. Nitric oxide synergy 

Nitric Oxide (NO) is a typical lipophilic biosignal molecule and a broad-spectrum antibacterial drug candidate, regardless of 
bacteria type [306,307]. It is a kind of diatomic free radical with strong reducing properties. The byproducts, such as peroxynitrite, 
produced after the reaction caused a stress reaction in bacteria and destroyed their immune system, leading to lipid peroxidation, cell 
membrane rupture, and DNA deamination [308]. Therefore, the synergistic effects of NO gas therapy effectively enhanced the anti
bacterial effects of 2DNMs [309]. 

Gao et al. developed a hybrid system of MoS2 and a heat-sensitive agent of N,N’-di-sec-butyl-N,N’-dinitroso-1,4-phenylenediamine 
(BNN6) (Fig. 39a-c) [310]. MoS2 had a large surface area and good NIR photothermal conversion performance. BNN6 showed good 
photosensitivity and released NO in response to heat. Excited by 808 nm laser radiation, MoS2-BNN6 generated local hyperthermia at 
the infected site and simultaneously transmitted NO, inducing the destruction of bacteria through PTT/NO synergy (Fig. 39d-f). In 
addition, MoS2 accelerated the oxidation of GSH and destroyed the balance of redox reactions in bacteria, thereby enhancing the 
inactivation effects of the system. Therefore, after 10 min of radiation, MoS2-BNN6 achieved an efficient antibacterial effect of 97.2% 
(Fig. 39g). Huang et al. reported a hydrogel system based on NIR photothermal activity, which was prepared by methacrylate-modified 
gelatin with HA-grafted dopamine as a carrier and loaded with β-cyclodextrin functionalized GO and NO donor BNN6 [311]. The 

Fig. 38. (a) A schematic diagram showing the preparation of GO-IO-CS nanocomposites and their antibacterial application. (b) Temperature 
changes after NIR irradiation for 10 min with various materials. (c) Room-temperature magnetization curves of GO-IO and GO-IO-CS nano
composites. (d) The corresponding bacterial colonies treated with GO-IO-CS, with and without NIR [301]. Adapted with permission. Copyright 
2017, Royal Society of Chemistry. 
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synergy between PTT and gas therapy was expected to achieve excellent antibacterial efficiency while avoiding drug resistance. The 
results showed that the hydrogel had high antibacterial activity and mechanical properties as well as good adhesion and biocom
patibility with tissues. 

4.4. Drug delivery synergy 

The delicate balance between therapeutic efficacy and side effects determines the suitability of antibiotics. Controlled release 
technology was expected to reduce side effects and improve treatment efficiency [312]. With the development of nanoscience and 
nanotechnology, new drug-delivery systems continue to emerge. Among them, 2DNMs have attracted much attention in the field of 
drug delivery because of their unique properties of meeting the requirements of nano-drug carriers [313–315]. The diversity of 2DNMs 
provides a wealth of options for various nanobiological applications. Their excellent physical and chemical properties guarantee high 
drug loading and application of nanodrugs. In addition, their preparation process is simple, which facilitates mass production. The 
release rates of drugs are affected by various factors, such as loading material, temperature, pH, and intermolecular forces [316–318]. 

For example, Huang et al. combined ofloxacin antibiotics with mild PTT to achieve high antibacterial efficiency [319]. MoS2 
nanosheets were used as effective NIR photothermal agents, and positively charged quaternary ammonium chitosan (QCS) was used to 
improve their dispersion stability and enhance their interactions with bacterial membranes (Fig. 40a, b). Ofloxacin antibiotics were 

Fig. 39. (a) Schematic illustration of MoS2-BNN6 as NIR laser-mediated NO release nanovehicle for synergistic eliminating bacteria. (b) UV–vis-NIR 
spectra of MoS2, MoS2-α-CD before and after loading with BNN6. (c) Photothermal effect of MoS2-α-CD with different concentrations irradiated by 
808 nm laser. (d) NO release curves of MoS2-BNN6 under varying power densities irradiation of 808 nm laser. (e) Effects of direct heating and 808 
nm laser irradiation on NO release from MoS2-BNN6. (f) Measurement of ROS production in Ampr E. coli using DCFH-DA assay when MoS2-BNN6 
exposed to 808 nm laser. (g) Photographs of bacterial colonies formed by Ampr E. coli treated with (I) PBS, (II) MoS2-α-CD, (III) BNN6, (IV) MoS2- 
BNN6, (V) PBS + NIR, (VI) MoS2-α-CD + NIR, (VII) BNN6 + NIR and (VIII) MoS2-BNN6 + NIR [310]. Adapted with permission. Copyright 2018, 
Wiley-VCH. 
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loaded onto QCS-MoS2 through π-π stacking and hydrophobic interactions, thereby controlling the release of antibiotics. Their results 
showed that the nanosheets effectively adhered to the bacterial surface, and the temperature of the system rose to 45 ◦C within 5 min 
under NIR light irradiation. In addition to an antibacterial effect, mild photothermal was beneficial for changing the permeability of 
bacterial membranes, so the system showed an excellent bactericidal effect (82%) under the loading of a lower concentration of 
antibiotics (8 μg⋅mL− 1) (Fig. 40c-e). In addition, the formation of hydrogen bonds plays an important role in the slow release of the 
drug [320]. Liang et al. used an H2O2/horseradish peroxidase system to prepare a series of antibacterial hydrogels based on HA-grafted 
dopamine and rGO [321]. Their results showed that, due to the hydrogen bonds between the amino groups on the drug surface and the 
hydrogel network, the sustained release time of the drug was greatly prolonged, and the drug was released from the hydrogel by 
diffusion. In addition, under the synergistic effects of the photothermal effect, the hydrogel exhibited significantly enhanced anti
bacterial behavior in vitro and in vivo. Because of the different pH values of the microenvironment inside and outside the cell, the 
solubility of the drug-encapsulating agent in different pH environments is also different, resulting in different release rates. For 

Fig. 40. (a) Schematic illustration of the preparation of QCS-MoS2-OFLX and antibiotic-photothermal synergistic therapy against MRSA bacteria. 
(b) Loading capacity of ofloxacin on QCS-MoS2 as the function of originally added drug concentrations. (c) Temperature evolution curve of QCS- 
MoS2 with different concentrations. (d) Morphology change of MRSA after incubated with QCS-MoS2 in the presence or absence of NIR irradiation. 
(e) MRSA suspension added to TSA medium after incubated with different samples with or without NIR irradiation [319]. Adapted with permission. 
Copyright 2020, Springer Nature. (f) Schematic illustration for the biofilm resistance mechanism of MOS2-Pen [323]. Adapted with permission. 
Copyright 2018, American Chemical Society. 
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instance, Ma et al. prepared polyethylene glycol (PEG)-modified MoS2 by a hydrothermal method, which was loaded with gentamicin 
(Gent) by electrostatic adsorption and finally encapsulated with CS to obtain a CS/Gent/PEG/MoS2 composite system [322]. After 
continuous irradiation by 808 nm NIR light (0.5 W cm2) for 25 min, the release rate of CS/Gent/PEG/MoS2 at pH 5.5 was 2.5 times that 
at pH 7.4 due to the accelerated solution of CS at pH 5.5, so controllable drug release was achieved. In addition, the hyperthermia 
generated by the coating not only promoted the release of the system drug Gent, but also enhanced the membrane permeability of 
bacteria. Locally released Gent entered the interior of bacteria and bound to ribosomes to inhibit protein synthesis, thereby disrupting 
membrane integrity. The rupture of the cell membrane reduced the metabolism of the bacteria, leading to cytoplasmic efflux and 
bacterial death. This system achieved antibacterial rates of 99.93% and 99.19% against E. coli and S. aureus, respectively. Finally, 
temperature was a factor that determined the rate of drug release. Zhang et al. reported a polyphenol-assisted water exfoliation method 
for exfoliating bulk TMD into a monolayer or a few layers of nanosheets to load the antibiotic penicillin (Pen) [323]. They found that 
the light absorption of the exfoliated material was significantly enhanced, exhibiting a higher photothermal conversion performance 
(Fig. 40f). Because bacterial cells adhere to form biofilms, they are irreversibly attached to material or tissue surfaces and are further 
sealed by self-produced EPS. On one hand, EPS biofilm acted as a tight barrier to prevent the penetration of antibiotics by inhibiting 
diffusion, resulting in strong bacterial resistance to antibiotics. On the other hand, bacteria in the middle or bottom of the biofilm grew 
slowly or remained dormant due to the encapsulation of EPS, resulting in a sharp decline in bacterial susceptibility to antibiotics. 
Therefore, bacterial cells in biofilms were shown to be 1,000 times more resistant to antibiotics than planktonic bacterial cells. 
However, the elevated temperature of the photothermal system not only regulated the release of the drug but also affected the tissue 
structure of the formed biofilm, further promoting the diffusion of the drug through the biofilm and reducing tolerance to Pen when 
bacteria grew slowly or remained dormant on biofilms. 

Fig. 41. (a) The mechanism of mild phototherapy using a GO/NCD/Hap film, which can repair injured vessels and simultaneously relieve 
inflammation reaction, thus promising a safe and noninvasive phototherapy in the near future. (b) The structure sketch map and binding forces of 
GO/NCDs/Hap/Ti. (c) The promoted separation of interfacial electrons and holes and inhibited recombination efficiency by and dissociated PO4

3−

[325]. Adapted with permission. Copyright 2020, Wiley-VCH. 
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4.5. Immunotherapy synergy 

Immunotherapy is the treatment of diseases through artificial interventions that enhance or inhibit human immune function [324]. 
It can also be combined with 2DNMs to achieve better antibacterial therapeutic efficiency. Li et al. developed a light-excited hy
droxyapatite (Hap)/N-doped CDs (NCDs)-modified GO heterojunction film (Fig. 41a, b) [325]. Under illumination, the metabolism of 
bacteria was significantly inhibited by enhanced photocatalytic and photothermal effects. After 15 min of NIR light irradiation, the 
composite membrane achieved 98.9% antimicrobial activity against S. aureus. One reason for this result was that the biological redox 
potential of the bacterial transmembrane protein complex in the respiratory chain was between − 4.1 and − 4.8 eV, which was higher 
than the CB of the complex system. As a result, the electrons on the film were spontaneously transferred to the surface of the material. 
The transferred electrons further inhibited the process of bacterial ATP synthesis, and the membrane potential increased, resulting in 
the interruption of the respiratory chain and the destruction of the membrane structure. The ROS generated by light excitation also 
greatly reduced the bacterial biochemical reaction and inhibited the ATP synthesis process of S. aureus (Fig. 41c). In addition, the 
electrons transferred between the system and the cell membrane after irradiation induced the flow of calcium ions (Ca2+), which was 
beneficial for tissue cell migration and proliferation and enhanced alkaline phosphatase, thereby promoting tissue reconstruction. 
Ca2+ activated the PLCγ1/ERK pathway and promoted the repair of vascular injury by enhancing the expression of CD31. In addition, 
activation of the PI3K/P-AKT pathway improved the increase in CD4+/CD8+ lymphocytes and effectively reduced inflammation. 

5. Other antimicrobial strategies 

In addition to the above strategies, some 2DNMs have presented good therapeutic effects under other exogenous stimuli due to their 
piezoelectric and dielectric properties. Microwave hyperthermia and ultrasound therapy, as well as a combination of other techniques, 
have been reported to be effective in enhancing the antibacterial efficacy of 2DNMs [326]. 

5.1. Microwave-assisted antimicrobial therapy 

Microwaves (MW) are promising for the treatment of deep tissue infections because of their deep tissue penetration [327]. In 
addition, Microwave irradiation can generate microwave heat to eliminate bacteria. In recent studies, some 2DNMs have been found to 
be thermally responsive to microwaves and to locally generate perfect thermal properties at lower power densities, leading to sig
nificant therapeutic effects while reducing side effects on tissue damage [328]. Microwave hyperthermia has attracted much attention 
for use in medical treatment. Wang et al. prepared layered MoS2 nanolayers using a simple bottom-up hydrothermal method (Fig. 42a, 
b) [329]. Coating MoS2 nanomaterials with bovine serum albumin (BSA-MoS2) induced low biological toxicity and sharp microwave 
responsiveness in vitro. The sample concentration was 30 mg/mL, after 1 min of irradiation, the temperature reached 42 ◦C, and then 
rose to 53 ◦C within 5 min (Fig. 42c-e). The microwave heating effect was due to ions and dipoles. Therefore, BSA-MoS2 dispersed in 
saline showed a better MW heating effect than in aqueous solvent because of the large amount of sodium ions in normal saline. The 

Fig. 42. (a) Schematical illustration of the synthesis process of BSA-MoS2 nanoflowers as a nanoagent for MW thermal therapy. (b)The structure 
diagram of MoS2 nanoflower, and the schematic drawing of dipoles or ions distribution in solution. (c) Infrared thermal images of normal saline and 
BSA-MoS2 nanoflowers dispersed in saline solution (30 mg mL− 1, 1.8 W, 450 MHz) in vitro. (d) MW heating of BSA-MoS2 dispersed in deionized 
water at different power (0.6 W, 1.2 W and 1.8 W). (e) MW heating of BSA-MoS2 dispersed in deionized water and saline solution (30 mg mL− 1, 1 
mL, 1.8 W, 450 MHz) [329]. Adapted with permission. Copyright 2020, Royal Society of Chemistry. 
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main mechanism of heat generation was that the structure and size of MoS2 nanosheets easily led to the recruitment and enrichment of 
Na+, resulting in a higher ion concentration on the surface. Under the irradiation of MW, the ions gathered between the layers were 
aligned in the oscillating electric field, and the resulting intermolecular friction and dielectric loss generated heat, thereby enhancing 
the effect of hyperthermia. 

5.2. Ultrasound antimicrobial therapy 

Piezoelectric materials have promising applications for converting mechanical energy into chemical energy (i.e., piezoelectric 
catalysis) by combining the piezoelectric effect with electrochemical processes [330–332]. 2DNMs, such as BP and transition metal 
dihalide compounds (i.e., MoS2, WS2, and WSe2) exhibit this property [333,334]. Ultrasonic mechanical energy stimulates 2DNMs to 
generate ROS, and the time and sites of ROS generation are controllable. Ultrasound is transmitted to deep tissue, so this technology 
has positive effects on deep tissue infection. 

For example, BP nanosheets have the property of ultrasound-induced ROS generation [335]. When ultrasonic waves induced 
mechanical strain in the BP nanosheets, piezoelectric polarization occurred, and the surface electrons and holes were separated, which 
in turn led to the formation of a piezoelectric field. Under ultrasonic irradiation, a piezoelectric potential difference of about 0.1 V was 
generated from the BP nanosheets, resulting in tilting of their energy bands. At this point, the CB of BP was negative, and the VB was 

Fig. 43. (a) Schematic of the Au-MoS2 nanocatalyst for water disinfection application. (b) Absorbance spectra of suspensions of synthesized MoS2 
NSs in different aqueous solutions. Characterization of ROS generation under different sample conditions by fluorescence for (c) •OH radicals and 
absorbance for (d) superoxide anions. (e) Schematic diagram of MoS2 without an external force, and charge transfer to compensate for the electric 
field generated by piezoelectric polarization at active edge sites under an external force. (f) Illustration of the piezocatalytic reaction in Au- 
MoS2@CFs to enhance ROS generation and EHP separation [336]. Adapted with permission. Copyright 2020, Elsevier B.V. 

B. Li et al.                                                                                                                                                                                                               



Progress in Materials Science 130 (2022) 100976

44

positive, both of which met the energy band requirements for ROS generation. In another study, monolayer, and multilayer MoS2 
nanosheets were shown to generate piezoelectric polarization under the ultrasonic piezoelectric effect (mechanical vibration), taking 
advantage of their noncentrosymmetric structure, which then induced a catalytic reaction to generate ROS to deactivate bacteria 
(Fig. 43a, b) [336]. Loading Au NPs on MoS2 nanosheets increased the production of ROS and the subsequent disinfection of bacteria. 
When exposed to ultrasound or visible light for 45 min, this composite eliminated 99.999% of E. coli (Fig. 43c, d). The underlying 
mechanism was that under the action of ultrasound, the internal electric field generated by the piezoelectric polarization of MoS2 
nanosheets caused the band gap to bend (Fig. 43e, f). Moreover, MoS2 and Au were in close contact to form a typical Schottky interface, 
which led to the facile movement of electrons to Au. Therefore, the separated electrons and holes reacted with water and O2 to generate 
ROS, showing that the 2DNM had efficient antibacterial activity. 

6. Conclusions and prospects 

As shown in this review, the application of 2DNMs in the antibacterial field has been a booming trend in the past decade. Their 
potential applications have attracted extensive attention because of their unique 2D structure and tunable energy bands. Biological 
research on 2DNMs, such as antibacterial and wound healing, is a current hot topic. This review study has traced recent research on 
2DNMs in the field of antibacterials, including their inherent antibacterial properties, their photodynamic and photothermal anti
bacterial properties, and their antibacterial mechanisms, as well as the methods used to improve their properties. The application of 
2DNMs under microwave and ultrasound stimulation was expanded. We expect that the findings of the present review of the relevant 
literature will drive the development of 2D antimicrobial materials toward a greater number of practical applications. To better 
develop advanced 2D antibacterial agents, the following pressing issues must be considered: 

1. Factors such as thickness, lateral dimensions, and surface functional groups of 2DNMs have decisive impacts on inherent anti
bacterial properties, including physical contact and oxidative stress. However, the mechanisms by which these parameters affect 
the antimicrobial efficacy of 2DNMs remain controversial.  

2. The effects of inner physical interactions on the properties of materials, such as material defects, lattice orientation, and size, 
remain unexplored. Moreover, the deep mechanisms of electronic transitions and thermal radiation of 2DNMs after photoexcitation 
have not been fully explored.  

3. The 2DNMs-bacteria interface and the internal reaction to bacteria are still unclear and need to be further explored. Therefore, it is 
necessary to explore interactions between nanomaterials and microorganisms at the molecular level to understand their specific 
antibacterial mechanisms. To develop antibacterial drugs required for comprehensive treatment, it is necessary to understand the 
physical properties of 2DNMs, the production of ROS and heat, and their effects on tissues. Only in this way could we gain a clear 
understanding of the relationships among the composition, structure, and properties of 2DNMs, which have important implications 
for future drug development.  

4. The application of 2DNMs cannot be ignored. There are different requirements and needs for 2DNMs in different fields. In different 
exogenous stimuli, 2DNMs have different degrees of response. Therefore, to fully utilize the performance of 2DNMs, it is crucial to 
design and develop nanosystems for different application scenarios. For example, light can be applied to superficial wound healing 
and dental implants due to poor light penetration. For in vivo applications, more penetrating exogenous means, such as microwaves 
and ultrasounds, are required. These areas require more attention in the research.  

5. Biosafety is a prerequisite for 2DNMs in clinical antibacterial applications. Many studies on the biological modification of 2DNMs 
have been published, and many biological experiments have been performed. Despite the excellent biocompatibility and low 
toxicity of 2DNMs after proper functionalization, biological information about them is still lacking. Therefore, its safety perfor
mance should be checked. Regarding the metabolism of 2DNMs, although some previous studies have focused on enhancing their 
biodegradability through surface functionalization or by designing ultra-small 2DNMs for easier removal from the body, the 
biotoxicity mechanism remains unexplored. Therefore, it is crucial to address these unresolved biosafety issues and conduct in- 
depth studies that will benefit future preclinical or clinical antimicrobial applications of 2DNMs. 

In summary, based on in-depth research and the realization of more functional requirements, 2DNMs have received increasing 
attention in the literature. However, we are only one step closer to a greater number of practical clinical applications, and there are still 
many challenges that need to be solved. We hope that this review of the literature on 2DNMs in the field of biomaterials will contribute 
to the design and development of novel nanosystems for clinical applications in the future. 
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