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Abstract

Photocatalysts have gained enormous attention in water decontamination due to their economic viable and intri-
guing properties. Recently, graphene-based semiconductors have become the sparkling star on the horizon of ma-
terial science. The coupling of two-dimensional graphene and its derivatives (graphene oxide and reduced gra-
phene oxide) with semiconductors could effectively enhance the efficiency in organic wastewater degradation un-
der light irradiation. Hence, a collective study on this topic is necessary. Four types of graphene-based semicon-
ductors, viz. titania, zinc oxide, cadmium sulfide, and bismuth oxychloride, are explored. Besides, synthesis ap-
proaches and properties of these photocatalysts are elucidated too. We hope this review could enable us to ration-
ally design and harness the morphology, structure and electronic properties of these advanced materials.
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1. Introduction ing, and due to its variety, a corresponding
treatment can be sophisticated [1]. Photocata-
Iytic treatment has aroused attention in recent
years and is determined to be a promising treat-
ment method applied in industrial organic pol-
lutants treatment for wastewater, considering
its high efficiency, sustainability, and low cost
for the degradation of wastewater [2]. Several
* Corresponding Author. typgs of photocatalygt have been applied and ex-

Email: sinyuan.lai@xmu.edu.my (Sin Yuan Lai) amined to be feasible, such as cobalt oxide

Authors of K. Kong and Z. Zhu contributed equally to the work.  (C03O4) [2], graphitic carbon nitride/titania (g-

With the development of technology and in-
creasing life pursuit from the huge global popu-
lation, wastewater especially for organic pollu-
tion has become a grimmer problem. It is major-
ly emitted from textile, paper, printing, and dye-
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C3N4/TiOz) [3], and barium titanate (BaTiOs)
[3]. Despite several efficient photocatalysts
tested to be available to degrade organic pollu-
tion, challenges still remain, such as low photo-
catalytic activity for g-CsN4/TiO2 [4], unstable
function in degradation process, complex and
limited literature for synthesis [2]. Thus, it is
more urgent to explore a photocatalyst with
high stability, low-cost and simple synthesis,
and high efficiency in practical degradation of
organic pollutants.

Graphene is a two-dimensional (2D) crystal
composed of sp? hybrid carbon atoms, which
has the advantages of large surface area, fast
electron migration rate and high chemical sta-
bility. In the photocatalytic process, it can im-
prove the adsorption of pollutants on the cata-
lyst surface, accelerate the transfer of photo-
generated electrons, and inhibit the combina-
tion of photogenerated electrons and holes.
Graphene resembles a honeycomb crystal-like
sheet with carbon atoms tightly bonded, and
the thickness of each atom is about 0.335 nm
[5]. The thermal and electrical conductivity of
graphene is explored to be about 5300 W/mK
and 106 S/m, making it possible to be intro-
duced in many materials as a composite that
can enhance their properties. It is a stronger
material [6], where it can strengthen the stiff-
ness of graphene-based material. It also shows
great optical function and property with optical
transmittance of around 97.7% [7], making it
an ideal electronic sink, or electron-transfer
bridge and a 2D support matrix for photocata-
lyst carrier [8].

Nowadays, applications of 2D graphene in
different parts of technology, such as bio-
medicals, sensing, and electronic equipment,
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have been highlighted, but a concise review of
2D graphene-based photocatalyst utilized to
process organic wastewater remains limited.
Therefore, this article mainly describes cur-
rently developed 2D graphene doped with vari-
ous types of materials, including titanium ox-
ide (TiO2), zinc oxide (Zn0), cadmium sulfide
(CdS), and bismuth oxychloride (BiOCl). Addi-
tionally, the properties of TiOsz-, ZnO-, CdS-,
and BiOCl-graphene based photocatalysts in
degradation of organic pollutants, are de-
scribed. Various types of synthesis method are
also elucidated, in conjunction with their pros
and cons, are analyzed and compared.

2. Graphene and Its Derivatives as Photo-
catalysts

Graphene possesses a lot of unique proper-
ties, like large surface area, great thermal con-
ductivity, and great carrier mobility, which al-
lows it to become an excellent hybrid counter-
part of another photocatalyst [9]. It has been
widely used in various applications, including
transportation, medicine, electronics, etc., due
to its low cost of production and versatility.
One of the most important advantages is the
unique electronic properties that come with its
2D crystal lattice structure. However, based on
Figure 1(a), conduction band and valence band
contact each other at the Dirac point, showing
zero-band conducting capability (zero bandgap)
[10]. This is crucial in designing a more effi-
cient graphene-based photocatalyst by chemi-
cal modification [11].

Interestingly, graphene can transform from
semimetal to semiconductor if it is covered
with oxygen functionalities. This helps to fine-
tune the optical and electronic properties of
graphene to act as a standalone, metal-free
photocatalyst. While introducing oxygen func-

Graphene Oxide (GO) Reduced Graphene Oxide (xGO)

*  Enhanced charge densty
o Improved photocurrent densty
¢ Lower charpe recombination rate

¥
Enhanced MB photodegradation
performance

Figure 1(a). Ambipolar electric field effect in single-layer graphene, whereby the conduction and va-
lence bands interact at the Dirac point without an external field [10]. (b) Mechanisms of visible light-

active GO and rGO in dye degradation [14].
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tionalities, the band gap is increased and the
minimum valence band changes from n orbital
of graphene to 2p orbital of oxygen [12], form-
ing graphene oxide (GO). The derivatives of
graphene, not only GO, but also reduced gra-
phene oxide (rGO), are capable of photocatalyt-
ic activities [13] with a band gap ranging from
2.4 to 4.3 eV. Both GO and rGO could deceler-
ate the photogenerated electron-hole recombi-
nation by accelerate the photogenerated elec-
trons transmission speed. They demonstrate
mechanisms of visible light-responsive dye pho-
todegradation owing to their relatively narrow
bandgap, as illustrated in Figure 1(b) [14]. In a
recent study, rGO has shown its photodegrada-
tion efficiency towards methylene blue (MB)
due to its high density of charge carrier and
photocurrent density, as well as great charge
separation [15]. Figure 2 describes the general
merits offered by graphene-based photocata-
lysts. Additionally, both GO and rGO advocate
good agreement with pseudo-first order kinetic
plot [16,17]. The photodegradation of organic
wastes using graphene-based photocatalysts al-
so fit into the pseudo-first order reaction [18—
21].

Despite of exhibiting photodegradation abil-
ity, GO and rGO are yet inferior compared to
other graphene-based composites [14,19,22].
For instance, P25 degraded 76.7% MB, rGO de-
graded 71.7% MB, and TiO2/rGO degraded
96.8% at 120 min. Despite of being low catalyt-
ic performance, rGO showed a better perfor-
mance after incorporated with titanium iso-
propoxide as the precursor of TiOs [19]. It
might due to rGO alone has less catalytic reac-
tive sites, thus coupling with TiO: could im-
prove this limitation.

3. Preparation Methods of Graphene-
based Photocatalyst
3.1 Hydrothermal Technique

Hydrothermal technique is an effective way
to enhance the structure, morphology, and pho-

Abundant reserves Large specific surface area

Merits of graphene-based

photocatalysts

Shortening charge transfer distance

Accelerating charge migration on

from semiconductor to graphene
graphene surface

surface

Figure 2. The advantages of graphene-based

photocatalysts

tocatalytic efficiency of graphene-based photo-
catalyst [23]. It is a solution reaction-based
method that is characteristically significant for
a high yield and low-cost method. In order to
control the size and morphology of the photo-
catalysts, high pressure or low pressure can be
utilized according to the vapor pressure of the
main compartment in the reaction [24]. When
high pressure is utilized, low-boiling point sol-
vents can be chosen. This is beneficial since the
cost of high boiling point solvent such as dime-
thyl sulfoxide (DMSO) is generally more expen-
sive and possesses toxicity. For high-
temperature operation, hydrothermal synthe-
sis 1s capable of controlling the quality of the
desired nanocrystal [25]. However, one of the
biggest downsides of the hydrothermal tech-
nique is the inability to monitor material crys-
tal growth since the operation is conducted in
the autoclave. Moreover, the equipment cost is
considered high, which is worth considering be-
fore utilizing it [26—29]. The paragraph below
shows the examples of producing graphene-
based photocatalyst using the hydrothermal
technique.

In general, NaOH is deemed as one of the
most popular solvents among material prepa-
ration technique including hydrothermal syn-
thesis. For one of the examples of hydrother-
mal synthesis, 10 mL of g-CsN4is paired with a
10 mL mixture of graphene oxide (GO) and to
be followed by the suspension treated under ul-
trasonication for 30 min. In this instance, GO
nanosheet acts as a surfactant to dissolve the
g-CsNywhich ultimately improves the GO/g-
CsNs photocatalyst [30]. Furthermore,
TiO2/RGO nanocomposite can be prepared by
the one-step hydrothermal process according to
Hu et al. [31]. On the other hand, one-step hy-
drothermal synthesis can also produce TiO2/G
photocatalyst as the reduction of graphene ox-
ide and the hydrolysis of TiCls are conducted at
the same time. In this case, TiCls is used to
produce TiOz nanoparticles [25].

3.2 Solvothermal Process

The solvothermal process prepares gra-
phene-based photocatalysts with several mor-
phological structures. It is similar to the hydro-
thermal method, but using organic matter or
non-aqueous medium as solvent instead of wa-
ter [32]. The reaction is usually conducted in a
closed system like an autoclave. In this case,
the autoclave is filled with a solution that un-
dergoes reaction in a high temperature and
pressure situation. When compared with the
hydrothermal technique, solvothermal process

Copyright © 2023, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 18 (3), 2023, 423

generally has better controllability on the size
distribution, shape, and crystallinity of the de-
sired nanomaterials. This is because of the vis-
cosity and polarity that is present in the sol-
vent used in the process and the higher tem-
perature [25,26]. Similar to hydrothermal tech-
nique, since the process is conducted in an au-
toclave, the inability to monitor the materiali-
zation of the process is its main issue. Lastly,
this method has certain risks related to high
operation conditions and careful operation is
needed to avoid any incident, and precursor is
needed in this method.

In the fabrication process, GO is mixed with
g-CsNysand 1-methyl-2-pyrrolidinone, leading to
sonication for 2 h to get brown color. Afterward,
CH3COOH and acetyl trimethyl ammonium
bromide solution is mixed with the previous so-
lution. Next, Na:MoO4 and thiourea are added
and stirred rapidly. Ultimately, the solution
was injected into a Teflon-lined autoclave and
stored at 200 °C for 24 h [33].

One-step solvothermal process was utilized
in Wang’s study to synthesize graphene/carbon
nanotubes/TiO2 nanocomposites. Tetrabutyl ti-
tanate was used as a TiO2 precursor to mix
with graphene oxide and multi-wall carbon
nanotubes in 2-propanol. In terms of photocata-
lytic activity of the nanocomposites, it is mainly
dependent on the content of carbon nanotubes,
proving 5 wt.% is the optimum value. It helps
to improve the photocatalytic efficiency by im-
proving the OH™ formation, which is the main
component of degrading organic pollutants [34].

3.3 Co-precipitation Process

Coprecipitation is becoming more essential
as a method of distributing ingredients and
precursors utilized in a reaction to make a nec-
essary substance. Coprecipitation aims to pre-
pare multi-component materials by forming in-
termediate precipitates, mainly hydrous oxides
or oxalates, that form an intimate mixing of
components during precipitation and maintain
chemical homogeneity after calcination [34].
Co-precipitation process has been widely used
for the production of GO/semiconductors-based
photocatalysts [24]. It is recognized as a facile
and economical method in terms of industrial-
scale [36]. It is generally a method composed of
simultaneous precipitation of a normal soluble
component and a macro-component from the
same solution by forming crystal, adsorption, or
mechanical entrapment. In comparison to other
synthesis techniques, the coprecipitation ap-
proach produces crystalline sizes in the tiny
range, depending on the precipitant used dur-

ing the reaction. Capping agents can also be
used to modify the crystallinity and shape of
the material produced using this process. The
coprecipitation process, on the other hand, has
a number of drawbacks, including the need for
constant washing, drying, and calcination to
create a pure phosphor phase.

For instance, GO was mixed with distilled
water and sonicated before adding AgBr/g-CsNy
into polytetrafluoroethylene. Following that,
distilled water was dispersed and the solution
was sonicated. After heating at 180 °C for 6 h,
the resulting material was repeatedly washed
with ethanol and dried to get rGO/PCN/AgBr
photocatalyst [37].

3.4 Sol-gel Method

Among the mentioned preparation methods,
sol-gel method is the most complex method but
has increasingly attracted attention in terms of
preparing GO-supported semiconductors photo-
catalysts. It involves a transformation of the
precursor to a sol that can eventually turn into
a gel network structure [38]. In general, metal
salts and alkoxides act as feedstock which un-
dergoes a series of hydrolysis and polyconden-
sation processes to form a colloid [24]. Doing
so, has its upsides which are high purity and
homogeneity in the final results, low operating
conditions, low cost, and a simple manufactur-
ing process. One of its biggest advantages is
that, unlike hydrothermal and solvothermal
methods, elevated temperatures and pressure
are not essential.

According to Xu et al. [39], rGO/TiO2 can be
synthesized through a sol-gel method which
leads to photocatalytic degradation of organic
pollutants under visible light irradiation. One-
step sol-gel method was utilized to synthesize
TiO2/GO nanocomposites with varying GO con-
tents [40]. Furthermore, CdS-G-TiO2 nanocom-
posites were prepared by sol-gel process where-
by titanium oxysulfate precursor was used. In
this particular case, due to bandgap narrowing
and increased visible light absorption, CdS
boosted the photocatalytic degradation of
methylene blue under visible light illumination
[41]. Please refer to a comparative table (Table
1) for each of the synthesis method.

4. Graphene-based TiO: Photocatalysts
4.1 TiO2-Graphene

To date, graphene-TiOs2 composite photo-
catalysts have been getting increased attention
due to their high performance. Graphene-
modified TiOz-composite photocatalysts possess
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several advantages, such as low toxicity, high
reaction activity, and high stability [42]. This
photocatalyst has been widely used in various
applications, namely photocatalytic water de-
contamination, water disinfection, photocata-
lytic air pollution control, and so forth [42—45].
Nevertheless, two downsides of graphene-TiOz
composite photocatalysts are low response rate
of visible light and limited widespread applica-
tion due to the high recombination rate of elec-
tron-hole pairs [42].

TiO2 is widely known as an effective photo-
catalyst under UV light illumination. The pho-
to-induced electrons and holes transfer to the
surface of TiO2 after being excited on the con-
duction band and valence band, respectively at
wavelength less than 390 nm [42]. Next, the
electrons react with oxygen to produce a super-
oxide anion (Oz). It is important to note that
the oxygen is dissolved in the aqueous solution,
while the holes react with the hydroxyl to ob-
tain hydroxyl free radical (OH*) [42]. Eventual-
ly, the anion and the hydroxyl free radical be-

come the factors that are responsible for de-
composing the pollutant molecule into carbon
dioxide and H20 since they are strong oxidizing
agents. Since the presence of these oxidizing
radicals determines the performance of the
photocatalytic activity, the recombination rate
of the electron-hole pairs needs to be put into
consideration to improve the performance. In
this case, an electron tank can be utilized to
hinder the recombination rate of electrons and
holes in TiOs. In graphene-TiOs composite pho-
tocatalyst, graphene acts as an electron tank
since it is competent as compared to other car-
bon allotropes due to its high electron mobility
[42,46]. Figure 3 illustrates the details working
mechanism of graphene-TiO2 composite photo-
catalyst and pure TiOa.

TiO2 shows limited photocatalytic activity
with low response rate under visible light irra-
diation [47]. To resolve the issue, zero band-
gap structure of graphene makes it a sensitive
sensitizer to improve this situation. Under visi-
ble light irradiation, electrons are excited on

Table 1. Comparative table of each synthesis method

rSn};r;;};ZSIS Advantages Disadvantages lzlelt;eel;-
Hydrothermal High yield Inability to monitor material crystal [15,116]
technique Low-cost process growth

Greatly alter size and morphology High equipment costs

Produce large crystal with high quality
Solvothermal pro- Uses organic matter Inability to monitor material crystal [15,117]

cess Better controllability on the size distri-

bution, shape and crystallinity
Readily obtained single crestal

Co-precipitation High yield
process High product purity
Easy reproducibility

Capping agent modify the crystallinity

and shape
High purity and homogeneity
Low operating condition

Sol-gel method

Simple, economical and efficient meth-

od

growth
High operation condition and careful
operation is needed
Require soluble precursors
Produce toxicant [15,35]
the need for constant washing, drying,
and calcination
Require monitoring breakthrough
Long processing time [15,116]
Organic solutions used can be toxic

a (UVdighhv 0, O, b

(UV-light) hv

e e LUMO

HOMO

MENGE

TiO,

h™ n Pollutant
molecules

TiO,

Figure 3. Illustration of the working mechanism of graphene-TiO: photocatalyst under UV light

[42,114]
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the Fermi level of graphene. To inject the elec-
trons into the conduction band of TiOsz, the
Schottky barrier needs to be overcome. In the
case of graphene, graphene-TiO2 composite pos-
sesses no significant band bending since the
size of graphene is tinier than the size of the
space-charged region. The excited electrons in
graphene are injected into TiO:2 by quantum
tunneling and thermionic emission to overcome
the thin Schottky barrier. The mechanism of
graphene-TiO2 photocatalyst under visible light
irradiation is shown in Figure 4.

To curb the fast electron-hole pairs recombi-
nation rate, heterojunction properties have
been widely proven as a capable property of
photocatalysts to promote spatial separation of
photoinduced electron-hole pairs which ulti-
mately improves the overall photocatalytic ac-
tivity [48,49]. For instance, the graphene-
wrapped TiOz hybrid possesses Schottky het-
erojunctions that are fabricated through direct
wrapping of rGO on the surface of TiO2 [49,50].
The formation of Schottky heterojunction in
graphene wrapped TiO2 hybrid is believed to
have a positive impact on photocatalytic activi-
ty by decreasing the semiconductor to graphene
barrier and promoting the transfer of electrons
from the conduction band of TiO2 to the gra-
phene surface. Generally, metallic graphene is
utilized to compose the Schottky heterojunction
and it usually acts as a co-catalyst. This leads

a
hv (visible-light)

quantum t

to the excellent synergistic effects of graphene
to capture photoinduced electrons which en-
hances the photocatalytic degradation activity
[60]. To further optimize the Schottky hetero-
junction, the conductivity of the graphene
could be improved to reduce the defect sites or
by utilizing highly conductive materials such
as polyaniline [51,52].

It's worth noting that graphene has high
stability with all these strong oxidizing radi-
cals (O2 and OH*), as seen by the high photo-
catalytic efficiency after cycle use. When com-
pared to the first performance of a photodegra-
dation process, the breakdown rate of several
contaminants maintains more than 90% after
repeated use [53,54]. Furthermore, the shape
of graphene in graphene-TiOz photocatalysts
shows no significant change after recycling use.
In Tang’s works [42], the performance of gra-
phene-TiO2 remains about 95% after 20 succes-
sive cycles. It is because graphene is inert to-
wards oxidizing radicals, and hence, resulting
graphene-Ti02’s stability during photocatalytic
reaction.

TiOz can be identified in three different
forms which includes anatase, rutile and
brookite as shown in Figure 5. Anatase and ru-
tile exist in tetragonal structure, whereas the
anatase structure possesses no corner sharing.
On the other hand, brookite exists in ortho-
rhombic structure with no corners and edges

LUMO

s e e e p
l‘.r‘; S ——
Erc

HOMO

Graphene e €

Pollutant
molecules

TiO,

Figure 4. Illustration of the working mechanism of graphene-TiO2 photocatalyst under visible light

[114]

(®)

Figure 5. Structures of TiOs: a) anatase, (b) rutile, (c) brookite [115]
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connection. In general, rutile is considered a
stable form while anatase and brookite can be
transformed into rutile when heated. Owing to
unfavorable electron-hole recombination limits
the effectiveness of the photocatalytic process,
linking two different forms of semiconductor
materials could help to improve electron-hole
charge separation and therefore prevent rapid
recombination of energized electrons with elec-
tron vacancies in the valence band [55]. The
creation of TiO2 nanoparticles with varied mor-
phologies can be achieved by simple control of
the reaction environment combined with the
stabilizing impact of the added substrates. The
presence of {001}, {101}, and {100} facets affect
their photocatalytic activity. In terms of ana-
tase TiOs, {001} facets are generally known as
the more reactive alternative due to its high
surface free energy and abundant unsaturated
coordinated atoms. Nevertheless, co-existing
facets should also be considered since they can
have synergistic effects in the separation of
photogenerated electron-hole pairs, which can
enhance the photocatalytic efficiency. For in-
stance, {101} facets can provide large surface
area of reduction sites, which contributes to col-
lection of photo-generated electrons and pre-
vent the recombination of electron-hole pairs
[56].

In short, pairing graphene with TiOz allows
graphene to act as electron tank due to its high
electron mobility to hinder the recombination
rate of the electron-hole pairs. Also, the stabil-
ity of graphene has great contribution towards
the efficiency of graphene-TiOz2nanocomposite,
which can be proven since the shape of gra-
phene in graphene-TiO2 photocatalysts shows
no significant change after photodegradation.
However, the production of cheap high-quality
graphene at industrial scale remains a tremen-
dous challenge as it hinders the efficiency of
graphene-TiOz2-nanocomposite. In the following
section, graphene oxide is discussed, since it is
easier to be produced as compared to pristine
graphene.

4.2 TiO2/Graphene Oxide (Ti02/GO)

To enhance the efficiency of TiO2 photocata-
lytic activity, carbon-based materials, like gra-
phene, has been proven to be effective since
they have wide coverage of visible light and
minimizing electron-hole recombination [56].
However, as graphene is expensive and rela-
tively difficult to produce, graphene oxide (GO)
was considered an inexpensive alternative. It is
a single-atomic layered material produced by
the powerful oxidation of graphite, a cheap and

abundant material. GO is an oxidized form of
graphene that has been impregnated with oxy-
gen-containing groups. It is considerably sim-
ple to process because its high dissolution rate
in water.

Many studies have been conducted on
TiO2/GO composites. This material is discov-
ered to be superior to bare TiOs. Natural prop-
erties of GO, such as large theoretical specific
surface area, high adsorptive capacity, and
electron-hole separation effectivity, are among
the qualities that aid TiO2/GO composite pho-
tocatalytic performance significantly [58]. For
instance, TiO2/GO nanocomposite synthesized
using a one-step hydrothermal method exhibits
four major improvements, including extended
light absorption range, more effective charge
transfer, higher adsorption capacity, and 70—
85% photocatalyzed dye decomposition in less
than an hour [59].

One of the approaches that can be utilized
to enhance the optical absorption of TiO: into
the visible light region is doping. Doping TiO:
with Lanthanide elements increases its photo-
catalytic activity [60,61]. Lanthanides are ideal
elements for modifying the crystal structure,
electronic structure, optical properties, surface
adsorption of TiO2 and forming a series of nov-
el promising photocatalysts due to their unique
4f electronic configuration and spectral charac-
teristics. Lanthanides allow for a more in-
depth investigation of the electronic structure
which can improve TiO:2's photocatalytic activi-
ty [61]. In Mariam’s works [62], photocatalytic
activity of lanthanide doped TiO2 nanocompo-
site paired with GO to form a new composite
nanomaterial have been studied. In this case,
Sm3* and Eu3* has been used to dope with
TiOz. The results show that increasing the lan-
thanide dopant ion concentration increased the
photocatalytic degradation rate of MB until an
optimum concentration was reached. However,
further increment of the concentration of lan-
thanide metal ions as a dopant metal ion re-
tarded the photodegradation rate of the dye so-
lution.

To explain further, a dopant acts as a
charge carrier separator to increase charge
separation and improve the photocatalytic effi-
ciency of the nanocomposite. However, at a
higher metal concentration, the dopant can act
as a charge recombination center, preventing
the separation of photogenerated charge carri-
ers and suppressing the generation of oxygen
radicals, thus resulting in a decrease in the
photocatalytic process [63]. As a result, control-
ling the dose of metal dopants in nanocompo-
sites is an important factor in photocatalysis
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enhancement. On the other hand, the large
specific surface area of GO and its oxygen-
containing functional groups increased absorp-
tivity and followed by pollutant degradability.
The GO content acted as a photosensitizer and
electron scavenger, reducing photogenerated
electron-hole pair recombination and thus in-
creasing absorbance in the visible region, re-
sulting in high photocatalytic activity [62].

Apart from that, the doping of TiO:2 with
nonmetal atoms, such as nitrogen, has received
a lot of attention, and it can extend TiO: ab-
sorption to the visible region. Single element
doping, such as N and S, was investigated to
improve TiO2 photocatalytic efficiency because
the resulting oxynitrides and oxysulphides ab-
sorb visible light to some extent [64,65]. From
Shang’s works [66], S-, N-doped TiO2/GO com-
posites was investigated to determine the effect
of doping on TiOz. The reports have shown that
S-, N-doped TiO2/GO 1is a better photocatalyst
than undoped photocatalyst since S-, N-doped
TiO2/GO expand the wavelength response
range into the visible region and increase the
number of photo-generated electrons and holes
to participate in the photocatalytic reaction.
Hence, when compared to TiO2/GO, S and N
improve photocatalytic activity by increasing
the number of photo-generated holes and elec-
trons that take part in the photocatalytic activ-
ity.

Briefly, GO is an inexpensive alternative to
graphene and is simple to process because its
solubility in water (polar dissolves polar). GO
acts as a photosensitizer and an electron scav-
enger, reducing photogenerated electron-hole
pair recombination, and thus increasing ab-
sorbance in the visible region, resulting in high
photocatalytic activity. Doping engineering has
also been discussed in terms of enhancing the
optical absorption of TiO2 into the visible light
region. Doping agent like Lanthanides and ni-
trogen can act as a charge carrier separator be-
low an optimum dopant metal ion concentra-
tion, increase charge separation, and improve
the photocatalytic efficiency of the nanocompo-
site. Another fabrication of graphene-TiO2 pho-
tocatalyst is pairing TiO:2 with reduced gra-
phene oxide (rGO). Due to the chemical and
structural differences, GO and rGO show dif-
ferent mechanical, electrical, and chemical
properties. In the next section, TiO2/rGO will
be discussed.

4.3 TiO2/Reduced Graphene Oxide (TiO2/rGO)

GO and rGO have each proven to be valua-
ble graphene derivatives. However, they differ
significantly in terms of structural and chemi-

cal properties. The biggest distinction between
GO and rGO is the C/O ratio in their structure.
While the C/O ratio in GO structures is very
low, it is considerably higher in rGO struc-
tures, approaching almost negligible oxygen
content. The remaining differences between
GO and rGO materials are primarily due to
this difference in C/O ratios. The electrical con-
ductivity of these two materials is thought to
be the most notable change. While GO is insu-
lating or semi-conducting, rGO has a high elec-
trical conductivity. In terms of comparing GO
and rGO pairing with TiO2, rGO improves the
shuttling and possible catalytic position [67].
Besides, rGO is more stable than GO and has
similar properties as graphene [68].

In report published by Yu et al. [67], the
team has investigated the photocatalytic activi-
ty of an Ag/TiO2/rGO nanocomposite by meas-
uring the photocatalytic degradation of MB dye
under visible light using a Xenon (Xe) lamp.
Figure 6 shows the comparison between three
separate systems, i.e. bare TiOg TiO2/rGO and
Ag/TiO2/rGO. The photocatalytic efficiency of
two nanocomposites (TiO2/rGO and
Ag/TiO2/rGO) is higher than the bare TiO2. It
could be deduced that the rGO has better ad-
sorptivity with MB owing to its larger surface
area. On the other hand, TiO: nanoparticles
prevented graphene sheets from aggregating.
Also, as mentioned in the previous section, the
existence of graphene can prevent the recombi-
nation of electron-hole with the electron injec-
tion into graphene. Moreover, the addition of
Ag doping has improved the photocatalytic ac-
tivity over TiO2/rGO due to the effect of the ex-
istence of Schottky barriers at the interface of
Ag and TiOq. It helps to serve as an electron
trap to inhibit electron-hole recombination.
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Figure 6. Photocatalytic degradation of methylene
blue for bare TiO2, TiO2/rGO and Ag/TiO2/rGO
[66]
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Beside from Ag, Fe is also an excellent dop-
ing agent since it could improve the photocata-
lytic activity by increasing the number of active
sites and narrowing the band gap of TiO: [69].
Moreover, the similarity of the redox potentials
of Fe2t/Fe3+ and Ti3*/Ti4* extends its applica-
tion, which expands its light absorption to the
visible spectrum, allowing sunlight to be used
as a source of energy [70]. According to Ali re-
port [68], Fe-TiO2/rGO exhibit a high stable
photocatalytic activity for the decontamination
of Rhodamine B under solar irradiation.

Doping Ce on TiO2/rGO composite film in-
hibited the TiO2 anatase-rutile phase transfor-
mation [71]. In this case, Ce atoms could act as
a dispersion oxide, preventing photoinduced
electron-hole pair recombination. Furthermore,
the absorbance of Ce doped TiO2/rGO nanocom-
posite films changed from UV to visible region.
Under solar simulator irradiation, the Ce
doped TiO2/rGO composite film demonstrated
superior photoelectrochemical performance to
TiO2/rGO composite and pristine TiOz2. The
main reason could be the content of Ce, which
could act as an electron acceptor to reduce re-
combination loss and facilitate better transpor-
tation of photoinduced charge carriers [72].
Last but not least, there were reports investi-
gating combining TiOz.and ZnO pairing with
each other. It was found out to be an effective
solution as it could potentially prevent the re-
combination process and prolong the lifetime of
electron-hole pairs [73].

To recap, rGO is by far the most essential
choice to pair with TiOz. Graphene and GO
possess determining downsides that makes it
inefficient to pair with TiOz. Firstly, production
of cheap high-quality graphene at industrial
scale remains a tremendous challenge. Many of
the top-down techniques like chemical vapor
deposition, silicon evaporation and epitaxial
growth are limited to liquid medium for gra-
phene stabilization, resulting in inefficient sol-
vent removal, low graphene yields and the ex-
istence of defect [74-76]. On the other end of
the spectrum, bottom-up techniques require ex-
pensive equipment and high-quality graphene
that is grown inadequately in the high temper-
ature circumstances.

In the case of Gin, the synthesis process of
GO, strong oxidants allow GO to present signif-
icant amount of defects in its crystalline net-
work. As a result, GO's conductive properties
are far inferior to those of graphene, though its
optical and mechanical O, properties suffer
less. Fortunately, supplemental reductive exfo-
liation treatments that convert GO to rGO can
restore graphene-like properties to GO [77,78].
rGO 1s currently a very decent solution be-
tween graphene and GO. This is due not only
to rGO's graphene-like properties, such as fair-
ly decent conductivity, but also to rGO's ease of
preparation in desired quantities from inex-
pensive GO. Hence, rGO is by far the most es-
sential choice to pair with TiOz. Table 2 shows
a summary of organic pollutants degradation
over graphene-based TiOs.

Table 2. Summary of organic pollutants degradation over graphene-based TiO2

Dopants/

Degrada- Time,

Photocatalysts Co-catalysts Pollutants Light Source tion, % min Cycle Cycle effect Ref.
Bi/SnO2/TiOx/G Bi/Sn0O. PCP Sunlight 84 120 5 68% in last [118]
through sun- cycle
light collector
TiO2/G Methyl or- 300 W Hg lamp 85 60 - - [119]
ange
Lin(IID)- Ln(I11) Methylene 3 mW.cm2 UV 90 - - [69]
Ti02/GO Blue light
Ag-TiO2/GO Ag Phenol 6 W visible light 60 180 - - [120]
N-TiO2/GO N Methylene 120W UV lamp 86.5 60 Hard - [121]
Blue to
recycle
CuO-TiO2/rGO CuO Methyl Or- 40 (kHz) UV >98 90 5 Consistently [122]
ange light more than
90%
Ag-TiO2/rGO Ag Methylene 150W Xe lamp 90 140 - [67]
Blue
Ag-TiO2/rGO Ag Formalde- 300W UV lamp 77.08 120 - - [123]
hyde
Zn0-Ti02/rGO ZnO Methylene 11W UV light 99.84 60 5 Still greater [124]
Blue than 97%
Ce-TiO2/rGO Ce Methylene 250W Mercury- 100 90 3 Negligible [125]
Blue vapor lamp decrease of
degradation
efficiency
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5. Other Graphene-based Photocatalysts
5.1 ZnO/Graphene-based Nanocomposites

Zinc Oxide (ZnO) is deemed as a semicon-
ductor with hexagonal wurtzite crystal struc-
ture as its most common and stable form. It
possesses properties, which are good electrical
and thermal conductivity, high-temperature
stability, and reasonable cost [79,80]. With the
versatility in morphology, dimensionality, size,
and shape of ZnO, it possesses various varia-
tions of physical and chemical properties.
Hence, the size of the morphology of ZnO mor-
phology can enhance photocatalytic activity
[81,82]. Also, it possesses prominent properties
like good carrier migration efficiency and large
surface area which would influence the photo-
catalytic activity. Similar to many semiconduc-
tors, it has drawbacks like high recombination
rate of charge carrier and instability in extreme
pH conditions which hinders the effect of com-
mercial application in photocatalytic activity
[79]. When coupling graphene with ZnO, gra-
phene reduces the bandgap energy of ZnO
which enables the absorption efficiency of visi-
ble light. As mentioned in previous graphene-
based photocatalysts, it hinders the recombina-
tion rate of charge carriers which ultimately
improves the photocatalytic efficiency.

The sol-gel method has been utilized exten-
sively to synthesize various transition metal
oxides. It is a well-known wet-chemical method
to form ZnO-graphene nanocomposites by com-
bining ZnO nanoparticles onto the surface of
GO sheets. This produces a nanostructure with
a high surface area, which enhances the ad-
sorption capability to improve the photocatalyt-
ic efficiency [83]. Moreover, different shapes
and sizes of nanocomposites can be synthesized
and the process is operated at a low tempera-
ture and possesses high controllability on the

Figure 7. Illustration of the working mechanism
of photodegradation process of ZnO/graphene
nanocomposite photocatalyst [84]

chemical composition [79]. With different mor-
phology, the properties can vastly defer from
each other since the morphology can affect pho-
tocatalytic activities.

The illustrated mechanism of photodegrada-
tion of pollutants using ZnO/graphene nano-
composite is shown in Figure 7. First of all, the
electrons are excited under suitable energy
sources, such as solar light, reacts with oxygen
to produce a superoxide anion. In the mean-
time, the holes react with H20 to form hydrox-
yl radicals. Next, the degradation of the pollu-
tant happens on the surface of the ZnO-
graphene nanocomposite. In this case, gra-
phene hinders the recombination of holes and
charge carriers onto the surface of ZnO, which
ultimately improves the efficiency of the photo-
degradation process [84].

Moving over to the heterojunction proper-
ties, semiconductor heterojunction can be di-
vided into Type I, Type II, and Type III. How-
ever, Type II heterojunction is the only one
that can improve the charge separation and
photocatalytic activity. Among the Type II het-
erojunctions, ZnO-graphene nanocomposites
possess p-n heterojunction which increases the
number of electrons that could be excited by
higher energy irradiation [85]. The p-n hetero-
junctions consist of p-type graphene and n-type
Zn0O semiconductor. The p-n heterojunction
could hinder the rapid recombination of pho-
toinduced electron-hole pairs, ultimately im-
proving the photocatalytic activity [86].

In terms of the morphology of ZnO, the mor-
phology is highly affected by the synthesis
method which can be categorized into spheres,
rods, flowers, flakes, etc. [87]. Following that,
photocatalytic efficiency is dependent on mor-
phology. SEM can be utilized in the characteri-
zation of photocatalysts. By incorporating gra-
phene into ZnO nanoparticles, the nanocompo-
site possess several upsides, for instances: 1) in-
crease in crystallinity; i) more intimate con-
tact between ZnO and graphene surface; iii) ex-
cellent graphitic sp2 C=C crystal structure of
graphene nanosheet; iv) increased surface ar-
ea; v) enhancement of absorption of light which
all results in a positive impact on the photo-
catalytic activity of the nanocomposite. Lastly,
incorporation of graphene nanosheet to ZnO,
easy transportation of photoinduced electrons
allows better separation of charge carriers
which ultimately increases the photocatalytic
efficiency. These produce a conclusion that gra-
phene-modified ZnO photocatalyst is definitely
a greater system over pristine ZnO [87].

Copyright © 2023, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 18 (3), 2023, 430

5.2 CdS/Graphene-based Nanomaterials

CdS is a semiconductor material possessing
a band gap of 2.4 eV and high absorption,
which allows it to be a viable visible light pho-
tocatalyst when compared to others [88,89]. Ac-
cording to Cao et al. [90], CdS shows efficient
photocatalytic degradation when studying tet-
racycline degradation using
CdS/nitrogen/carbon composite [91]. However,
one huge downside of CdS is its high suscepti-
ble to corrosion by light which hinders the sus-
tainability of this photocatalyst [92]. Hence, the
strategy of incorporating CdS with rGO has
been studied to enhance its photocatalytic ac-
tivity to further improve the efficiency. As men-
tioned in previous sections, graphene possesses
great properties, such as effective adsorption
properties and high electron mobility with a
great surface area which allows the pairing of
both substances to have a positive impact on
the photocatalytic degradation process.

Solvothermal has been deemed as one of the
leading methods to fabricate CdS-based photo-
catalysts lately. As mentioned in the previous
section, it possesses advantages like high con-
trollability of size, shape, and phase of CdS
particles by manipulating related conditions
like temperature, precursor concentration, and
reaction time [93]. Moreover, the solvothermal
method beats hydrothermal method by higher
chemical reactivity, dispersion, and improved
dissolution of reactants [94]. When GO has
paired with CdS nanoparticles, it can receive
and transport electrons from an excited semi-
conductor efficiently, which is advantageous for
charge suppression, recombination rate, and
lastly, to improve the interfacial charge for
photocatalytic activity [95].
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Figure 8. Photodegradation pathway of
methylparaben using CdS/rGO nanocomposite
[89]

As mentioned in the previous paragraph,
CdS has a band gap of 2.4 eV whereas the va-
lence and conduction bands are determined to
be 1.45 and -0.95eV [96]. When CdS is irradiat-
ed, electrons are photogenerated and eventual-
ly transferred to rGO due to CdS being more
negative than the work function of rGO [89].
Then, the electrons react with the oxygen to
produce superoxide anion and hydroxyl radi-
cals which ultimately contribute to the degra-
dation of the organic pollutants. In the process
of transferring electrons, the charge separation
is promoted which hinders the recombination
rate and the hydroxyl group at the rGO surface
hinders the corrosion of CdS caused by light.
The photodegradation pathway of methylpara-
ben using CdS/rGO nanocomposite is shown in
Figure 8. Based on Mohan et al. [89], recycla-
bility and stability of CdS/rGO nanocomposite
was reviewed whereas it can degrade 100% of
methylparaben for 9 cycles, indicating that it is
an efficient photocatalyst environmentally and
economically.

SEM and TEM are used to determine the
surface morphological features of the pristine
nanoparticles and CdS/rGO nanocomposite.
First of all, spherical CdS nanoparticles have
been evenly distributed all over the surface of
rGO. The twisted nano-sheets of rGO are clear-
ly and firmly decorated with CdS nano-
spheres. Hence, there is a strong interaction
between two nanomaterials. The rGO sheets
are obviously curled and wavy, with an uneven
surface. The CdS nanoparticles, on the other
hand, have a smaller diameter. Due to their
round shape, particles have a lower aggrega-
tion affinity. This enables them to possess a
greater surface area. The specific surface area
acquired by the nanocomposite material was
significantly greater than that of pristine CdS
nanoparticles [97].

To determine the electric properties of
Cds/rGO nanocomposite, Electrochemical Im-
pedance Spectroscopy (EIS) Nyquist plots can
be utilized to assess the related photo-response
phenomenon with the influence of rGO on the
CdS nanoparticles. In Mohan’s research, the
intensity of arc of rGO modified CdS nanopar-
ticles is clearly lower than pristine CdS, result-
ing in the facilitation of interfacial charge
transfer by rGO [98]. This allows rGO to be a
great electron acceptor and mediator, resulting
in a longer lifetime of excited electrons which
ultimately hinder the recombination of elec-
tron-hole pairs [89,99]. Hence, photocatalytic
activity can be improved.
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5.3 BiOCl/Graphene-based Nanohybrids

Bismuth has been one of the more promising
photocatalysts to date considering its good sta-
bility, reactivity, and light responsiveness
[100-102]. Relevant state-of-the-art bismuth-
based materials have been reviewed, such as
barium potassium bismuth oxide [103], bis-
muth-based composite oxides [103], bismuth
ferrite nanoparticles [105], bismuth oxyhalides
[106], and more which excel in various types of
photocatalytic application [107]. Hence, bis-
muth-based compounds are promising photo-
catalysts that possess high reactivity towards
visible light which enables the pairing of bis-
muth and graphene as a composite photocata-
lyst. Pristine bismuth photocatalyst offers ad-
vantages like high stability, reusability, high
photoactivity, and environmentally friendly as
compared to other alternatives [102]. However,
a few downsides, for examples, high recombina-
tion rate, slow transportation of charge carrier,
and low visible light absorption hinder the per-
formance of the pristine catalyst. Hence, gra-
phene-modified bismuth photocatalyst to im-
prove the performance has been reviewed [102].

To synthesize the bismuth-graphene-based
nanohybrid, hydrothermal and solvothermal
methods have been utilized extensively utilized
due to the nature of high temperature and high
pressure. Highly crystalline nanohybrid can be
synthesized while GO was reduced using a one-
pot hydrothermal and solvothermal method
[102]. The morphology of the photocatalyst has
been focused on extensively because the photo-
catalytic efficiency is not only dependent on the
chemical phase but also on its size and shape.
Hence, the hydrothermal method has been
deemed as one of the most effective ways to
synthesize this photocatalyst since it can effec-
tively control the size and shape of the photo-
catalyst [102,108].

In this case, the studied bismuth-graphene
nanohybrids are BiOCl/rGO photocatalyst. The
photocatalyst operates under the effect of LED
irradiation and the sample pollutant is set to
be Rhodamine B. Upon the direct irradiation of
the white LED of the BiOCl/rGO photocatalyst
with RhB, an electron is generated upon the ex-
citement of RhB. It is important to note that
the RhB is in the singlet excited state. The spe-
cific electrons are then injected into the conduc-
tion band of BiOCl which is similar to TiOs-
graphene photocatalyst while the valence band
remains intact. Then, the superoxide anion is
produced through a series of oxidation and re-
duction reactions after the electrons are trans-
ferred to rGO and react with adsorbed oxygen

molecules [109]. Eventually, RhB is degraded
and decomposed. To conclude, RhB is utilized
in inducing the activation of the photocatalyst
and producing a superoxide anion. Also, the in-
clusion of rGO has improved the photocatalytic
performance of the pristine photocatalyst by in-
ducing the transportation of electrons to react
with oxygen. The illustrated working mecha-
nism of RhB degradation with BiOCl/rGO pho-
tocatalysts is shown in Figure 9.

To determine the morphology of BiOCl/GO
nanocomposite, SEM, TEM, and EDX spectra
can be utilized (Figure 10). BiOCI itself exhib-
its a flower-like morphology with a smooth sur-
face with hierarchical structures. Graphene ox-
ide exhibits sheet-like structures and is dis-
persed as well as interact with BiOCl on the
contact interface. With continuous irradiation,
the rGO exhibits a flower-like morphology with
a looser morphology. In SEM images, these
photocatalysts show a flower-like micron size
particle. However, BiOCl/GO and BiOCl/rGO
exhibit numerous and interconnect nanopores
that match the result of the TEM image. The
EDX spectrum has shown the composition of
the photocatalyst [109]. BiOCl with flower-like
structures has strong photocatalytic activity
because the layered BiOCIl structure can give
enough space to polarize the associated atoms
and orbitals, effectively separating the photo-
generated electron—hole pairs and therefore in-
creasing BiOCl's photocatalytic activity. Large
specific surface area, on the other hand, has
been shown to assist boost photocatalytic reac-
tion sites and improve electron—hole separation
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Figure 9. Illustration of the working mechanism
of RhB degradation with BiOCl/rGO photocata-
lyst [102,109]

Copyright © 2023, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 18 (3), 2023, 432

efficiency. Sun’s group [110] has also utilized
XRD to determine the stability of BIOCI and no
significant change was observed for the phase
and structure after the photocatalytic reaction
which indicates it was stable throughout the
photocatalytic reaction.

To further evaluate the modified bismuth
photocatalyst with graphene oxide and reduced
graphene oxide, RhB degradation under wLED
irradiation was examined as covered above. In
general, the RhB degradation is completed
through a dye-sensitized reaction [111]. To em-
phasize, BiIOCl/GO and BiOCl/rGO have exhib-
ited better photocatalytic degradation efficiency
than pristine BiOCl due to the ability of gra-
phene to adsorb RhB effectively as well as its
large surface area [112,113]. More active sites
will be available to react with water and hy-
droxyl to create crucial oxidative hydroxyl radi-
cals, as well as attach organic molecules for
photodegradation. Ultimately, the BiOCl/rGO
photocatalyst possesses the highest efficiency of
98.7% in 25 min. However, when it 1s prepared
with a higher concentration of rGO, the ability
to absorb visible light is hindered which even-
tually decreases the photodegradation efficien-
cy.
In brief, BiOCl/rGO has shown promising
photocatalytic degradation efficiency under
wLED for organic pollutant degradation and
excellent reusability, which can be reused for
five runs before a significant drop in perfor-

TEM
BiOCl (a)

LL

BIOCVGO (d)

2pm

BiOCIrGO ' (g) 298

mance. Table 3 lists a summary of varieties of
photocatalysts in organic waste degradation.

6. Conclusions and Future Outlooks

In this review, we summarize those four
types of graphene-based semiconductors, viz.
titania (TiOg), zinc oxide (ZnO), cadmium sul-
fide (CdS), and bismuth oxychloride (BiOCI).
Both TiOz and ZnO possess wide band gap and
only respond to ultraviolet light (higher energy
consumption). By coupling with graphene or its
derivatives, i.e. graphene oxide (GO) and re-
duced graphene oxide (rGO), the band gap is
narrowed and visible light responsive is viable.
Despite being acquiring narrow band gap, CdS
suffers from photo-corrosion. By functionaliz-
ing CdS onto graphene-based nanomaterials,
charge suppression could be achieved effective-
ly. BiOCl exhibits weak interfacial interaction
with organic pollutants, however, the adsorp-
tivity of the wastes onto BiOCl-graphene based
photocatalyst is enhanced significantly. These
materials possess high surface area, mechani-
cal stability, chemical stability, high electron
mobility, abundant surface-active site, and
strong adsorbility. By combining all these
strengths, a desired composite with better re-
ducing and oxidizing ability, resulting better
charge separation rate and more efficient light
absorption could be attained. Hence, the dis-
cussed graphene-based photocatalysts are very
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Figure 10. TEM and SEM images and EDX spectra of BiOCl and its modifications [109]
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promising in photodegradation of organic haz-
ardous materials, as evidenced by their excep-
tional performance of >80% efficiencies in less
than 2 h. Certainly, this will further stimulate
intense studies on the graphene-based photo-
catalysts in photodegradation of wastewater.

Undeniably, graphene and its derivatives
have demonstrated their robust capability in
treating environmental issues. Nevertheless,
their full potential has yet to be exploited thor-
oughly. We believe that sophisticated designs
could further harness the conversion of solar-
to-chemical energy in various applications.
Lastly, the collaboration between academia and
industry in developing these materials could
definitely hasten the realization of the renewa-
ble energy sector.
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