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a b s t r a c t
As a new type of nanomaterial, graphene (GR) has been widely used in many fields and con-
cerned by researchers. In terms of photocatalysis, graphene and its composites are used in photo-
catalytic degradation of organic pollutants, photocatalytic water splitting for hydrogen production 
and photocatalytic reduction of CO2 for CO2 recycling, due to their advantages such as low price 
and easy availability on the industry side, as well as good photogenerated electron transfer and 
green environmental protection on the academic side. Furthermore, in the aspect of antibacterial, 
GR-based nanomaterials have the advantages of stable chemical properties, long-acting time and 
excellent antibacterial properties, and already show a significant effect in the medical and phar-
maceutical fields. Therefore, this review introduces and summarizes the synthesis methods of 
graphene-based photocatalysts, the application of graphene in the fields of photocatalysis and anti-
bacterial. And the mechanism of graphene participating in the process of photocatalysis, including 
graphene as cocatalyst, photosensitizer and electron acceptor, is illustrated. Also, the overall views 
of looking ahead on the future research activities and relating to photocatalysis in this emerging 
field and possible mechanisms of antibacterial process are elucidated.
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1. Introduction

Novoselov et al. [1], first prepared single-layer graphene 
(GR) by mechanical separation method from graphite, then 
graphene began to enter the public’s field of vision and was 
widely used. Graphene has a single layer of carbon atoms 
with sp2 hybrid orbitals. The valence orbitals of the carbon 
atoms are composed by three hybrid planar σ orbitals (sp2) 
forming the plane of GR and a 2p conjugated orbital (2pz) 
which is perpendicular to the plane of graphene, resulting 

in formation of a hexagonal thin film in a two-dimensional 
honeycomb lattice [2]. As the basic constituent unit of 
fullerenes and carbon nanotubes, graphene also has larger 
specific surface area, higher chemical stability and better 
adsorption capacity [3]. This unique structure also makes 
graphene have excellent optical and electrical properties 
when used in the field of photocatalysis.

Since Fujishima and Honda [4] discovered the pho-
tocatalytic decomposition of water using TiO2 as an elec-
trode in 1972, the applicability of this oxide semiconductor 
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photocatalyst in solar energy conversion and environmental 
protection has attracted special attention [5–8]. In general, 
more semiconductors (such as TiO2 [9], ZnO [10], WO3, CdS 
[11], CoFe2O4 [9], BiOCl [12] and g-C3N4 [13]) can be used 
as photocatalysts for photocatalytic reactions due to their 
unique electronic energy band structures. When the photon 
energy is greater than or equal to the excitation band gap 
energy (Eg) of the semiconductor, electrons in the valence 
band (VB) of the semiconductor are excited to the con-
duction band (CB), leaving holes in VB accordingly. These 
photogenerated holes and photogenerated electrons play 
an important role in photocatalytic disinfection [14], pho-
tocatalytic pollutant degradation [15] and solar energy con-
version (including water splitting to hydrogen production 
and solar photovoltaic power generation) [16,17]. However, 
the photogenerated electrons and photogenerated holes 
are unstable and are prone to recombination [18–20]. Their 
energy is then dissipated in the form of heat or radiation, 
resulting in lower photocatalytic efficiency.

Graphene-based semiconductor photocatalyst mate-
rials have been widely concerned by researchers because 
of their good conductivity, large specific surface area and 
high adsorption capacity [21,22]. In the photocatalytic 
experimental research, graphene as a zero-band gap mate-
rial cannot be directly used [23], so graphene is usually 
used in the form of oxidation/reduction graphene in the 
photocatalytic reaction, or through doping and recombi-
nation onto/with other material. In addition, production 
of defects in graphene, for example, producing graphene 
nanomesh [24,25], can result in opening the band gap and 
conducing various photocatalytic applications, for exam-
ple, near infrared laser stimulation of human neural stem 
cells into neurons on graphene nanomesh semiconductors 
[26]. Graphene-based materials have strong adsorption 
capacity for inorganic and organic molecules due to their 
unique structure, superior carrier mobility at room tem-
perature and extremely high theoretical specific surface 
area [27]. Therefore, the effect on degradation of organic 
pollutants after compounding with other semiconductors 
is very obvious. Secondly, after graphene is compounded 
with metal sulfide with excellent hydrogen evolution activ-
ity, the efficiency of H2 production from aqueous solution 
containing sacrificial agent under visible light irradiation 
is greatly improved [28]. Finally, after proper controlling 
of the defect density of graphene and the interface contact 
tightness between graphene and compounded semicon-
ductors, the CO2 adsorption capacity and electronic con-
ductivity of these photocatalysts are significantly increased 
within a certain range. Therefore, the role of graphene in 
CO2 reduction is also worthy of further exploration.

Hu et al. [29] have conducted an experimental study on 
the inhibitory effect of graphene on Escherichia coli. Akhavan 
and Ghaderi [30] also reported on the antibacterial effect 
and mechanism of the graphene materials, and then the 
antibacterial research of GR gradually became a hot spot. 
Graphene nanomaterials inhibit bacteria through light acti-
vation, which is controllable and fast. At the same time, 
compared with ultraviolet active photocatalysts, graphene 
type visible light active photocatalysts have higher utiliza-
tion rate of solar energy and lower cost, so they have certain 
unique potential in medical treatment.

This review first introduces the relevant properties and 
advantages of graphene nanomaterials and the synthesis 
methods of graphene-based photocatalysts, then introduces 
the application of graphene materials in the field of photo-
catalysis, such as in photocatalytic degradation of organic 
pollutants, hydrolysis of hydrogen and reduction of CO2. 
The application of GR in antibacterial field is also reviewed. 
The possible mechanisms of graphene in the photocatalytic 
process are proposed, including three possible mechanisms 
in the antibacterial process by graphene. Finally, we put 
forward our views on the future research activities related 
to this emerging field of photocatalysis and antibacterial.

2. Synthesis of graphene

Novoselov et al. [1] first reported that GR could be pre-
pared simply through manual mechanical stripping of graph-
ite with just a transparent tape, many reports on graphene 
synthesis methods have emerged in recent years. Indeed, 
all of them can be divided into two categories: “down-up” 
and “top-down” methods. Among “down-up” methods, 
graphene is mainly synthesized through chemical reactions 
between atoms or molecules. However, these methods can-
not be used for large-scale synthesis because of their complex 
operation and high costs. Up to now, various graphene mate-
rials are usually prepared through “top-down” methods, 
such as mechanical exfoliation [31], thermal shock exfoliation 
[32] and electrostatic deposition [33]. Among them, chemi-
cal reduction of graphene oxide (GO) is the most commonly 
used synthesis method, namely the Hummer’s method, as is 
shown in Fig. 1 [34]. According to this method, firstly, natural 
graphite powder is oxidized using intensification oxidants 
(such as nitric acid, potassium permanganate and sulfuric 
acid) to prepare graphite oxide, and then the GO is obtained 
through stripping down from the as-prepared graphite 
oxide. Finally, some aggregates and various inorganic impu-
rities, such as residual ions and acids, are removed by means 
of centrifugation, washing as well as dialysis [34]. It is worth 
noting that GO synthesized through chemical oxidation usu-
ally contains various oxygen-containing functional surface 
groups, such as carboxyl, hydroxyl and epoxy functional 
groups, which can interact with metal cations to provide 
active sites for the nucleation and growth of nanoparti-
cles, thus promoting the preparation of graphene-based  
composites.

3. Preparation of graphene-based photocatalysts

Many different graphene-based composite photocat-
alysts have been synthesized via GR together with various 
semiconductors, which mainly include metal oxides [35], 
metal sulfur/selenium compounds [36], multi-component 
metal oxides [37], non-metallic polymers [38] and silver/sil-
ver halides [39]. Common preparation methods include the 
in-situ growth [40], solution mixing [41], drop-casting fol-
lowed by heat-treatment [42] and solvothermal/hydrother-
mal methods [43].

3.1. In-situ growth method

In-situ growth is widely used to prepare graphene-metal 
compound composites. The most common precursors of 
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graphene and metal compounds are functionalized GO and 
metal salts, respectively. Generally, the isoelectric point of 
GO is about pH = 3.9. When GO is dispersed in an aque-
ous solution with pH = 7, its functionalized surface is neg-
atively charged, and the positively charged metal cations in 
the solution will be adsorbed on the surface through oxy-
gen of the function groups, which are then converted into 
corresponding oxides while leaves the GO reduced, form-
ing a rGO/metal compound composite in-situ. For exam-
ple, Sn2+ or Ti3+ is added to the dispersion of functionalized 
GO and converted to SnO2 or TiO2 nanoparticles under 
low-temperature conditions (Fig. 2) [44]. In this process, GO 
is reduced by SnCl2 or TiCl3 to the reduced graphene oxide 
(rGO). And since Sn2+ and Ti3+ have different reduction and 
hydrolysis capabilities, different morphologies of SnO2 and 
TiO2 nanocrystals will be emerged simultaneously on the 
surface of rGO.

Lambert et al. [45] have also reported that TiF4 is hydro-
lyzed in a GO aqueous dispersion system and flower-like 
anatase GO/TiO2 composites are synthesized in-situ. In this 
system, when the concentration of graphene oxide is high 
enough and fully stirred, GO/TiO2 composites with a long 
range ordered assembly could be obtained. Li et al. [46] have 
used template free self-assembly method to directly synthe-
size anatase TiO2 nanospheres with uniform mesopores on 
graphene sheets. They select titanium sulfate and functional 

graphene sheets as the starting materials, and take the GR 
sheets with epoxy and hydroxyl functional groups as the 
heterogeneous nucleation sites, to fix the as-prepared high-
ly-dispersed mesoporous anatase TiO2 nanospheres on the 
surface of graphene sheets. In the process of assembling, 
the orientation of the primary TiO2 nanoparticles promotes 
the formation of uniform TiO2 nanospheres with single 
crystal property.

3.2. Solution mixing method

Solution mixing method has been widely used to pre-
pare graphene-semiconductor composite photocatalysts. 
For example, TiO2 particles and GO colloids can be ultra-
sonically mixed, and then GO can be photocatalytic reduced 
under ultraviolet radiation to obtain TiO2-graphene com-
posites [47]. And more: Paek et al. [48] used NaOH to 
hydrolyze SnCl4 to produce SnO2 sol, and then mixed 
graphene with the above-prepared sol in ethylene glycol 
to form SnO2-graphene composite. Mukherji et al. [49] syn-
thesized nitrogen-doped Sr2Ta2O7-graphene composite by 
mixing graphene oxide (GO) with nitrogen-doped Sr2Ta2O7 
(Sr2Ta2O7–xNx), and then reducing GO to graphene under 
xenon lamp light. Zhu et al. [50] synthesized GO-coated 
Ag/AgX (X = Br, Cl) composites with a water/oil system. 
After they added the aqueous solution of GO and AgNO3 

 
Fig. 1. Graphene oxide is prepared through Hummer’s method, and then the chemical converted graphene is prepared via 
chemical reduction of graphene oxide [34].
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into the chloroform solution of cetyltrimethylammonium 
bromide (CTAB) or cetyltrimethylammonium chloride 
(CTAC), they stirred the mixture magnetically at room tem-
perature to obtain Ag/AgX/GO ternary hybrid composites 
(Fig. 3). Similarly, graphene, because of its valence bond 
constructed with the sp2 hybrid carbon network struc-
ture, often combines with other graphene-like materials to 
form large π–π bonds. For example, Sun et al. synthesized 
a graphene/(graphite-phase carbon nitride) (GR/g-C3N4) 
composite polymer photocatalyst through the strategy 
of straight solution mixing route [51]. The GO prepared 
through Hummer’s method is chemically reduced with 
hydrazine hydrate in melamine aqueous solution in order 
to be reduced to graphene. Because the π–π bonds between 

graphene and melamine aromatic heterocycles is strong, 
melamine molecules can be absorbed by graphene, and 
then through condensation polymerization at a high tem-
perature (550°C), the layered g-C3N4 is generated.

3.3. Drop-casting method

Drop-casting method is a method of obtaining a macro 
GO film by evaporating away the solvent in the GO suspen-
sion, as shown in Fig. 4 [52]. The evaporation of the solvent 
increases the concentration of GO in the suspension, lead-
ing to a significant increase in the interaction between the 
GOs to form a layered nano structure for GO. Of cause, a 
suitable solvent should not only ensure good dispersion of 

 
Fig. 2. Schematic diagram of in-situ growth mechanism of rGO/SnO2 and rGO/TiO2 [44].

 

 
Fig. 3. Schematic diagram of the process of preparing Ag/AgX/GO composites through solution mixing method (a), scanning 
electron microscopy of Ag/AgBr/GO (b) and Ag/AgCl/GO (c) [49].
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GO without rapid precipitation, but also has low boiling 
point and good volatility. In this case, removing the solvent 
at an appropriate temperature will ensure the GO in the 
dispersion to uniformly stack together to form a proper GO 
film to form a composite material with other components. 
In short, after proper adjusting the concentration of GO col-
loidal suspension, the GO suspension is added dropwise or 
poured onto a specific substrate surface. The substrate can be 
either a porous support membrane or a carrier with a smooth 
surface. When standing at room temperature or higher tem-
perature, the solvent in the GO suspension will be vapor-
ized to obtain a layered stacked GO film. The evaporation 
speed of the solvent has a certain impact on the performance 
of the membrane. By adjusting the concentration of the 
GO suspension, the thickness of the composite membrane 

can be finely controlled. The prepared GO membrane can 
be used as a functional layer of the composite membrane, 
or it can also be used as a GO separation membrane.

3.4. Hydrothermal/solvothermal method

Usually, metal compounds are easily soluble in water 
or organic solvents, and are used as the precursor in the 
hydrothermal/solvothermal method to produce the cor-
responding metal oxide crystals. Thus, the corresponding 
graphene-semiconductor composites can usually be pre-
pared by adding a certain amount of GO in the solvent in 
advance. For example, since in DMSO solution, the GO sur-
face is negatively charged while Cd2+ is positively charged, 
Cd2+ is naturally adsorbed on the GO surface, reacts with 
H2S released by DMSO and forms CdS microcrystals on 
surface of GO sheets, meanwhile under solvothermal reac-
tion conditions, GO is reduced and converted into rGO, as 
shown in Fig. 5 [53]. Indeed, H2S released by DMSO is used 
not only as the reductant of GO, but also as the precursor 
of sulfide. Therefore, the reduction process of GO and the 
deposition process of CdS on graphene sheets are carried 
out simultaneously, so that CdS nanoparticles can uniformly 
and closely distribute on rGO sheets. In the composite sam-
ples, the particle size of CdS nanoparticles is about 10 nm. 
So, the use of in-situ growth method can avoid the agglom-
eration of CdS nanoparticles on rGO sheets and make them 
uniformly disperse on the surface of two-dimensional 
rGO materials, increasing the specific surface area of CdS  
nanoparticles.

In addition, the morphology of semiconductor nanopar-
ticles on rGO sheets can be controlled through solvother-
mal method. For example, Chen et al. [54] used a simple 

 
Fig. 4. A proposed self-assembly process of GO film by the 
evaporation of solvent in GO suspension [51].

 

 

Fig. 5. (a) Scheme of the one-step synthesis of rGO-CdS. (b) Transmission electron microscopy image of a rGO sheet sparsely 
coated with CdS microcrystals. (c) High-resolution transmission electron microscopy image of CdS crystals on a rGO sheet [52].
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solvothermal method to synthesize ultra-thin anatase TiO2 
nanosheets with exposed crystal planes of (001), which were 
dispersed on layered rGO. In this process, anatase TiO2 
nanosheets were directly grown on GO, meanwhile GO 
is transformed into rGO during the heat treatment in the 
reduction atmosphere of N2/H2. Thus, they have produced 
rGO-TiO2 composites with special morphologies and struc-
tures. rGO-TiO2 composite photocatalyst can also be synthe-
sized through hydrothermal reaction in ethanol and water 
solvent with different titanium sources. In order to obtain a 
homogeneous composite of rGO-semiconductor photocat-
alyst, recently, Shen et al. [55] reported the one-step solvo-
thermal preparation of rGO-TiO2 composites using glucose 
as a reducing agent, believing that the preparation method 
was simple, feasible, easy to operate and environmentally- 
friendly.

4. Application of graphene in photocatalysis

In recent years, the application of photocatalytic technol-
ogy in energy and environment has shown great potential, 
and scientists are interested in this research. Among them, 
the prospective photocatalysts, that is, the composites of 
two-dimensional graphene-based nanosheet (especially the 
GO and the rGO nanosheet) with semiconductors, are widely 
used in different photocatalytic fields, because of their unique 
functionalized surface structure and interface characteristics, 
such as energy band structure, charge transport, molecu-
lar adsorption and activation ability, which significantly 
affect the photocatalytic performance of graphene-based 
photocatalysts. Among them, the more important applica-
tions include photocatalytic degradation of pollutants, H2 
production and effective reduction of CO2.

In the experiment of removing organic pollutants in sew-
age treatment, when the band gap of semiconductor photo-
catalyst is equal to or less than the energy provided by the 
excitation light source, the electrons on the valence band of 
the catalyst will jump to the conduction band, so that the 
photogenerated holes generated on the valence band have 
strong oxidation property and can oxidize the organic mat-
ter into small molecules such as pollution-free CO2 and H2O. 
At the same time, the photogenerated electrons holding in 
the conduction band can react with O2 to generate •OH and 
•O2

− radical groups which can also be to degrade the pol-
lutants. To reduce the recombination rate of electron–hole 
pairs, graphene can be combined with semiconductor cat-
alyst forming an electron transport medium, to greatly pro-
long the lifetime of photogenerated carriers. In addition, 
graphene can also inhibit the aggregation and growth of 
semiconductor nanostructures. Moreover, it is also benefi-
cial to improve the specific surface area and photocatalytic 
activity [56].

In hydrogen production, the electrons and holes gen-
erated on the surface of the photocatalyst under the illu-
mination conditions, will move and gather to the surface 
of the photocatalyst. Electrons accumulated on the CB of 
semiconductor will combine with H+ in water to produce 
H2, while the holes remain in the VB of the semiconductor 
will combine with the OH– in the water to produce O2. In 
this way, the sunlight is used to decompose water to pro-
duce H2 and O2. The special structure of graphene-based 

composite provides not only more efficient way to separate 
electrons and holes, but also generates more effective sites 
for the holes to be kept the VB of semiconductor to oxidize 
OH– in the water to produce O2. At the same time, because of 
its good conductivity, this composite can replace expensive 
electrode materials such as metal platinum, so as to produce 
H2 at low cost and high efficiency. The principle of using 
photocatalyst to reduce CO2 is similar to that of decompos-
ing water. That is, after electrons and holes are generated 
on the surface of the catalyst, they will react with CO2 to 
generate active intermediates such as methoxy (•OCH3) 
and methyl (•CH3) radicals, which will then be converted 
into valuable hydrocarbon organic compounds.

4.1. Photodegradation of organic pollutants

GR-based composites have many advantages such as 
excellent electronic conductivity and mobility, high adsorp-
tion capacity and high specific surface area. They can be 
used as a new photocatalyst for degradation of pollutants 
and environmental improvement. Graphene can improve 
the performance of common photocatalysts (such as ZnO, 
TiO2, etc.) to a certain extent, and now it has become an 
important carbon material [57–59]. A possible mechanism 
for the photocatalytic gas-phase and liquid-phase degra-
dation of organic pollutants such as benzene and dyes is 
shown in Fig. 6 [60]. Du et al. [61] prepared TiO2-reduced 
graphene oxide (TiO2-rGO) thin film with hexagonal 
two-dimensional structure, and introduced macroporous 
structure into mesoporous, which increased the specific sur-
face area of the film and greatly improved the photocata-
lytic activity of TiO2. TiO2-rGO composites have high ability 
to photodegrade organic dyes and can be used to remove 
organic pollutants in industrial wastewater. In that study, 
ordered porous TiO2 films with two-dimensional hexag-
onal microstructure and good interface connection were 
successfully prepared. Graphene, as an excellent electron 
acceptor and electron transport material, was introduced 
into the mesoporous TiO2 framework. In the mesoporous 
TiO2-rGO composites, the rGO, as the acceptor of TiO2 

 
Fig. 6. Proposed mechanism for photocatalytic degradation 
of organic pollutants (benzene or dyes) over the TiO2-rGO 
composites in which pink spheres and black sheet represent 
TiO2 nanoparticles and rGO, respectively (modified from the 
study of Zhang et al. [59]).
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photogenerated electrons, greatly inhibits the photogene-
rated charge recombination, leaving more photogenerated 
holes to form reaction species, and promotes the photo-
degradation of methylene blue. Through investigation 
of electrochemical impedance spectra, it is found that the 
introduction of rGO reduces the dielectric frequency, indi-
cating that the resistance of the solid interface layer and the 
surface charge transfer resistance decrease. Thus, it is veri-
fied that the electron acceptor and electron transport char-
acteristics of rGO in TiO2-rGO can inhibit charge recombina-
tion and improve its photocatalytic activity.

4.2. Hydrogen production

Hydrogen is widely used in the chemical industry, met-
allurgical industry, glass production industry, petroleum 
industry and other fields because of its strong reducibil-
ity, flammability and pollution-free combustion products 
[62]. However, due to the expensive preparation process of 
hydrogen, scientists are committed to developing a low-cost 
and simple process for hydrogen production. The method 
of decomposing water to produce hydrogen by photo-
catalyst is a hot research topic at present. Fujishima and 
Honda [4] have found that water can be decomposed by 
TiO2 photocatalyst to produce hydrogen, and then a large 
number of methods of producing hydrogen by photocata-
lyst appeared. Graphene appears in the field of photocat-
alytic hydrogen production due to its low price and high 
hydrogen production efficiency. Through the effective dop-
ing on and recombination with graphene, the dispersion of 
photocatalyst can be enhanced, the migration rate of pho-
togenerated charge from the catalyst to water can be accel-
erated, the carrier pairs recombination probability can be 
reduced, and the photocatalytic activity of the composite 
catalyst can be effectively improved [63]. Chang et al. [64] 
have reported the experimental research on the hydrogen 
production of rGO (reduced graphene oxide), metal oxide 
and/or metal sulfide composited rGO. In their study [64], 
MoS2 as a high-performance noble metal free photocat-
alyst is used for H2 release under visible light irradiation 
(Fig. 7). When the mass fraction of MoS2-rGO cocatalyst is 
2.0 wt.% and the molar ratio of MoS2-rGO is 1:2, the pho-
tocatalytic hydrogen production activity of MoS2-rGO-CdS 
composite is the highest. This is due to the high activity of 
H+ ions, adsorbed by S atoms with unsaturated activity on 
the exposed edge of MoS2, and the photogenerated electrons 

which can react with H+ directly or migrate through rGO 
to react with H+ to generate H2. The introduction of rGO 
enhances the ability of photogenerated charge transfer 
and inhibits the recombination of electron–hole pairs, thus 
improving the efficiency of photocatalytic hydrogen evolu-
tion. Mou et al. [65] have prepared Eosin Y (EY) sensitized 
rGO (reduced graphene oxide) (EY-TiO2-rGO). The hydro-
gen production rate of the EY-TiO2-rGO under visible light 
and ultraviolet light irradiation is 0.40 and 3.35 mmol/(g·h), 
respectively, which is three times that of EY-TiO2 under the 
same conditions. Zhang et al. [66] have reported that the 
photocatalytic hydrogen production activity of TiO2-GR 
synthesized by one-step hydrothermal method is 1.6 times 
that of P25. Wang et al. [67] reported the hydrogen produc-
tion research of ZnS and graphene composite. The result 
obtained when the content of the GR in the ZnS-GR com-
posite was 0.1%, the ZnS-GR sample exhibited the highest 
H2-production rate of 7.42 µmol/h·g, eight times more than 
the pure ZnS sample. This high visible-light photocatalytic 
hydrogen production activity is due to the photosensitiza-
tion of GR. Jia et al. [68] prepared N-graphene/CdS com-
posites and demonstrated to be highly active photocatalysts 
for hydrogen production under visible light irradiation and 
the highest photocatalytic activity was found for the sample 
with a content of 2 wt.% N-graphene doping 210 µmol/h. 
N-graphene as a cocatalyst can prevent CdS from photo-
corrosion under light irradiation; N-graphene can be used 
as a charge collector to promote separation and transfer of 
photogenerated carriers, and N-graphene can make hydro-
gen evolution easier and show considerable photocurrent  
under moderate conditions.

In order to improve the activity, the photocatalytic mate-
rial, such as TiO2, will be in cooperation with other cocat-
alysts. For example, Xiang et al. [69] have reported that 
the layered molybdenum sulfide MoS2-rGO composite as 
a cocatalyst can significantly enhance the photocatalytic 
activity of TiO2 nanoparticles for hydrogen production. 
Transmission electron microscopy images show that the 
MoS2 nanoparticles are dispersed on the rGO sheet, and the 
TiO2 nanoparticles are evenly distributed on the layered 
MoS2-rGO composite. The hydrothermal reaction process 
can closely combine together the three components of TiO2, 
MoS2 and rGO simultaneously, so as to promote the effec-
tive transfer of photogenerated electrons from TiO2 through 
rGO sheet to MoS2, promote carrier pairs separation, and 
achieve the purpose of enhancing photocatalytic activity, 
as shown in Fig. 8. Under the condition of xenon lamp illu-
mination, MoS2-rGO composites with different ratios can 
improve the photocatalytic hydrogen production activity of 
TiO2 semiconductor materials; When 0.5% MoS2-rGO com-
posite cocatalyst is added to make TiO2-MoS2-0.5rGO, the 
photocatalytic decomposition rate of the material reaches 
the maximum of 165.3 µmol/h. This is mainly because the 
photogenerated electrons in the TiO2 conduction band can 
be efficiently transferred through two-dimensional rGO 
sheet to the MoS2 nanoparticles via the quick electron trans-
port channel of layered graphene, resulting in the promo-
tion of electrons transferred to MoS2 to reduce the adsorbed 
hydrogen ions and water molecules at MoS2 boundary react 
to generate hydrogen gas. In fact, the contact of graphene 
and MoS2 in MoS2-GR composite cocatalyst have synergistic 

 
Fig. 7. Schematic diagram of charge transfer in MoS2-rGO-CdS 
composites under visible light irradiation [63].
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effects, including mainly: reducing carrier pairs recom-
bination, improving carrier transfer rate at the interface, 
and increasing active adsorption sites and photocatalytic 
reaction centers as well. In addition, some photogenerated 
electrons can be directly transferred to MoS2 nanosheets 
on the surface of TiO2 or carbon atoms of graphene sheets, 
and these electrons can also directly react with hydrogen 
ions to generate hydrogen. Therefore, the composite cocat-
alyst MoS2-rGO synergistically enhances the photocatalytic 
hydrogen production activity of TiO2, which indicates that 
graphene as a cocatalyst has a certain application pros-
pect in enhancing the photocatalytic hydrogen production  
activity.

4.3. CO2 reduction

Coal, oil, natural gas and other fuels are widely used in 
our lives. The combustion of these fossil fuels will produce 
a large amount of CO2 and other harmful substances. As the 
main greenhouse gas, a large amount of CO2 emissions will 
aggravate the greenhouse effect, and even lead to global 
warming, glacier melting, sea level rise and other problems, 
which pose a great threat to the living environment of man-
kind. At the same time, the carbon element contained in 
CO2 may be converted into chemical carbon source, to solve 
the imminent chemical energy crisis. Therefore, in order 
to reduce the harm of CO2 and the chemical energy crisis, 
it is necessary to effectively convert it into hydrocarbons. 
Halmann [70] has first reported in 1978 that CO2 is reduced 
to HCHO, CH3OH and HCOOH using GaP as catalyst. The 
research method for reducing CO2 using photocatalytic 
technology has begun to enter the public’s field of vision. 
Graphene improves the photocatalytic activity to a certain 
extent, and the improved photocatalytic efficiency of semi-
conductors has been applied by researchers into the study 
of CO2 reduction. Initially, researchers have tested the abil-
ity of rGO to photocatalytic reduce CO2 and found that CO2 
can be converted to organic hydride (Fig. 9a) [71]. Tu et al. 
[72] have prepared TiO2-rGO sandwich composite by in-situ 
hydrolysis technology, maintaining the two-dimensional 

sheet structure of graphene with a transverse dimension of 
several microns (Fig. 9b). The longer average life and free 
path of electrons on graphene promote the electrons migrat-
ing to cover a larger graphene surface area, thus increasing 
the possibility of interaction with the adsorbed reactants. 
When the graphene content is 2.0 wt.%, the total yield 
reaches the highest value, and the amount of CH4 and C2H6 
produced by reducing CO2 is about 8 and 16.8 µmol/g·h, 
respectively, of which C2H6 production is about 2.3 times 
of that by pure TiO2. Here CH4 and C2H4 are suggested to 
be generated by the conversion of methoxy (•OCH3) and 
methyl (•CH3) radicals as reaction intermediates (Fig. 9c). By 
the way, •CH3 radicals react with protons and electrons to 
generate CH4, and two •CH3 are coupled to generate C2H6. 
According to the analysis of the experimental results, the 
specific surface area of TiO2-rGO is 2.73 times that of com-
mercial P25, which can provide more adsorption sites and 
reaction centers. Secondly, there are abundant Ti3+ sites on 
the surface of TiO2-rGO. Through the synergistic effect of 
Ti3+ center and graphene, it is more conducive to the trans-
fer electron energy to CO2 to prevent the recombination of  
electron hole pairs [73].

Organic compound and inorganic compound to build 
heterojunctions is also an effective way to improve photo-
catalytic activity [74]. Wang et al. [75] used a simple micro-
wave induced synthesis pathway was explored for in-situ 
growth and assembly of highly dispersed UIO-66-NH2 nano-
crystals onto GR, and the formation of highly active pho-
tocatalysts for CO2 conversion (Fig. 10). The UIO-66-NH2/
GR hybrid thus obtained under visible light irradiation 
(λ > 410 nm) exhibits high activity and selectivity in photo-
catalytic reduction of CO2 to formic acid. The photoreduc-
tion efficiency of CO2 in UIO-66-NH2/GR is about 11 times 
that of pure UIO-66-NH2, which is twice that of traditional 
hydrothermal synthesis of UIO-66-NH2/GR samples. The 
proposed microwave assisted synthesis route may gener-
ate a large number of “hot spots” (SHS) on the GR surface. 
These SHS can not only form small UIO-66-NH2 nanocrys-
tals on GR surface, but also have high dispersity, and can 
greatly improve the interaction between UIO-66-NH2 and 
GR. This highly dispersed UIO-66-NH2 ultrafine nanocrys-
tal can provide more active surfaces for CO2 capture and 
enhance light absorption ability, thereby generating photo 
generated electrons from the UIO-66-NH2 skeleton to reduce 
CO2 molecules. The powerful UIO-66-NH2/GR interaction 
can effectively promote the separation of photoelectrons 
and holes, and inhibit the leaching of UIO-66-NH2 nanopar-
ticles from GR wrap, resulting in high CO2 photoreduction 
activity and excellent recyclability. This work provides a 
novel approach for establishing strong interactions between 
metal–organic frameworks and graphene, with the aim of 
effectively reducing CO2 under visible light irradiation.

5. Application of graphene in treatments antibacterial and 
germicidal

5.1. Antibacterial mechanism of graphene

The antibacterial effect of graphene on microorganisms 
is achieved by inhibiting their biological functions. The 
graphene materiel (GM) will not produce chemical pollution 

 

Fig. 8. Schematic diagram of charge migration in TiO2-MoS2-rGO 
composite [68].
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to the environment during the antibacterial process, and 
has unique advantages of low cost, controllability and high 
efficiency. In the process of contact with bacteria, the lipid, 
protein, DNA and RNA in cells all will be damaged by 
graphene due to the influence of hydrogen bond and elec-
trostatic effect, which will affect the growth and reproduc-
tion of microorganisms and eventually lead to inactivation 
or death of microorganisms [76]. The known antibacterial 
mechanism of graphene is as follows: (1) physical direct 

interaction of extremely sharp edges of nanomaterials with 
cell wall membrane [22], (2) reactive oxygen species (ROS) 
generation [77] even in dark [78], (3) trapping the bacteria 
within the aggregated nanomaterials [68], (4) oxidative 
stress [79], (5) interruption in the glycolysis process of the 
bacteria [80], (6) DNA damaging [81], and (7) contribution 
in generation/explosion of nanobubbles [82]. Among these 
suggested mechanisms, scientists at present have conducted 
a lot of research on the antibacterial effect of graphene, 
and there are three more convincing antibacterial mech-
anisms, including, “Nano-knife” cutting, oxidative stress 
and wrap bacterial membrane, as shown in Fig. 11 [83].

5.1.1. “Nano-knife” cutting, disturbing cellular components

Graphene will form sharp edges due to its unique 
two-dimensional atomic layer structure. This sharp edge is 
similar to the “nano-knife” that cuts the biological cell mem-
brane or cell wall, destroying its integrity and causing the 
loss of intercellular substances (such as nucleic acids and 
proteins). For example: (1) Wang et al. [84] have analyzed 
the cutting effect of graphene on microorganisms by using 
dynamic simulation experiments, and proved that graphene 
can destroy the phospholipid bilayer via transverse cutting 
by the edge of the layer as a knife. (2) With further research, 
it is found that the whole nano sheet of GR may be slipped 

 
Fig. 9. (a) Schematic illustration of the charge separation and transfer in the TiO2-rGO system and photoreduction of CO2 into 
solar fuels [70]. (b) Transmission electron microscopy images of rGO/TiO2 composites, (c) photocatalytic CO2 reduction activity of 
samples Gx-TiO2 (x = 0, 1, 2, 5) and P25 [71].

 

Fig. 10. Photocatalytic mechanism of UIO-66-NH2/GR for 
reducing CO2 to formic acid [74].
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inside the membrane, either keeping parallel in the middle 
of the lipid bilayer or lying flat on the top of the bilayer. 
Compared with direct cutting, the insertion of graphene 
sheets can cause holes in the membrane or turn the phos-
pholipids upside-down. Such changes in the cell membrane 
will lead to cell death. (3) In addition, graphene sheet may 
have strong interaction with lipid in the membrane, which 
exceeds the attraction between lipid molecules in the mem-
brane structure. Thus, graphene sheet will extract lipid 
molecules from the membrane, damage the integrity of the 
membrane, and cause cell death [85].

In addition, the direction and angle of contact between 
graphene and bacteria will affect the sterilization effect. 
Pham et al. [86] have found that when the cutting angle is 
90°, the bactericidal rate is the highest. However, when the 
angle is 37°, graphene can still effectively kill Staphylococcus 
aureus and Pseudomonas aeruginosa. On the other hand, 
some experimental studies have shown that the antibac-
terial property of graphene is not determined by the edge 
cutting of the thin layer, but depends on its base plane. 
Mangadlao et al. [87] have used LB membrane technology 
to exclude the bactericidal possibility via physical cutting 
by graphene oxide, but the results have showed that some 
Escherichia coli are still killed, indicating that graphene 
has other antibacterial mechanisms.

5.1.2. Oxidative stress reaction

The induction of oxidative stress reaction is one of the 
main mechanisms of graphene toxicity. To activate oxida-
tive stress reaction, the participation of ROS is needed. Once 
the imbalance between oxidizing agent and antioxidant 
builds up, the over producing and accumulation of ROS will 
appear in cells. The ongoing oxidative stress reaction will 
destroy the basic structure of cells and interfere the basic 
metabolism of bacteria, thus killing the bacteria. Studies 
have shown that graphene can absorb oxygen on its defect 
sites and sheet edges, that can stimulate excessive ROS to 
be produced in the cells [88–90], resulting in the oxidative 

stress reaction to take place. That is, from the oxidative stress 
reaction, excessive superoxide anion, hydroxyl free radical, 
singlet oxygen and other substances will be produced and 
accumulated. These substances will affect cell structure, 
produce peroxidation process with lipids, lead to fatty acid 
oxidation, stimulate free radical reaction, inhibit the func-
tion of mitochondria in cells, inactivate proteins in cells, 
and may also cause the reduction of intracellular enzyme 
concentration, inhibit normal metabolism of cells, and 
eventually induce cells to stop proliferation and die [91,92].

And, the so-called non ROS stress reaction is a pro-
cess in which important structures or components in cells 
are damaged by oxidation without ROS production at the 
first place. Related experiments have shown that graphene 
may also directly induce oxidative stress reaction without 
ROS production, that is, it is happening through the non-
ROS stress reaction. Liu et al. [93] have tested the levels of 
superoxide and oxidation in graphene oxide (GO), reduced 
graphene oxide (rGO) and glutathione, and proved that 
when the level of superoxide in reaction system itself is not 
high, the oxidative stress reaction can still be carried out by 
the charges transferring from cell membrane to graphene, 
which indicate that GM as rGO can be used as a conduc-
tive bridge across the lipid bilayer to transport electrons 
from intracellular to extracellular in the non-ROS stress  
process [94].

5.1.3. Membrane wrapping the bacteria

It has been observed in all types of cells that the survival 
of microorganisms depends heavily on the cross-mem-
brane transport, because the cross-membrane transport can 
input nutrients needed by microorganisms and discharge 
metabolic wastes. Graphene with specific sp2 hybrid cova-
lent bound is arranged into two-dimensional hexagonal 
crystal structure by connecting monolayer carbon atoms, 
and can be formed on the surface of bacteria as an inter-
face barrier to isolate bacteria from their surrounding liv-
ing environment for almost all nutrients, including O2 and 

Fig. 11. Three antibacterial mechanisms of graphene [82].
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CO2 molecules. Although GR sheets have some unavoid-
able defects, which may lead to the passage of some 
molecules, they are still expected to become an effective 
barrier for most substances to enter and exit microbial cells 
[95]. Both experimental and theoretical results show that 
graphene can block the active sites (such as the transport 
channels) of the cell membrane, isolate microbial cells from 
the surrounding environment, and inhibit bacteria prolif-
eration by controlling the input and output of substances 
[96]. Studies have shown that GR and PVK-GR [(polyvi-
nyl-N-carbazole)-GR] nanocomposites can inhibit the 
growth and proliferation of gram-positive and gram-neg-
ative bacteria by wrapping bacteria [97]. The complete 
morphology of bacterium itself remains unchanged after 
being captured and wrapped by graphene, but the cell 
membrane of bacteria will be affected, and the intracel-
lular activities and basic metabolism will be significantly 
weakened [98]. Under the scanning electron microscope, it 
can be observed that the GR sheet will cover and enwind 
the bacteria after contacting with them, and those cell 
membrane will be destroyed due to depolarization. It has 
been also found that graphene nanomaterial with differ-
ent size will attach to bacterial cell membrane in different 
patterns. The graphene nano sheet with larger diameter 
is attached to the cell membrane due to the strong hydro-
phobic effect of the lipid bilayer, and the GR nano sheet 
with smaller but better dispersion is easy to attach to the 
active site on the surface of the cell membrane, which effec-
tively inhibits the growth of bacteria and weakens their  
viability [99].

5.2. Germicidal mechanism of graphene

GM as the graphene-based nanomaterials can be used 
in sterilization experiments under the irradiation of visi-
ble light or ultraviolet light, that is to say that GM is now 
involved in photocatalysis. Graphene oxide (GO) is a ker-
nel component of the promising GO based photocatalyst 
material, possessing good solubility, high specific surface 
area and many negatively charged active centers. The nano-
composites of GO and semiconductor (GO/semiconductor) 
are photo active germicides, Hu et al. [29] have reported 
the germicidal properties of GO for the first time in 2010. 
An incubation solution with concentration of GO at 85 µg/
mL is used as the environment for Escherichia coli elimina-
tion. After 2 h, the detection shows that the survival rate 
of bacteria is only 1.5% of the original. After this result was 
published, it has caused a research upsurge on graphene 
antibacterial.

Akhavan and Ghaderi [30] have tested the germicidal 
efficacy of graphene by employing Escherichia coli and 
Staphylococcus aureus, and found that graphene had good 
inhibition effect on both bacteria. Subsequently, graphene 
as an antibacterial material began to appear widely in the 
public view. However, due to the unstable antibacterial 
performance of graphene, and even subject to agglomera-
tion resulting in breeding of bacteria, scientists have com-
pounded graphene with metals or metal oxides to develop 
nanocomposites with higher antibacterial performance 
and better stability. Liu et al. [100] have prepared GO Ag 
composites with good dispersivity. By adsorbing Ag on 

the GO surface, the probability of contact with bacteria 
was improved, so the bactericidal rate for Escherichia coli 
reached as high as 99%, which was much higher than that 
of single GO or Ag nanoparticles. On the other hand, once 
the metal oxides themselves (MnO2, TiO2, Fe3O4 and ZnO) 
are compounded with graphene-based composite materi-
als alone, the synergistic antibacterial performance of the 
composite will be improved [101–104]. Usually, metal oxide 
nanoparticles are modified on graphene-based materials by 
hydrothermal method and solvothermal method. Chella 
et al. [105] have tested several kinds of bacteria with the 
composite materials prepared. The bactericidal effect of 
100 mg/mL graphene manganese ferrite (MnFe2O4) solu-
tion was the lowest (82%), but still 45% higher than that 
of single graphene, while the growth of bacteria was com-
pletely inhibited in solution of GO-ZnO or GO-TiO2 nano-
composites [102,104]. In addition, the triple antibacterial 
effect of rGO-CuNPs on Escherichia coli and Staphylococcus 
aureus was evaluated. The results showed that the compos-
ite had long-term antibacterial effect. An et al. [106] have 
tested the effect of ZnO-GO nanocomposite on Escherichia 
coli in the experiment, and found that the bacteria con-
tacting ZnO-GO were seriously damaged 2 h later. Jalal 
et al. [107] and Kavitha et al. [104] both groups have found 
excellent antibacterial properties of ZnO-GO in experi-
ments. Besides of antibacterial applications, graphene-
based nanomaterials in fighting the most challenging 
viruses and immunogenic disorders [108] and graphene/
metal oxide composites have been recently applied in anti-
viral [109,110] and anti-parasitical purposes [111].

6. Conclusion and prospect

In the application of photocatalysis, graphene material 
has the advantages of strong adsorption capacity, large spe-
cific surface area and fast separation speed of photogene-
rated electron–hole pairs. It can remove pollutants thor-
oughly during the photocatalytic degradation of organic 
matter. Meanwhile, it can accelerate the photocatalytic 
hydrogen production efficiency within a certain period of 
time when, by doping or fabricating, turning into compos-
ite graphene material, and can promote the efficiency of CO2 
reduction into effective organic matter too. However, one of 
the disadvantages of metal oxide/graphene composites is the 
self-degradation of the graphene content of the composite 
after many cycles or long-time irradiation (for example, for 
ZnO [112] and for TiO2 [113]). In this review, the applica-
tion of graphene-based composite materials in photocataly-
sis and antibacterial is comprehensively discussed, and the 
possible mechanism of graphene materials in photocatalysis 
application is expounded, which indicates certain research 
direction and provides theoretical basis for the future appli-
cation of graphene materials in these two aspects. In the 
application of antibacterial field, the exact role of the pro-
posed antibacterial mechanism includes nano segmenta-
tion, oxidative stress reaction and capsule separation.

The mechanism of graphene photocatalytic CO2 reduc-
tion needs to be further studied in order to produce spe-
cific solar fuels. In addition, it is necessary to systemati-
cally compare the role of graphene in photocatalytic CO2 
reduction and photocatalytic decomposition of water to 
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hydrogen. Recently, there have been a lot of reports on 
the research of graphene based photocatalyst for hydro-
gen production, but the research on graphene based pho-
tocatalyst in photocatalytic CO2 reduction is still in its 
infancy. Comparing the photocatalytic mechanisms of 
graphene in photocatalytic hydrogen production and in 
CO2 reduction is helpful, regards to design and prepare 
graphene-based photocatalysts with high performance. 
In addition, the theoretical calculation method can sim-
ulate the electronic structure characteristics of graphene 
and its derivatives, which is helpful to understand the 
semiconductor characteristics and photocatalytic struc-
ture-activity relationship of graphene and its derivatives. 
In-depth study of these mechanisms is expected to make 
a substantial breakthrough in the production of solar fuel 
using graphene-based photocatalytic materials.
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