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H I G H L I G H T S

• Surfactant-assisted synthesis is a pro-
mising method for photocatalyst
synthesis.

• Surfactant would efficiently enhance
the photocatalytic activity of photo-
catalysts.

• Surfactant can regulate the mor-
phology and structure of photo-
catalysts.

• Influencing factors and recent ad-
vances are highlighted.
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A B S T R A C T

The presence of large amounts of contaminants in the environment would result in ecological and health ha-
zards. The photocatalytic technologies have been developed to use sunlight to remove contaminants in recent
years. Researchers are primarily focused on developing high-performance photocatalysts. This review discusses
the effects of surfactant on the structural morphology, physicochemical properties and contaminant removal
performance of photocatalysts. The mechanism and synthesis method of surfactant-assisted photocatalysts are
reviewed. Meanwhile, the effects of surfactant type, surfactant concentration, solution pH, synthesis method and
calcination temperature on the photocatalysts are also discussed in detail. In addition, we summarized the recent
advances and the application of surfactant-assisted photocatalysts in the environmental remediation. Finally, the
future researches on surfactant-assisted photocatalysts are also proposed. This review provides new insights into
the use of surfactants to prepare photocatalysts with well-defined shape and excellent performance to enhance
photocatalytic efficiency for removing pollutants.

https://doi.org/10.1016/j.cej.2019.04.168
Received 25 February 2019; Received in revised form 23 April 2019; Accepted 24 April 2019

⁎ Corresponding authors.
E-mail addresses: zhifengliu@hnu.edu.cn (Z. Liu), tanglin@hnu.edu.cn (L. Tang).

1 The authors contribute equally to this paper.

Chemical Engineering Journal 372 (2019) 429–451

Available online 25 April 2019
1385-8947/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2019.04.168
https://doi.org/10.1016/j.cej.2019.04.168
mailto:zhifengliu@hnu.edu.cn
mailto:tanglin@hnu.edu.cn
https://doi.org/10.1016/j.cej.2019.04.168
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2019.04.168&domain=pdf


1. Introduction

More and more pollutants are being discharged into the air, water,
and soil over the past few years due to the development of industry
[1–3], which could cause irreversible damage to the environment and
human [4–6]. The environmental pollution has become an urgent
problem that both government and general public have to face in the
present situation. A lot of researches have been focused on the tech-
nologies of removing pollutants from wastewater, such as adsorption,
biodegradation, reverse osmosis, flocculation, electrochemical oxida-
tion, and photocatalysis [7–12].

In recent decades, the photocatalytic technology was regarded as an
effective technique to solve water pollution problems, which utilizes
sunlight to turn contaminants into mineral salts and final products, such
as CO2 and H2O [13–15]. This technology has attracted increasing at-
tention during the past few decades due to its advantages of low cost,
high efficiency and sustainable treatment [16–18]. Various photo-
catalytic materials, such as TiO2, Cu2O, BiOCl, WO3, and CdS, can be
used as photocatalysts to degrade pollutants [19–22]. However, most
photocatalytic materials have some disadvantages, such as low utili-
zation efficiency of visible light and fast recombination of electron and
hole pairs, resulting in low catalytic efficiency [23–25]. Therefore, it is
necessary to modify photocatalyst to increase the photocatalytic per-
formance for contaminants degradation. The modification technologies
of photocatalysts, including constructing heterojunctions, building
built-in electric fields, doping elements, and introducing photo-
sensitizers, etc., have been reported in many literatures [26–29]. It is
worth noting that the photocatalysts with well-structured and mor-
phology, such as core-shell structure, uniform spherical and hier-
archical multilayer structure, can favor the electronic transfer, and
enhance optical absorption and photocatalytic performance [30–32].
Therefore, how to prepare a photocatalyst with well-structured and
morphology is a crucial issue.

There are increasing interests in surfactant-assisted mesoporous
materials since the mesoporous silicate MCM-41 was successfully syn-
thesized [33–35]. Surfactants are an amphiphilic substance with hy-
drophilic and hydrophobic groups, which has been proven to be a good
shape-directing agent in the synthesis of photocatalysts, controlling
their overall shape primarily by adsorption of surface active molecules
on different crystal faces of the nucleation center [36–38]. Initially,
surfactants were used to regulate the growth of single crystal photo-
catalysts particles, such as TiO2 [39], WS2 [40], BiOCl [41], BiVO4

[42]. With the continuous development, surfactants have received more
and more attention in the regulation of composite materials, such as N-
doped Bi2O2CO3 [43], and BiOBr/Bi [44]. The hydrophobic groups of
the surfactant molecule adsorb on the charged surface of the photo-
catalyst by some non-covalent interactions, such as hydrogen bonding,
π-π interaction, and van der Waals interaction, while the hydrophilic
groups are in contact with water in aqueous solution. This adsorption is
usually selective on a particular crystal plane because the nucleation
center is predominantly a tiny polyhedral morphology. Consequently,
this adsorption results in an ordered shape evolution. The addition of a
surfactant during the preparation of the photocatalysts not only induces
the photocatalysts to expose highly active lattice surface, but also in-
duces the photocatalyst to have the characteristics of the ordered
structure, abundant pores, and large surface area. These changes im-
prove the physicochemical properties of the photocatalyst, thereby in-
creasing the photocatalytic performance [45–47].

In the case of surfactant-assisted synthesis of photocatalysts, many
influencing factors have been studied to obtain photocatalysts with
high catalytic performance, including surfactant type, surfactant con-
centration, solution pH, synthesis method, and calcination temperature,
etc. [7,48,49]. To the best of our knowledge, only a few reviews have
reported surfactant-related work, which were focused on the direct
addition of surfactants as solubilizers or extractants to improve con-
taminant removal by photocatalysts [5,50–52] or the effects of

surfactants in the synthesis of nanomaterials [36,53] (such as control-
ling the shape of materials, preparing layered porous materials). It is
important to collect information on this topic to understand the effect of
surfactants on the crystal structure and physicochemical properties of
the photocatalysts. In this review, we focus on an overview of the
mechanisms of action, preparation conditions, recent advances, and
environmental applications of surfactant-assisted synthesis of photo-
catalysts, which is supposed to help to understand and design photo-
catalysts.

2. Action mechanism and synthesis method

The mechanisms of photocatalysts prepared by surfactants are
complex, and many articles have reported them [54,55]. It is generally
believed that due to the non-covalent interactions, such as hydrogen
bonding, π-π interaction, and van der Waals interaction, between the
surfactant and solid material, the surfactant was adsorbed on the sur-
face of the solid material, inducing the material to self-assemble. At the
same time, surfactants acted as active agents to reduce the interfacial
force between the nanocrystals and water during self-assembly [56]. In
addition, the encapsulation of the surfactant micelles was thermo-
dynamically beneficial to further self-assembly of the photocatalysts.
Finally, the photocatalysts with an ordered structure and a well-defined
shape were formed.

The formation process of surfactant-assisted synthesis of photo-
catalysts can be generally divided into two steps of hydrolysis and
polymerization [53,54]. In the first stage, the precursor solution is
hydrolyzed in preparation for the formation of the sol. In the second
stage, a single surfactant molecule is bound by adsorption of the head
and the hydrolyzed solid surface according to the interaction force.
Then the surfactant strongly promotes adsorption through the hydro-
phobic interaction between the tail groups. The nanocomposite formed
at this time is called a colloidal particle (otherwise known as sol). These
colloidal particles then aggregate to form the gel due to mutual at-
traction. Finally, the gel is passed through a heat treatment to remove
the surfactant to give the final shape of the photocatalyst. It is worth
noting that during crystal growth, the evolution of the shape is con-
trolled by the surface energy of each face, and the crystal tends to grow
rapidly on the surface with high surface energy [57].

However, the mechanism of the surfactant-assisted synthesis of
photocatalysts is slightly different with different preparation methods.
Therefore, we summarize the mechanism in combination with the
synthesis method and analyze them by the reaction process reported in
literature. Surfactant-assisted photocatalysts have been synthesized
through various techniques, which mainly include sol-gel method, hy-
drothermal method, solvothermal method, emulsion method, and so-
nochemical method, etc. Among them, the most common synthesis
methods are the sol-gel method, hydrothermal method, and sol-
vothermal method. The sol-gel and hydrothermal methods are used in
an aqueous media, whereas the solvothermal employs a non-aqueous
media for the reaction.

2.1. Sol-gel method

The sol-gel method has the advantages of high stability, short
soaking times, low reaction temperature and high purity of products,
and it is considered to be one of the most promising methods for syn-
thetic photocatalysts. In addition, the photocatalysts particles prepared
by the sol-gel process generally have a narrow and uniform distribution
and thermal stability. Therefore, the sol-gel method has attracted much
attention in the preparation of porous photocatalysts [58]. This ap-
proach has been successful in the controllable design of multi-dimen-
sional photocatalysts, such as pellets, fibers, films, and blocks.

The chemical reactions involved in the sol-gel process are based on
inorganic polymerization. As shown in Fig. 1, the preparation process of
the method is divided into three steps, namely hydrolysis,
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polymerization and gel drying. Firstly, a solution of the precursor mo-
lecules needs to be hydrolyzed. The precursor is typically a metal or-
ganic compound such as an alkoxide, a chelated alkoxide or a metal
salt. After hydrolysis, a suspension of colloidal particles (sol) is formed.
Secondly, a large amount of water is present in the sol, and during the
gelation process, the system loses fluidity and forms an open skeleton
structure (gel). Finally, the gel is calcined to remove the surfactant to
obtain the final photocatalyst [53,59].

For example, cetyltrimethylammonium bromide (CTAB) acted as a
surfactant and self-assembles into spherical vesicles in an ethanol-water
solution (Fig. 1) [60]. Studies found that the rate of hydrolysis of the
precursor tetraethyl orthosilicate (TEOS) increased with the con-
centration of CTAB. Therefore, the increase of the CTAB concentration
resulted in a faster nucleation rate than the CTAB self-assembly rate,
which formed bioactive glass (BG) sol particles firstly. Then, CTAB was
adsorbed to the surface of the BG sol particles by hydrogen bonding
interaction. Finally, CTAB was removed to obtain a solid mesoporous
BG sphere after calcination. Conversely, when the concentration of
CTAB was low, the rate of CTAB self-assembly was greater than that of
nucleation, resulting in the self-assembly of CTAB molecules into
spherical vesicles. The BG sol was then adsorbed to the surface of the
vesicle by hydrogen bonding interaction. Finally, the hollow meso-
porous BG sub-micron spheres (HMBGS) photocatalysts were obtained
after calcination.

2.2. Hydrothermal method

Although the sol-gel method is widely used in the preparation of
photocatalysts, the cost is high due to the requirement of expensive
precursors and solvents. Therefore, another synthesis method, the hy-
drothermal method has also been studied. Compared with other crystal
preparation methods, the photocatalysts prepared by the hydrothermal
method have the advantages of good grain development, small particle
size, uniform distribution, and low-cost raw photocatalysts. In parti-
cular, they have the unique advantages of high crystallinity and mor-
phology control [61]. The hydrothermal method has been successful in
the controllable design of multi-dimensional photocatalysts, such as 1D
photocatalysts (nanowires, nanobelts, nanotubes), hollow and thin
films.

In general, the hydrothermal method uses water as a solvent, and
the sample needs to be dissolved and recrystallized firstly [62]. The
possible preparation process of the hollow structure is shown in Fig. 2.
The sample is mixed in a solution and the reaction is carried out at a
certain temperature. During the period, due to the presence of the
surfactant, the samples self-assemble to form fine particles, and as the

crystal grains grow up, the final morphology products are obtained. For
example, in the preparation of hierarchically mesoporous titanium
phosphonates (HM-TiPPh), a cationic surfactant CTAB and an anionic
polymer poly (acrylic acid) (PAA) were added [31]. Firstly, assembled
particulars occurred between CTAB micelles and PAA due to differences
in charge properties. PAA led to the formation of a highly ordered
mesophase and mesogenic PAA-CTAB complex by electrostatic inter-
action, in which a negatively charged phosphonic acid group was also
involved in the supramolecular complex. After the addition of the active
substance TiCl4, the hydrolysis and polymerization between TiCl4 and
the phosphonic acid group produced an electronegative titanium
phosphonate oligomer, which reduced the electrostatic interaction be-
tween CTAB and PAA. That resulted in the reassembly of the inter-
mediate phase. Around the CTAB micelles, the titanium phosphonate
material was crosslinked with the ordered mesogen complex to give an
ordered mesostructure. In addition, the electrostatic interaction be-
tween the PAA and CTAB micelles was disturbed, resulting in the se-
paration of some PAA chains from the mesomorphic complex and
forming a phase separated PAA chain domain, and it served as a tem-
plate for the formation of interstitial pores inside the sphere.

Fig. 1. The possible preparation process of surfactant-assisted photocatalysts by sol-gel method. Modified with permission from Ref. [60]. Copyright 2014 Elsevier.

Fig. 2. The possible preparation process of hollow photocatalysts by hydro-
thermal method. Modified with permission from Ref. [61]. Copyright 2013
Elsevier.
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2.3. Solvothermal method

The solvothermal method is developed on the basis of the hydro-
thermal method, using an organic or non-aqueous solvent as a solvent
and the mixture reacting at a certain temperature [63,64]. The hy-
drothermal method is commonly used to the preparation of oxide
photocatalysts or some water-insensitive sulfur-containing compounds,
while the preparation of some water-sensitive compounds such as III–V
semiconductors, carbides, fluorides, and other photocatalysts are not
applicable. Compared with the hydrothermal method, the solvothermal
method uses a non-aqueous solvent, which expands the range of sol-
vent-based raw materials [65].

It is worth noting that, unlike the sol-gel and hydrothermal
methods, the process of solvothermal preparation of photocatalysts is
mainly divided into nucleation, dissolution, recrystallization, and
growth (Fig. 3). The preparation process of SnS2 photocatalysts by the
solvothermal method was as follows [64]: firstly, the thioacetamide
(TAA) was decomposed during the heat treatment and produced S2−.
Then, Sn2+ and S2− rapidly nucleated to form SnS microfluidics.
Subsequently, the SnS2 core was formed as the reaction proceeds due to
the excess of the S source, in which a process of dissolution-re-
crystallization growth might be experienced. The surface energy of the
side of SnS2 was higher than the surface of the nanosheet, resulting in
the formation of a new layer on the surface. However, due to the high
density of the (0 0 1) plane, this provided a small interatomic distance
and great binding. Therefore, atoms would be more easily adsorbed on
the (0 0 1) facets for growth. Polyvinylpyrrolidone (PVP) molecules
adsorbed on the (0 0 1) facet inhibited the crystal growth along (0 0 1).
Therefore, a regular and uniform SnS2 nanosheet was finally obtained.

2.4. Other synthesis methods

In addition to the above three commonly used synthesis methods,
other synthesis methods have also been reported in the surfactant-as-
sisted synthesis of photocatalysts, such as emulsion polymerization and
sonochemical methods.

2.4.1. Emulsion method
The emulsion polymerization method is a method in which a

monomer is dispersed in water by an emulsifier and mechanical stirring
to form an emulsion, and an initiator is added to initiate polymerization

of the monomer. The emulsion polymerization has the characteristics of
high polymerization speed, high reaction conversion rate, low viscosity,
stable dispersion system, and easy control. However, the separation and
precipitation process of the polymer obtained by the emulsion poly-
merization method is complicated, and a demulsifier or a coagulant is
added so that there are many residual impurities in the product. In
addition to conventional emulsion polymerization, reverse emulsion
polymerization, soap-free emulsion polymerization, microemulsion
polymerization, dispersion polymerization, and so on are also included.
We mainly introduce the oil-in-water and water-in-oil emulsion poly-
merization.

Conventional emulsion polymerization refers to an aqueous
monomer solution prepared from a water-soluble monomer which
forms an oil-in-water emulsion with an organic phase under the action
of an oil-soluble surfactant [66]. In contrast to emulsion polymeriza-
tion, the inverse emulsion polymerization forms a water-in-oil emulsion
[67]. The reaction mechanism of the two methods is similar. The
polymerization mechanism can be divided into four stages: dispersion
stage, aggregation stage, growth stage, and polymerization completion
stage. The possible synthesis process of the emulsion polymerization
process is shown in Fig. 4.

There are also some papers reporting the use of emulsion poly-
merization in surfactant-assisted photocatalysis. Zhu et al. synthesized
Ag/AgBr/GO by a water-in-oil microemulsion method and oil-in-water
microemulsion method, using CATB as surfactant, and studied its
photocatalytic degradation effect on methyl orange [68]. In the water-
in-oil microemulsion system, the hydrophobic alkyl chain of CTAB
dissolves and points to the core of the organic phase chloroform. The
polar head group of CTAB (–N(CH3)3) and Br− dissolve and point to the
aqueous phase, resulting in the production of AgBr. Because the com-
ponent Br comes from the oil phase, and it is dispersed in the aqueous
phase. Therefore, the surface of the formed AgBr is mainly terminated
by Ag. In the water-in-oil microemulsion system, Ag is derived from the
aqueous phase and dispersed in the oil phase. The component Br is
derived from the body oil phase, which is dispersed in the aqueous
phase. As a result, the surface of the formed Ag/AgBr is mainly termi-
nated by Br. Therefore, the Ag/AgBr photocatalytic activity obtained in
the water-in-oil microemulsion system is higher compared to that of oil-
in-water microemulsion system.

Fig. 3. The possible preparation process of surfactant-assisted photocatalysts by solvothermal method. Modified with permission from Ref. [64]. Copyright 2014
American Chemical Society.
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2.4.2. Sonochemical method
The sonochemical method is a method of accelerating chemical

reactions using ultrasonic waves. The sonochemical reaction is mainly
caused by acoustic cavitation – the formation, oscillation, growth,
shrinkage, and collapse of liquid hollow bubbles. This method has be-
come an important tool for the production of novel nano-sized mate-
rials under ambient conditions in synthetic chemistry [69,70]. Com-
pared with the sol-gel method, hydrothermal method, solvothermal,
etc., the sonochemical method has the advantages that the reaction
temperature is low and the high temperature is not required. According
to the hotspot theory, local hot spots can reach extremely high tem-
peratures (> 5000 K) when bubbles burst, and these extreme conditions
can be used to synthesize a variety of materials. The mechanism of the
sonochemical method is relatively complicated. It is generally believed
that water decomposes into hydroxyl radicals and hydrogen under the
action of ultrasonic waves, thereby triggering a series of chemical re-
actions.

There are few articles reporting the application of the sonochemical
method in surfactant-assisted photocatalysts. Panahi-Kalamuei et al.
synthesized nano-selenium (Se) by the sonochemical method and stu-
died the effects of various surfactants on the material [71]. The results
of characterization indicate that lowering the vapor pressure of the
solvent results in an increase in cavitation collapse strength. Therefore,
the rate of sonochemical reaction increases due to reaching a peak
temperature during the collapse. In this work, the use of water and
surfactants with different vapor pressures and viscosities affects the
particle size of the material because solvent vapors can indirectly affect
the chemical reaction rate. In addition, according to the degradation
experiment results, the photocatalyst prepared by different surfactants
showed different photocatalytic degradation properties for methyl or-
ange.

3. Influencing factors on the performance of surfactant-assisted
synthesis of photocatalysts

In the process of surfactant-assisted synthesis of photocatalyst, the
structure and morphology of the photocatalysts are mainly controlled
by numerous parameters. As shown in Fig. 5, it can be divided into five
categories: surfactant type, surfactant concentration, solution pH,
synthesis method, and calcination temperature [7,72,73], and the

surfactant-assisted photocatalysts, shapes, and mechanism with dif-
ferent influencing factors are shown in Table 1.

3.1. The effect of surfactant type

In the synthesis of photocatalysts, surfactant type plays a crucial
role, which has been used for shape-controlled of photocatalysts
[74–76]. The type of surfactants mainly relates to the charge, shape,
hydrophobic chain length, and functional groups of surfactants, and the
possible reflection diagram is shown in Scheme 1.

3.1.1. The charge property of surfactant
According to the difference in the charge properties of the surfac-

tants, surfactants can be classified into anionic surfactants, cationic
surfactants, zwitterionic surfactant, and nonionic surfactants. The sur-
factant-assisted photocatalysts and shapes with different charge

Fig. 4. The possible preparation process of surfactant-assisted photocatalysts by emulsion (A) water-in-oil, (B) oil-in-water polymerization method.

Fig. 5. Influencing factors on surfactant-assisted synthesis of photocatalysts.
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properties are shown in Table 2. Surfactants with different charge can
act as a stabilizing agent, or dispersing agent, to control the size of the
nanoparticles and minimizes agglomerations [77]. The nonionic sur-
factants can act as a dispersing agent to distribute the crystal evenly
while increasing the active site and increasing electron transport
[78,79]. Compared to nonionic surfactants, ionic surfactants usually
exhibit clearer shape-directing effects [36]. The surface energy of
crystal is changed with the presence of ionic surfactants, which is
beneficial to the preferential growth of the crystal along the direction of
surfactant absorbed [57,80,81]. The ratio of the (1 1 0)/(0 1 3) reflec-
tion was changed from 0.25 to 0.80, the size decreased from 40 nm to
10 nm, and the BET surface area increased from 7.9m2 g−1 to
17.1 m2 g−1, after addition of ionic surfactant CTAB in the preparation
of Bi2O2CO3 nanosheet. Importantly, the photooxidation of NO was
greatly improved from 6.7% to 30.4% in 5min. Therefore, the addition
of CTAB not only changed the structure and surface properties of the
crystal through the interaction between the surfactant and the crystal
but also affected the photocatalytic efficiency of the photocatalysts
[43].

Due to the different properties of surfactants with different charges,
a subtle control method of crystal growth in solution by mixing sur-
factants is proposed based on the cooperative effect between the mixed
surfactants (Fig. 6A). Cationic/anionic mixed surfactants with different
charge properties have been studied to regulate the morphological
structure of crystals [82,83]. As shown in Fig. 6B–D, in the synthesis
study of gold nanoribbons, when a single surfactant CTAB was used,
linear and leaf-like particles were obtained at 4 °C, and irregular poly-
hedral particles were obtained at 27 °C. This may be due to electrostatic
repulsion between cationic surfactants and positively charged gold ions,
which results in the addition of positively charged surfactants pro-
moting gold ion movement, thereby affecting crystal formation [84]. In
addition, when a single surfactant sodium dodecyl sulfate (SDS) was
used, irregular star particles were produced at 4 or 27 °C. This may be
attributed to the electrostatic attraction between the anionic surfactant
and the positively charged gold ions, which hinders the three-dimen-
sional coordination, thereby affecting crystal formation. However, a
clear gold nanobelt grown in two different directions was synthesized in
an aqueous solution of the mixed surfactant. The adsorption of CTAB-

Scheme 1. Schematic diagram of the effect of the (A) charge, (B) shape, (C) alkyl chain length and (D) functional group of the surfactant on the size and morphology
of the photocatalyst.
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SDS mixed surfactant on the (2 1 1) surface at 4 °C and the (1 1 0) sur-
face at 27 °C was weak, resulting in the formation of (1 1 0) and (2 1 1)
oriented nanobelts at 4 and 27 °C, respectively [85]. Therefore, the
lateral growth of the crystal was restricted in this way, resulting in long
and thin photocatalysts formation.

3.1.2. The shape of surfactant
The shape of surfactants affects the structure and morphology of the

crystal, such as the size and steric hindrance of the surfactant. On the
one hand, the pore size of the crystal is related to the size of the sur-
factant, namely, the small size of the surfactant facilitates the formation
of small pore size nanoparticles. CTAB and PEG were employed as the

surfactants to synthesize the loaded TiO2 on such silica-clay composite
[86]. According to the different sizes of the surfactants, two different
pore size composites were finally obtained. The smaller mesopores
composite (< 4 nm) was corresponding to CTAB and the larger meso-
pores composite (16–25 nm) was generated by PEG. On the other hand,
it should be noted that steric hindrance is a key factor when the type of
surfactants are similar. Zn2SiO4 nanoparticles have been successfully
prepared by a sonochemical method, using anionic (SDS), cationic
(CTAB), and polymeric (PVP and PEG) as surfactants, respectively [87].
As shown in Fig. 7A, the particle size of Zn2SiO4 synthesized by PVP-
25000 was smaller than that by PEG-6000, which might be related to
the high steric hindrance of PVP-25000. The strong steric hindrance

Table 2
The surfactant-assisted photocatalysts and shapes with different charge properties.

Photocatalyst Surfactant Charge property Photocatalyst shape Ref.

Gold nanocombs Cetyltrimethylammonium bromide (CTAB) Cationic surfactant Linear and leaf-like particles [85]
Sodium dodecyl sulfate (SDS) Anionic surfactant Irregular star particles

Selenium Polyethylene glycol (PEG) Nonionic surfactant Smaller nanoparticles [71]
SDS Anionic surfactant Smallest nanoparticles
CTAB Cationic surfactant No product

BiVO4 Hexadecyl trimethyl ammonium bromide (HTAB) Cationic surfactant Microclusters [196]
Polyvinyl alcohol (PVA) Nonionic surfactant Spherical

TiO2 Sodium dodecyl benzene sulfonate (DBS) Anionic surfactant Spherical [197]
SDS Anionic surfactant Cubic
Cellulose Nonionic surfactant Nanorods

Ag2CrO4 and Ag2Cr2O7 SDS Anionic surfactant Nanoparticles [198]
Polyethylene oxide (PEO) Nonionic surfactant Regular nano-rods

ZnIn2S4 CTAB Cationic surfactant Rose-like microclusters [199]
Cetylpyridinium bromide (CPBr) Cationic surfactant Loose rose-like
SDS Anionic surfactant Irregular rose-like

TiO2 CTAB Cationic surfactant Small mesopores [86]
Polyethylene glycol (PEG) Nonionic surfactant Large mesopores

BiOBr Triblock copolymer Pluronic (F127) Nonionic surfactant Stacked layers [200]
L-Lysine Zwitterionic surfactant Flower-like hierarchical
Polyvinylpyrrolidone (PVP) Nonionic surfactant Block
CTAB Cationic surfactant Sheet

TiO2 CTAB Cationic surfactant 87% anatase phaseand, 52 nm [201]
SDS Anionic surfactant 87% anatase phaseand
TritonX100 (TX100) Nonionic surfactant 50% anatase phaseand, 97 nm

CdSe-graphene CTAB Cationic surfactant Good dispersion [202]
Sodium lauryl sulfate (SLS) Anionic surfactant Clustered

Fig. 6. (A) Mixed micelle formation from the oppositely charged surfactants. SEM images of gold nanocombs obtained in aqueous solutions of (B) single surfactant
CTAB, (C) SDSn and (D) double surfactants. Reproduced with permission from Ref. [85]. Copyright 2008 American Chemical Society.
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effect of surfactants prevented the growth of crystal particles, which
resulted in the creation of small nanoparticles [71,87].

3.1.3. The length of the hydrophobic group of surfactant
Surfactants mostly are amphiphiles with hydrophilic and hydro-

phobic groups. The hydrophilic groups primarily contain heteroatomic
functional groups, and the hydrophobic groups are often composed of
hydrocarbon chains [73]. The hydrophilic groups can present charges
on the surface of the nanostructure which minimize aggregation of the
nanoparticles due to the repulsive charge. The water affinity of the
surfactant end groups has attracted widespread attention, which de-
termines the type, size and other characteristics of the aggregates [53].
Simultaneously, due to the van der Waals interaction between neigh-
boring chains, the hydrophobic chains can interact with the surface of
the nanoparticles to compact monolayers or bilayers [88]. The effect of
different alkyl chain lengths (Cn, n is the number of alkyl chains) on the
morphology of photocatalyst was studied in the self-assembly of oli-
gosiloxane surfactant and alkyl chain into silica-based mesoporous
structure. As shown in Fig. 7B, the peak intensity at 33.7 ppm gradually
increased with the number of alkyl chains increased, which indicated
that the number of trans chains and the order of the interlayer chains of
the layered hybrids increased. However, the two-dimensional hex-
agonal structure was formed by the short alkyl chain of 6–10 (n). This
might be due to the reduced effective hydrophobic volume of the short
alkyl chain and the interdigitated arrangements of the long alkyl chains
compensate for the intermolecular space resulted from the large
headgroup [89]. Moreover, the long alkyl chains formed strong hy-
drogen bond interactions with each other, resulting in the formation of
a compact bilayer structure [36]. The compact double layer caused the
penetration of nascent atoms to be almost impossible to laterally nu-
cleate. Therefore, these limited the lateral growth of the crystal and
changed the growth direction of the crystal (Fig. 7C). As a result, the
length of the nanorods clearly depended on the surfactant alkyl chain
length.

3.1.4. The functional group of surfactant
In addition, the functional groups of surfactants are also important

factors affecting the morphology of crystals. Functional groups, such as
amino groups, can form strong coordination with positive ions in the
crystal by forming interaction forces with the crystals, which changes
the combined approach of crystal complexes [73,90]. Some of the
groups in the surfactant can form hydrogen bonds with the hydroxyl
groups on the surface of the crystal. For example, the presence of the
PVP was very favorable to producing well-structured Zn2SiO4

nanoparticles. This was attributed to the fact that the oxygen atom in
the carbonyl groups of PVP could form hydrogen bonds with hydroxy
groups of Zn2SiO4 surface. As a result, the surfactant could be tightly
wound around the surface of the crystal [87]. In addition, in the dual
surfactant system, the introduction of groups in the surfactant also af-
fects the formation of crystals. The addition of benzyldimethylhex-
adecylammonium chloride (BDAC) given long and thin photocatalyst in
the presence of only CTAB in the preparation of gold nanorods [91]. At
the same time, it was accompanied by a decrease in the aspect ratio and
an increase in the diameter of the rod. That might be due to the fact that
the presence of a benzyl ring caused additional non-polarities, resulting
in a mixed surfactant having a smaller micelle size than that of CTAB
micelle.

3.2. The effect of surfactant concentration

Surfactant concentration is an important factor affecting the struc-
ture and properties of the photocatalyst prepared by the surfactant
[92], which mainly affects the density and viscosity of the solution
[36], the capping effect of the surfactant on the crystal plane [93],
crystal self-assembly [56] and crystal growth direction [73].

Firstly, surfactant concentration affects the orderly crystal growth
during crystal formation by affecting the density and viscosity of the
solution. In the low density and viscosity environment, the diffusion
resistance is small, which is conducive to the ordered growth of na-
nowires and nanoribbons with high aspect ratios [36]. Ag/AgCl/GO
quasi-nanocubes were synthesized in an oil-in-water medium by using
CTAC as a surfactant [94]. As shown in Fig. 8A, the shape of the
composite could be controlled by adjusting the concentration of CTAC.
It was advantageous to form spherical particles at low concentrations
and cubic particles at high concentrations.

In addition, it has been found that the crystals obtained are more
uniform and dispersion in the high concentration of surfactant than that
of low concentration [44,95,96]. The α-Fe2O3 with narrow size was
developed by using different amounts of PVP surfactant [93]. As shown
in Fig. 8B, with the concentration of PVP increased, the α-Fe2O3 with
uniform size and good dispersion was obtained. This might be attrib-
uted to the surfactant being adsorbed on a specific crystal plane of the
crystal, which is called as capping effect. When the concentration of
PVP was very low, the capping effect was insufficient to cover or pas-
sivate crystals, resulting in the aggregation of crystal particles. If the
PVP concentration was suitable, electrostatic repulsive or steric barrier
interaction would prevent the aggregation of crystal particles. In the
case of a thin film photocatalyst, increasing the surfactant

Fig. 7. (A) Schematic diagram of the effect of PVP and PEG on the size, morphology, and uniformity of products. Reproduced with permission from Ref. [87].
Copyright 2016 Elsevier. (B) 13C CP/MAS NMR spectra and (C) XRD patterns of the derived from 1-(Cn). Reproduced with permission from Ref. [89]. Copyright 2005
American Chemical Society.
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concentration causes an increase in the viscosity of the surfactant so-
lution, which leads to an increase in film thickness [95,97].

In general, as the concentration increases, the particle size of the
crystal decreases [98,99]. In the study of synthetic TiO2, CTAB mole-
cules were used as surfactant, and the effect of surfactant concentration
on crystals was investigated [100]. As the amount of CTAB increased
from 55 to 137mM, the particle diameter of TiO2 progressively de-
creased from 240 to 156 nm (Fig. 8C) [101]. Nevertheless, it is not
conducive to the production of crystal particles with small size when
the concentration is too high. As the concentration of the surfactant
increases, the critical micelle concentration (CMC) is reached, at which
point the interfacial tension is minimal. The CMC of the surfactant also
affects the structure of the crystal, and it is advantageous for the for-
mation of small pore photocatalysts for surfactants with a low CMC
[102]. Fluorinated surfactants are special surfactants with a low CMC,
which gives crystals with a small pore size [103]. The surfactant forms
micelle that promotes self-assembly of the crystal when the con-
centration exceeds CMC [30,56]. In addition, the surfactant con-
centration also has an effect on the pore size of the crystal. According to
the BJH pore size distribution of the carbon-doped TiO2 nanoparticles,
it exhibited a significant shift toward large pore diameter with the
concentration of the surfactant oleic acid (OA) increased (Fig. 8D). This
might be mainly due to the OA as a pore-structure-forming agent, which
could increase pore coagulation especially at high concentrations
leading to high porosity and large pores [104].

In addition to the morphology and size of the crystal, the con-
centration of the surfactant also affects the growth direction of the
crystal [105,106]. In order to understand the influence of surfactant
SDS on the growth of the Nb2O5 nanorods, the XRD spectra of Nb2O5

prepared by different concentrations of SDS were studied [73]. As
shown in Fig. 8E, with the increase of SDS concentration, the intensity
of the diffraction peak of the Nb2O5 at (1 1 0) planes initially increased
and then decreased. This may be attributed to the high concentration of
SDS hindering the growth of the nanorods in the (0 0 1) direction, re-
sulting in a nonuniform and agglomerated product. In addition, the
change in the crystal growth direction of crystals is often accompanied
by the occurrence of lattice defects. The ZnO nanorods gradually grew
in the radial direction with the SDS concentration increasing, which
lead to the formation of dense lattice defects. The photocatalytic

activity was improved due to the good crystallinity and the interstitial
nanospaces of the radial rod [107].

3.3. The effect of solution pH

The pH value of the precursor solution is another important factor
affecting the structure and shape of the final crystal. There are many
differences in crystal morphology and structure between acidic and
alkaline solution environments [42,108,109]. In order to study the re-
stricted non-covalent interaction of ZnTPP in CTAB surfactant micelles,
a series of nanocrystals with different morphologies were synthesized.
The size of the crystal increased with the pH. In addition, the shape of
the particles gradually became apparent as the concentration of the
surfactant increased under different pH conditions [56]. For the other
group of porphyrin crystals, the crystal shape changed from a cubic
structure to a rod-like structure when the pH was changed from 11.5 to
2.0 [110].

A directed aggregation mechanism has been proposed to explain the
formation of specific morphological crystals [111]. In this mechanism,
the primary particles preferentially self-assemble into highly ordered
superstructures, which have a clear external morphology. As shown in
Fig. 9A, surfactant polyethylene oxide-polypropylene oxide-poly-
ethylene oxide (P123) molecules were adsorbed on the surfaces of the
primary BiVO4 nanoparticles at a low pH value (pH < 3.0) [42]. The
surfactant adsorbed on the surface of the crystal formed primary par-
ticles. Primary particles preferentially self-assembled into highly or-
dered superstructures, which hindered the further growth of the crystal.
Due to the interaction of nanoparticles, a porous monoclinic BiVO4

microscopic object with an olive-like morphology was obtained. When
the pH was adjusted to 7.0, vanadium and niobium were presented in
the form of VO3

- and BiONO3, respectively. They further reacted to
form a BiVO4 crystal nucleus. These nanoparticles eventually self-as-
sembled into short rod-shaped BiVO4 nanoparticles after the surfactant
was removed by calcination. As the pH further increased to 11.0, pri-
mary BiVO4 nanoparticles could not be formed due to the strong
complexing ability between Bi3+ and OH− ions in the precursor solu-
tion. The dodecylamine molecule could undergo a complex reaction
with the formed complex, then assembling into a sheet-like entity. Fi-
nally, porous sheet-like spherical Bi4V2O11 particles were formed after

Fig. 8. The effect of surfactant concentration on (A) shape structure. Reproduced with permission from Ref. [94]. Copyright 2011 Royal Society of Chemistry. (B)
Dispersibility. Reproduced with permission from Ref. [93]. Copyright 2012 American Chemical Society (C) particle size. Reproduced with permission from Ref.
[101]. Copyright 2013 American Chemical Society. (D) Pore size distribution. Reproduced with permission from Ref. [104]. Copyright 2012 IOPscience (E) crystal
growth direction. Reproduced with permission from Ref. [73]. Copyright 2011 Royal Society of Chemistry.
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aggregation and crystallization. In addition, the pH of solution also
affects the crystal structure type, which often leads to a change in
crystal type [112]. The XRD patterns of the BiVO4 samples are shown in
Fig. 9B, from which it could be seen that BiVO4 showed a monoclinic
scheelite type at low pH. However, when the pH of the current bulk
solution was high, the BiVO4 sample showed a tetragonal structure type
(t-BiVO4) [61].

Apart from affecting the morphology and type of crystals, the pH
value of precursor solution sometimes also affects the composition of
the final product [42]. The Zn2GeO4 nanorods were prepared by the
hydrothermal method using CTAB as a surfactant, and the effect of pH
on the samples was studied [113]. The results showed that the com-
position of the product was closely related to the pH value. When the
pH of the precursor solution was 5–6, the sample consisted of H2GeO3.
However, a mixed sample Zn(OH)2 and Zn2GeO4 was obtained at
pH > 8, which was mainly related to the hydrolysis of substances. The
precursor of GeO2 was hydrolyzed to form HGeO3

−. When the con-
centration of HGeO3

− and Zn2+ reached the supersaturation of
Zn2GeO4, a small Zn2GeO4 core was formed. With the further grew of
the nucleus, the Zn2GeO4 crystal was finally obtained. According to Eq.
(3), increasing of the solution pH would reduce the concentration of
Zn2+ and generate more Zn(OH)2. In contrast, under acidic conditions,
a high concentration of Zn2+ could be generated, which encouraged the
generation of more Zn2GeO4 according to Eq. (2). In addition, the un-
reacted HGeO3

− could form H2GeO3.

+ → +
− +GeO H O HGeO H2 2 3 (1)

+ + → +
+ − −2Zn HGeO 3OH Zn GeO 2H O2

3 2 4 2 (2)

+ → +
+ +Zn 2H O Zn(OH) 2H2

2 2 (3)

3.4. The effect of synthesis method

As is known to all, the morphology and structure of the photo-
catalysts depend on synthesis method, which affects the microstructure
and properties of the photocatalysts [114–116]. Many researchers have
studied the effects of different preparation methods on photocatalyst
properties [117,118]. Tian et al. prepared TiO2/MWCNTs by sol-gel
method and solvothermal method with benzyl alcohol as a surfactant,
named SG-MWCNTs/TiO2 and SG-MWCNTs/TiO2, respectively, and
they also studied the effects of two preparation methods on the pho-
tocatalysts [115]. According to the XRD spectrum, it could be con-
cluded that the peak intensity of SG-MWCNTs/TiO2 (20%) was weak,
which indicated that the TiO2 nanoparticles prepared by the sol-gel
method was small and they had a low crystallinity. It could be seen
from the TEM spectrum that TiO2 nanoparticles aggregated on the

surface of the CNT in the sol-gel system. However, dispersion of CNTs
and nucleation of TiO2 on the surface of CNTs might be promoted due
to high pressure and high temperature environments in a solvothermal
reaction. Therefore, the TiO2 nanoparticles were uniformly decorated
on the CNTs. The results of catalytic degradation experiments showed
that ST-MWCNT/TiO2 (20%) had higher photocatalytic activity than
SG-MWCNT/TiO2 (20%).

3.5. The effect of calcination temperature

In general, there are usually some residual substances on the surface
of crystal after surfactant self-assembly, such as surfactants and sol-
vents. The presence of these substances on the crystal faces affects the
charge transfer, electromagnetic field strength and catalytic activity of
the final photocatalyst [43,119]. Therefore, in order to increase the
photocatalytic efficiency of the photocatalyst, it is necessary to remove
the surfactant remaining on the surface of the crystal.

In most cases, calcination is an effective method for removing or-
ganic surfactants remaining on the surface of the crystal. In addition,
calcination can improve the crystallinity of the photocatalyst, control
the crystal transformation and improve the photocatalytic activity
[120]. Moreover, according to the results of many literatures, different
calcination temperatures also affect the catalytic activity of surfactant-
assisted synthesis of photocatalyst [87,121]. Nanostructured ZnIn2S4
were formed by using oleylamine as the surfactant, and the effect of
calcination temperature on crystal morphology was studied [122].
Three peaks (0 0 6), (1 0 2), and (1 1 0) were observed in the XRPD of
the product prepared at 200 °C. When the calcination temperature had
risen to 300 °C, these peaks became sharper and more pronounced than
that of 200 °C. At the same time, the peak intensities at (1 0 1), (1 0 2),
and (1 1 0) increased, which indicated the increase of crystallinity. In
addition, the change of the calcination temperature also resulted in the
transformation of the crystal type. In the synthesis of bimodal porous
TiO2 by using benzyl alcohol as a surfactant, the structures of the cal-
cined TiO2 samples at different temperatures were characterized by
XRD [123]. As the temperature increased to 500 °C, the intensity of the
anatase-TiO2 diffraction peak became strong and sharp. However, when
the calcination temperature was raised to 650 °C, the intensity of the
diffraction peak decreased, and a rutile-type TiO2 derivative appeared.
The samples were all rutile at this time. These indicated that heat
treatment caused the growth of crystal size and subsequent phase
transitions at 800 °C. Therefore, the calcination temperature affects the
catalytic activity of the photocatalyst by regulating the morphology and
crystalline form of the photocatalyst [83].

Fig. 9. (A) The BiVO4 particles with various morphologies synthesized under different pH value conditions. (B) The XRD patterns of BiVO4 synthesized under
different pH value conditions. Reproduced with permission from Ref. [61]. Copyright 2013 Elsevier.
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3.6. The effect of direct addition of surfactants in degradation solution

In addition to improving the catalytic efficiency by modifying the
photocatalysts during the preparation process, the surfactant can also
be directly added to the degradation liquid to improve the degradation
efficiency of the photocatalyst, and the possible mechanism is shown in
Fig. 10. On the one hand, many surfactants and photocatalysts can form
ionic interactions or π-π interactions, which is beneficial to enhance the
dispersion of the photocatalyst in the solution and reduce aggregation.
On the other hand, the adsorption of surfactant molecules on the sur-
face of the photocatalyst particles must be specially considered. The
surfactant forms a single layer or double layer adsorption on the surface
of the photocatalyst by ion-dipole interaction or hydrogen bonding. The
adsorbed surfactant is capable of partitioning the substrate molecules
and reduce surface energy, which increases the density of active central
atoms exposed on the surface, thereby facilitating photocatalytic ac-
tivity [48]. Therefore, the substrate molecules have more opportunities
to occupy the active sites on the surface of the semiconductor
[124–126]. In the process of degradation of norfloxacin (NOF) by
Bi2WO6, the introduction of nonionic TX100 significantly improved the
degradation efficiency [127]. The TX100 molecule could easily bind to
the surface of Bi2WO6 through a hydrophilic group such as a hydroxyl
group. The surface-bound TX100 could pull the substrate molecule NOF
close to photocatalyst surface through hydrophobic interactions. In
addition, the electron transfer between the semiconductor surface and
NOF was promoted by the π-π interaction. Therefore, the addition of
surfactant TX100 improved the photocatalytic degradation efficiency of
Bi2WO6 to NOF.

In addition, partially amphiphilic surfactants can increase the so-
lubility of the substrate molecules in aqueous solution, thereby sig-
nificantly enhancing the adsorption of substrate molecules on the sur-
face of the photocatalyst particles and promoting the degradation rate
of the contaminants [128,129]. Some pollutants, such as toluene,
naphthalene, have low solubility in water and often float on the surface
of the water. In order to enhance the contact of the contaminant with
the photocatalyst, the use of a surfactant to reduce the surface tension
helps to overcome the rate-limiting step and improve the solubility of
the contaminants. Therefore, the addition of the surfactant increases
the chance of contact between the substrate molecules and the photo-
catalyst, which is advantageous for improving the catalytic degradation
efficiency. Zhang et al. studied the effect of surfactant TX100 micelles
on photocatalytic degradation of phenanthrene by TiO2 [129]. On the
one hand, the amphiphilic structure of TX100 can increase the solubi-
lity of phenanthrene in water, which significantly enhances the ad-
sorption of phenanthrene on the surface of TiO2 and increases the

degradation rate of photocatalyst to pollutants. On the other hand, the
authors also studied the effect of the concentration of TX100 on the
degradation of phenanthrene by TiO2. TX100 micelles provide a hy-
drophobic center that increases the degradation rate of phenanthrene at
a low concentration. However, the photocatalytic degradation rate of
phenanthrene is reduced when the concentration of TX100 is more than
2 g/L. This is attributed to the excess micelles hinder the movement of
the micelles containing phenanthrene, thereby reducing the adsorption
of phenanthrene by titanium dioxide.

4. Recent advances of surfactant-assisted synthesis of
photocatalysts

Based on a large number of researches, the surfactant-assisted
synthesis of photocatalysts has been greatly developed. As shown in
Fig. 11, current researches are primarily concerned with adding of
other substances during the synthesis process, combing with other
modification techniques (eg, doping element, building composites),
using theoretical calculations to analyze mechanism and developing
new surfactants.

4.1. Adding of other substances

Some literatures have studied the effects of the addition of sub-
stances, such as ionic liquids, organic additives or coordination chem-
istry, on crystal formation [61,130,131]. They can act as pore structure
templates, reducing agents and reaction rate control agent.

The principle of orderly graded porous mesocrystalline liquid
crystal phase can be produced based on the self-assembly of surfactant
and oppositely charged polyelectrolytes [31]. Firstly, anionic polymer
PAA was added to the cationic surfactant CTAB, and then self-as-
sembled into a composite complex colloid by electrostatic interaction as
a structure directing agent. The negatively charged phosphonic acid
molecules were then uniformly incorporated into the composite colloid
by electrostatic interaction. Secondly, hydrolysis and polymerization
began to occur after the active TiCl4 substance was added. During this
process, some of the PAA chains were separated from the complex to
form a PAA chain domain that could serve as a template for internal
pore formation. Finally, a graded mesoporous titanate-based metal or-
ganic skeleton photocatalyst HM-TiPPh was obtained, as shown in
Fig. 12A–D. Photocatalytic experiments showed that HM-TiPPh had
good photocatalytic hydrogen evolution rate and stability.

In addition, it has been reported that the third component is added
as a reducing agent to control the composition, structure, and mor-
phology of the photocatalyst [65]. Nguyen et al. used CTAB as a

Fig. 10. The possible mechanism of the enhanced adsorption of substrate onto photocatalyst surface in the presence of surfactants.
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surfactant to prepare Cu2O photocatalyst and studied the effect of
glucose as a reducing agent on the reaction [38]. The amount of glucose
in the reducing agent affected the composition, size, and shape of the
photocatalyst. As shown in Fig. 12E–H, the particle size of Cu2O in-
creases with Cu2+: glucose ratio. Besides, the prepared sample con-
tained a large amount of CuO when the glucose concentration was not
higher than the Cu2+ concentration. The rate of reduction could be
controlled due to the isomerization of glucose. Therefore, glucose as a
reducing agent can effectively control the composition, morphology,
and size of the photocatalyst.

However, the synthetic reaction rates of some photocatalysts are too
fast. In order to obtain a well-structured photocatalyst, it is necessary to
control the reaction rate. Research in this area has been reported in the
scientific literature. In the preparation of TiO2, the alkoxide titanium
precursor hydrolyzed rapidly and then condensed to form a Ti–O–Ti
network structure [132]. Unfortunately, this rapid reaction caused the
amorphous particles to precipitate rapidly and their structure was un-
controlled. Choi et al. prepared a controlled TiO2 film by sol-gel method
and Tween 80 surfactant as pore director [133]. Acetic acid (AcOH)

was used as the titanium dioxide sol modifier in an ethanol solvent. The
results showed that the successful synthesis route of Ti–O–Ti inorganic
network had controllability. The reaction process is as follows:

+ → +iPrOH AcOH iPrOAc HOH (4)

− + → − +Ti OiPr AcOH Ti OAc iPrOH (5)

− + → + −Ti OAc iPrOH iPrOAc Ti OH (6)

− + − → + − −Ti OiPr Ti OAc iPrOAc Ti O Ti (7)

In this case, the titanium-bonded acetate ligand could participate in
hydrolysis and polymerization to finally obtain Ti–O–Ti. This me-
chanism indicates that the addition of AcOH reduces the hydrolysis and
polymerization rate of the precursor and acts as a controllable agent for
the crystal.

4.2. Doping element

As shown in Table 3, with the development of surfactant-assisted
synthesis of photocatalysts, the research on its combination with other

Fig. 11. Recent advances of surfactant-assisted synthesis of photocatalysts.

Fig. 12. (A, B) SEM and (C, D) TEM images of HM-TiPPh. Reproduced with permission from Ref. [31]. Copyright 2018 Wiley. SEM images of the Cu2O synthesized at
Cu2+: glucose mole ratios of (E) 0.8:0.8, (F) 1.5:0.8, (G) 2.2:0.8, and (H) 2.9:0.8. Reproduced with permission from Ref. [38]. Copyright 2015 American Chemical
Society.
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photocatalysts modification technologies has become more frequent.
Among the many modification technologies, doping element can ex-
pand the photoresponse range of the photocatalyst and provide traps
for electrons or vacancies, suppress the recombination of electrons and
holes, and reduce the charge transfer barrier [134–136].

The introduction of doping elements is derived from surfactant or
other component in surfactant-assisted synthesis of photocatalyst
[102,137]. Surfactants are generally non-metallic and partially contain
N, P, and Cl, etc. These elements can be introduced into the photo-
catalyst by doping method [43,138]. On the one hand, the regulation of
the surfactant can be exerted to regulate the growth of the crystal. On
the other hand, doping by introducing elements improves the physi-
cochemical properties of the photocatalyst. They work together to in-
crease the photocatalytic reaction rate of the photocatalyst. Hyeok et al.
used a sol-gel method to synthesize N-TiO2 with high catalytic perfor-
mance under visible light by using a nitrogen-containing surfactant
DDAC as a nitrogen source [139]. On the one hand, DDAC was used as a
pore template material to regulate the structure and properties of me-
soporous TiO2. On the other hand, DDAC was used as a nitrogen dopant
to fill the band gap of TiO2 to reduce its band gap. The method si-
multaneously realized the synthesis of mesoporous TiO2 and the doping
of nitrogen. By studying the physicochemical properties and electronic
structure of TiO2 before and after N doping, it was shown that the ef-
fective optical band gap (Egeff) decreased after N doping, which meant
that N doping increased the visible light response of TiO2 photocatalyst.
At the same time, according to the X-ray photoelectron spectroscopy
XPS characterization results, the electron density around the Ti atoms
after doping was indicated. These changes in physicochemical proper-
ties and electronic structure indicated that the visible light catalytic
performance of TiO2 after N-doping was improved.

However, most surfactants are non-metallic surfactants, with the
exception of some precious metal surfactants such as Iridium-, ruthe-
nium-, rhodium-, and gadolinium-based metallosurfactants. To the best
of our knowledge, it is lack of literature available to obtain doped
photocatalysts by metallosurfactants. Therefore, the doping of some
metal elements requires the introduction of other third components at
present. Bouras et al. used Fe3+, Cr3+, and Co2+ as dopants, and TX100
as a surfactant to deposit a film of pure or doped titanium dioxide on a
glass slide by using a sol-gel method [140]. The results showed that the
presence of metal atoms resulted in changes in crystal size, partial loss
of crystallinity, and transition from the anatase phase to the rutile
phase. Moreover, the presence of Fe3+ led to a large redshift in the
absorption wavelength of UV–Vis. This might be due to the excitation of
electrons from ferric ions to the conduction band of the semiconductor.
Conversely, the presence of Cr3+ ions in TiO2 resulted in a structured
spectrum, which was apparently due to the transition within the ions
themselves. Co2+ doped TiO2 produced a red shift in the visible spec-
trum and an additional broad absorption band at long wavelengths.
Among the three cations, only Fe3+ doped TiO2 nanocrystallites had

photocatalytic behavior in the visible range. The efficiency increased to
a maximum of 20% at high Fe3+ dopant concentrations.

4.3. Building composite photocatalysts

Aside from being applied to doped crystals, surfactants can also be
used to control the formation of composite photocatalysts. The com-
posite photocatalyst can promote the effective separation of photo-
generated electrons and holes, and inhibit the recombination of elec-
trons and holes. Therefore, the efficiency of the photocatalytic reaction
is improved.

Hollow core-shell composites are ideal photocatalysts due to their
low density, high specific surface area, low coefficient of thermal ex-
pansion and refractive index [141]. Wang et al. prepared monodisperse
SiO2-shell/ZnO-nuclear composite nanospheres in an oil-in-water mi-
croemulsion system [142]. The system used cyclohexane as the oil
phase and TX100 as the surfactant. Finally, composite nanospheres
with high core loading and adjustable shell thickness were obtained. In
this study, the thickness of the SiO2 coating affected the photocatalytic
activity of ZnO nanoparticles. The thick SiO2 shell resulted in low
photocatalytic activity of the composite nanospheres. Under the thick
SiO2 shell, the composite nanosphere had high photocatalytic activity.

The carrier can serve to support and disperse the active component
by supporting the metal oxide on the carrier, and at the same time,
increase the strength of the photocatalyst [78]. Li et al. prepared CNT/
TiO2 nanoparticle with uniform-shell coating by a surfactant-coated sol-
gel method from different TiO2 precursors and sodium dodecyl benzene
sulfonate (NaDDBS) surfactant-dispersed CNTs [143]. The photo-
degradation results of methylene blue had indicated that CNT/TiO2

nanocomposites had high photocatalytic efficiency. Besides, the thick-
ness of TiO2 film was the key factor for controlling the electron transfer
and photocatalytic activity of CNT/TiO2 nanocomposites.

4.4. Using theoretical calculations

With the development of computing technology, theoretical calcu-
lations have been used to design photocatalysts structures, predict
photocatalyst properties, and perform related mechanism analysis
[144–147]. The surface energy is an important indicator when studying
the effect of surfactants on crystals. Surface energy not only determines
the surface structure and stability of the photocatalyst but also reflects
the catalytic activity [57]. Su et al. used the calculation to study the
effect of surfactant SDS on the surface of Cu2O [48]. The surface ter-
mination and facet orientation of Cu2O nanoparticles were precisely
adjusted by adjusting the amount of hydroxylamine hydrochloride and
surfactant. It was found that Cu2O nanoparticles having a Cu-terminal
(1 1 0) or (1 1 1) surface exhibited high photocatalytic activity. As
shown in Fig. 13A–C, the results of density functional theory (DFT)
simulations confirmed that SDS could reduce the surface free energy of

Table 3
The combination of surfactants and other photocatalyst modification technologies in photocatalyst synthesis.

Modification techniques Surfactant Photocatalyst Ref.

Doping element Cetyltrimethylammonium bromide (CTAB) N-doped Bi2O2CO3 [43]
Tetrabutylammonium chloride, tetrabutylammonium bromide, tetrabutylammonium iodide BiOXs [138]
Polyethylene oxide-polypropylene oxide-polyethylene oxide (P123) P-doped TiO2 [203]
Tween 80 S-doped TiO2 [134]
P123 Ag/V codoped TiO2 [79]

Building composite photocatalysts CTAB, sodium lauryl sulfate SiO2/CdSe-graphene [202]
CTAB Bi2WO6-graphene [204]
Sodium dodecyl sulfate (SDS) HT-DS/2TiO2 [205]
Glucose TiO2@Au@C [141]
Graphene oxide (GO) Au-Pd/GR [206]
CTAB BiOBr/montmorillonite [207]
Laurylamine hydrochloride TiO2–In2O3 [208]
Triton-X100 (TX100) CeO2–TiO2 [209]
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Cu termination surface and increase the density of Cu atoms exposed on
the crystal surface, which was beneficial to photocatalytic activity
[148,149]. In addition, by studying the effect of SDS on the crystal
morphology, the results showed that the SDS was chemically adsorbed
by the SO4CH3 group. Therefore, the end face of Cu2O was made to
have high energy and a large amount of Cu exposed on the surface.

With the help of theoretical calculations, the elements of surfactant
have been studied for the doping with crystals. Zhou et al. calculated
the effect of the N doping of CTAB surfactant on the structural prop-
erties of Bi2O2CO3 [43]. Through DFT calculation and XPS character-
ization, it was revealed that the N doping in the surface of Bi2O2CO3

belongs to gap doping, and the formation of N–O bonds in the crystal
lattice was revealed based on the change in the bond length of Bi–O.
Furthermore, as shown in Fig. 13D and F, the hybridization between the
N and O formed a dispersed valence band (VB) after nitrogen atoms
were added, which facilitated the transfer of photogenerated carriers.
Therefore, the surface N-doped Bi2O2CO3 nanosheets exhibited strong
visible light photocatalytic activity. Besides, it was confirmed that the
electron density overlapping occurred between the N and O atoms after
N doping, according to the partial density of states (DOS) as shown in
Fig. 13F.

4.5. Developing new surfactants

Surfactants have unique surface chemistry, which has led to their
application in many fields, and their demand will grow rapidly.
However, in most existing self-assembly protocols, surfactants are used
only as conditioning agents, which are subsequently removed by cal-
cination rather than as a functional component to improve the catalytic
activity of the photocatalyst. Therefore, the development of new sur-
factants for the construction of supramolecular nanoparticles remains a
critical issue [150,151]. The edge of GO is mainly composed of a car-
bonyl group and a carboxyl group, and an epoxy group and a hydroxyl
group are present on the surface of the substrate [152]. This gives GO
an amphiphilic property, which is hydrophilic at the periphery and
hydrophobic at the center. Therefore, GO can be used as a surfactant to
regulate the synthesis of photocatalysts [68]. Guo et al. reported the

formation of a 1D supramolecular zinc porphyrin (ZnTPyP) with a well-
defined internal structure by self-assembly of a novel surfactant,
namely GO [76]. Then, the photocatalytic degradation of rhodamine B
was carried out by 1D ZnTPyP prepared by self-assembly of conven-
tional surfactant CTAB and novel surfactant GO, respectively. The ex-
perimental results showed that ZnTPyP prepared by GO had higher
photocatalytic degradation efficiency than photocatalyst prepared by
CTAB.

Biosurfactants, such as various amino acids, have been widely used
in the synthesis of nanostructures due to their good biocompatibility,
water solubility and abundant functional groups in the molecular
structure [153–155]. Cropek et al. used arginine as a surfactant to
modify TiO2 nanoparticles [153]. Compared with unmodified TiO2, the
arginine-modified TiO2 photocatalyst completely changed the de-
gradation pathway of nitrobenzene. During the degradation process,
arginine could act as a hole trapping agent, thereby reducing electron/
hole recombination and improving photocatalytic degradation effi-
ciency. Dong et al. synthesized the Ce/Mo hierarchical structure by a
simple method in the presence of surfactant amino acids [156]. Then,
the photocatalytic activity of Ce/Mo photocatalysts for different dyes
such as methylene blue, Congo red and methyl orange was studied. The
experimental results showed that Ce/Mo had obvious photocatalytic
degradation efficiency for Congo red under visible light irradiation.

5. The environmental application of surfactant-assisted synthesis
of photocatalysts

The photocatalysts prepared by surfactants generally have a good
morphology, active crystal face exposure, and excellent pore structure,
resulting in excellent photocatalytic performance [31]. They are widely
used in the environmental and energy fields due to their good catalytic
performance [30,43,49]. As shown in Fig. 14, many researchers have
reported the application of surfactant-assisted synthesis of photo-
catalysts in the environment, including pharmaceuticals, pesticides,
organic dyes, benzenes, algal toxins, antibacterial, heavy metals, and
toxic gases, etc., and relevant applications in recent years are sum-
marized in Table 4.

Fig. 13. Surface free energy of different Cu2O surfaces: (A) (1 0 0), (B) (1 1 0) and (C) (1 1 1). Reproduced with permission from Ref. [48]. Copyright 2017 Elsevier.
The band structure and DOS of (D) Bi2O2CO3 (0 0 1) and (E) N-Bi2O2CO3 (0 0 1) surface; (F) the partial DOS of N and O atoms in N-Bi2O2CO3 (0 0 1) surface.
Reproduced with permission from Ref. [43]. Copyright 2016 Elsevier.
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5.1. Pharmaceuticals

With the development of the pharmaceutical industry and the in-
crease in non-prescription drugs abuse, the problem of pharmaceuticals
pollution has become increasingly serious, causing irreversible damage

to the environment. Various pharmaceutical, such as antibiotics, an-
ticonvulsants and antidepressants, and non-steroidal anti-inflammatory
drugs, are often found in water. The use of photocatalyst technology to
solve the problem of pharmaceuticals pollution has been reported by
many people [157–159].

Fig. 14. Application in the environment of surfactant-assisted synthesis of photocatalysts.

Table 4
Overview of researches on surfactant-assisted preparation of photocatalysts for enhanced pollutants removal.

Surfactant Photocatalyst Pollutant Maximum removal rate Ref.

Triton-X100 (TX100) Bi4O5Br2 Tetracycline hydrochloride 75% [162]
Cetyltrimethylammonium bromide (CTAB) SnO2 Carbamazepine 97% [7]
Polyethylene oxide-polypropylene oxide-polyethylene oxide (P123) Sn-TiO2 Ibuprofen 25% [169]
n-Dodecylamine Si-CuF16Pc 2,4-Dichlorophenoxyacetic acid 90% [210]
Polyvinylpyrrolidone (PVP) H2TPyP Methyl orange 80% [109]
PVP BiOBr/Bi Methyl orange 73% [44]
Oleic acid (OA), oleylamine ZnIn2S4 Methyl blue 66% [122]
P123 BiVO4 Methyl blue, phenol 90% [149]
Sodium dodecyl sulfate (SDS) Cu2O Methyl orange 90% [48]
PVP Zn2SiO4 Methyl orange 42% [87]
Chiral liquid crystalline CNLC–RGO–CLCS Methyl blue 95% [150]
sodium dodecyl sulfate (SDS) BiOBr Methyl orange 77% [148]
SDS Se Methylene blue 90% [71]
CTAB Cu2O Methyl orange 90% [38]
Myristyltrimethylammonium bromide ZnTPP Methyl orange 90% [56]
LiNO3 PbTiO3 Methyl blue 99% [211]
CTAB BiOBr–Mt Rhodamine B 99% [207]
Alcohols SrTiO3 Methyl blue 76% [151]
Sodium lauryl sulfate CdSe-graphene Methyl blue, reactive Black B 99% [202]
P123 TiO2 4-Chlorophenol 99% [121]
TX100 Fe2O3 2-Chlorophenol, 2-nitrophenol 99% [212]
Glucose TiO2@Au@C 4-Nitroaniline, 4-nitrophenol 93% [141]
Triton X-114 AgTiO2 4-Chlorophenol 90% [174]
Dodecylamine BiVO4 Phenol 96% [42]
Mesoporous silica TiO2 Nonylphenols, heptylphenol 99% [213]
P123 Ag-AgBr/Al2O3 2-Chlorophenol, 2,4-dichlorophenol 99% [214]
CTAB Li9Fe3(P2O7)3(PO4)2 Phenol 70% [81]
Tween 80 C-N-TiO2 Microcystin-LR 70% [181]
P123 C, N and S co-doped TiO2 Microcystin-LR 100% [215]
Cetyltrimethylammonium bromide (CETAB) TiSi Pb2+, Cd2+ 100% [189]
CTAB N-doped Bi2O2CO3 NO 30.4% [43]
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5.1.1. Antibiotics
Antibiotics are a class of chemicals that interfere with the devel-

opmental functions of other living cells. These pharmaceuticals are
difficult to microbial degradation in environmental waters and are ac-
companied by environmental water migration and transformation. The
photocatalytic degradation of antibiotics, such as tetracycline and sul-
fonamides, has received a lot of attention [160,161]. Bi4O5Br2 with an
adjustable 2D nanosheets was synthesized by using TX100 as a stabi-
lizer and an ionized liquid-in-water microemulsion method [162]. The
SEM and TEM results showed that the concentration of the surfactant
significantly affects the morphology and size of the Bi4O5Br2 crystal.
The photocatalytic degradation of tetracycline hydrochloride showed
that Bi4O5Br2 has high photocatalytic efficiency under visible light ir-
radiation, due to its hollow/layered spherical structure and Bi-rich
strategies.

5.1.2. Anticonvulsive and antidepressant
Anticonvulsive pharmaceuticals, such as carbamazepine, buspirone,

and amitriptyline, are persistent organic pollutants and difficult to
biodegrade in environmental waters [163–165]. As a sedative, carba-
mazepine can cause serious toxicity in the hematopoietic and liver
systems. In addition, it may reduce the ability of fish to escape [166].
However, carbamazepine is sensitive to photodegradation. Therefore,
many studies have reported the photocatalytic degradation of carba-
mazepine by utilizing various photocatalysts [167]. Begum et al. con-
ducted a photocatalytic degradation of carbamazepine by SnO2 [7]. The
SnO2 nanoparticle size was controlled by the addition of a surfactant
and adjusting the annealing temperature. The characterization results
showed that the SnO2 nanoparticles synthesized by the cationic sur-
factant CTAB (SC1) were smaller size than the SnO2 nanoparticles
synthesized with the anionic surfactant SDS (SS1). The average size of
the SnO2 nanoparticles formed at a lower annealing temperature of
300 °C was less than that synthesized at 600 °C. Degradation experi-
ments showed that the degradation rates of carbamazepine in the
synthesized SC1 and SS1 within 60min was 97% and 92% under UV-C
illumination, respectively.

5.1.3. Non-steroidal anti-inflammatory drugs
Non-steroidal anti-inflammatory drugs, such as diclofenac, ibu-

profen, naproxen, and acetaminophen, are widely used as prescription
and over-the-counter drugs because of their elasticity and stable che-
mical properties, which have been readily detected in environmental
waters in recent years [168]. Compared with other pharmaceuticals,
there are more studies on the photocatalytic degradation of these drugs.
Solis-Casados et al. used a surfactant assisting technique with P123 as a
template to obtain Sn-modified TiO2 powders having different tin
contents, which was advantageous for forming an anatase/rutile mix-
ture at an annealing temperature as low as 350 °C [169]. Then, the
photocatalytic degradation properties of TiO2-based photocatalysts for
NSAID, diclofenac, ibuprofen, and acetaminophen were investigated.
The results indicated that each type of photocatalyst had selectivity or
affinity for the degradation of a particular drug.

5.2. Pesticides

Pesticides, such as insecticides and herbicides, are developed to
protect the growth of crops, but excessive pesticides can easily cause
harm to people and the environment. For example, the pollution of soil,
atmosphere, and groundwater by pesticides retained in the soil, which
is one of the most toxic and dangerous chemicals to the water source
[170]. Pesticide contamination is a global problem and there is an ur-
gent need to apply efficient, economical and sustainable methods to
solve it. Chlorpyrifos is a broad-spectrum organophosphorus pesticide,
which is especially effective for the control of underground pests. It is
used to pollute water when it is used for irrigation, which threatens
human health. Perveen et al. synthesized the Ti0.85Sn0.15O2 by the sol-

gel method using the docusate sodium salt surfactant as a template
[171]. The characterization results indicated that the surfactant played
an important role in controlling the size and band gap of the photo-
catalyst, thus affecting the catalytic activity of the photocatalyst. Pho-
tocatalytic degradation of the chlorpyrifos showed that the pH value of
the solution affected the photocatalytic degradation activity, indicating
that the degradation reaction was related to %OH and positive holes. At
pH=5.8, the maximum degradation rate was 92%.

5.3. Organic dyes

Organic dyes, such as methyl blue, methylene blue, methyl orange,
methyl red and rhodamine B, etc., are mainly from the textile industry
and cause serious pollution to river water, leading to changes in water
ecosystems and serious threats to the lives of animals and plants
[172,173]. Moreover, with the continuous development of the dye in-
dustry, dye wastewater has become a major source of water pollution.
The surfactant-modified zinc silicate, zinc oxide and cerium oxide were
reported for photodegradation of dyes in wastewater [44,87,150]. Zhou
et al. prepared N doped BiOCl by using a nitrogen-containing CTAB
surfactant [43]. The experimental results of photocatalytic degradation
of RhB indicate that BiOCl-CTAB can completely degrade RhB in
10min, while BiOCl takes 30min. According to the UV–vis absorption
spectrum, the band gap of BiOCl was decreased after the addition of
CTAB. Consequently, CTAB-assisted synthesis of BiOCl has high pho-
tocatalytic activity.

There are many articles that report the removal of organic dyes
using surfactant-assisted synthesis of photocatalysts. Zhu et al. syn-
thesized Ag/AgBr/GO Nanocomposite via Oil/Water and Water/Oil
Microemulsions [68]. The photocatalyst obtained when the GO was
combined with Ag/AgBr has a small size, which is attributed to the
unconventional polymeric surfactant GO acting as a blocking agent or
stabilizer, hindering the growth of photocatalyst crystals. In addition,
the effect of surfactant CTAB addition was also investigated. When
CTAB is added, a direct microemulsion system is formed. In this oil/
water microemulsion system, the polar head group (–N(CH3)3+) and
the counter ion (Br−) of CTAB dissolve and induce the collision of Ag+

and Br− to produce AgBr, in which the reaction is mainly carried out on
the outer surface of the oil phase. Therefore, the surface of AgBr is
mainly blocked by Ag, resulting in relatively high photocatalytic ac-
tivity. The results of photocatalytic degradation showed that the de-
gradation rate of methyl orange by Ag/AgBr/GO prepared by oil/water
microemulsion was 94%.

5.4. Benzenes

Benzenes, such as phenol, chlorophenol, and p-nitrophenol, are
common pollutants emitted by human activities [174]. Many kinds of
benzenes are toxic to organisms and can pose a direct hazard to human
health. As a highly efficient photocatalyst, BiVO4 has excellent physi-
cochemical properties and crystal structure, which has received much
attention in recent years [175,176]. A monoclinic BiVO4 single crystal
was obtained by a hydrothermal method using a triblock copolymer
P123 as a surfactant [149]. The photocatalytic degradation efficiency of
BiVO4 to phenol under visible light irradiation was evaluated. The ex-
perimental results showed that after 4 h of visible light irradiation, the
conversion of phenol was as high as 91% by BiVO4, and the conversion
rate of phenol was only 4% by commercial TiO2 (P25). The efficient
photocatalytic efficiency of BiVO4 might be related to its high surface
area, pore structure, low band gap energy, and particle morphology.

In addition to studying the photocatalytic degradation of phenol, it
is also important to study the photocatalytic degradation behavior of
phenolic derivatives. Mao et al. obtained different sizes of graded
porous and (0 0 1) crystal face exposure ratios of Bi3O4Br by adjusting
the concentration of surfactant TX100, and the photocatalytic de-
gradation behavior of various phenol derivatives was studied [177].
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The experimental results showed that the by the hollow spheres and the
(0 0 1) crystal face exposed nanosheets assembled Bi3O4Br not only
exhibited high-efficiency visible light photocatalytic performance for
phenolic derivatives but also exhibited long-lasting and universal
photocatalytic oxidation ability.

5.5. Algal toxins

In freshwater supplies, contamination of plant nutrients such as
nitrogen and phosphorus can cause eutrophication of water bodies,
causing some algae to grow wild, and these toxins threaten the public
health of water supplies. Among most eutrophic waters, cyanobacteria
are numerous and dominant species. Microcystin-LR is a kind of bio-
logically active cyclic heptapeptide compound produced by many cy-
anobacteria commonly found in rivers [178,179]. It is the most widely
distributed hepatic toxin and is listed in the new pollutant candidate list
(CCL1-3) of the USEPA [180]. Therefore, there is an urgent need to
develop an innovative and practical technology to solve this problem.
Dionysiou, D. D research group has done a lot of research work to solve
this problem. They had synthesized a series of TiO2-based films pho-
tocatalysts with surfactants to study photocatalytic degradation of mi-
crocystin-LR [180–182]. C-N-TiO2 films (5 layers) were prepared by the
sol-gel method using nonionic surfactant tween 80 as pore director and
carbon precursor [181]. The effects of different calcination tempera-
tures on the structure and properties of the materials were investigated.
The photocatalytic degradation of microcystin-LR showed that the
photocatalyst prepared by surfactant and ethylenediamine could sig-
nificantly improve the photocatalytic degradation activity compared
with the photocatalyst prepared without them. This is attributed to the
fact that the presence of carbon and nitrogen expands the light ab-
sorption range of the photocatalyst, effectively narrowing the band gap
and inhibiting the transformation of anatase into rutile.

5.6. Antibacterial

Biological contaminants, such as bacteria, viruses, and fungi, can
erode the hull and cause disease in humans, animals, and plants [183].
The photocatalyst can produce ·OH with the strong oxidizing property,
which inactivated the bacteria's super-oxidation ability to destroy the
cell membrane of the cell to cause bacterial death. In addition, it can
also coagulate the virus protein and inhibit the virus activity to achieve
the purpose of inactivating the virus [184,185]. Therefore, the photo-
catalyst has a strong bactericidal ability. Li et al. synthesized ZnWO4 by
hydrothermal method using three different surfactants, i.e. ((ethylene
glycol) EG, (sodium dodecyl benzene sulfonate) SDBS, and CTAB)
[186]. Then, the ZnWO4 film was used as the anode to study the in-
activation behavior of marine organisms under 2 V, 254 nm ultraviolet
light. SEM and TEM results show that the surfactant can affect the
morphology and microstructure of ZnWO4. The results of degradation
showed that all photocatalysts synthesized with the aid of surfactants
showed enhanced activity compared to photocatalysts without surfac-
tant synthesis. For example, the photocatalyst prepared with the EG
surfactant has a microbial inactivation time of 7min, while the pho-
tocatalyst prepared without a surfactant has a prolonged 36% for
11min. This is mainly due to the fact that the EG sample prepared using
the surfactant has a broadband gap and a high normal valence band,
which is advantageous for the formation of holes having the strong
oxidizing ability.

5.7. Other applications

In addition to the above applications in the environment, some lit-
eratures have reported the application of surfactant-assisted synthesis
of photocatalysts in the catalytic transformation of heavy metal ions
and toxic gases.

5.7.1. Heavy metals
Heavy metals can interact strongly with proteins and various en-

zymes in the human body, making them inactive and causing great
harm to the human body [187,188]. In addition, heavy metals are
highly enriched and difficult to degrade in the environment. Mishra
et al. used CETAB as a surfactant to prepare a titanium dioxide pho-
tocatalyst mixed with silica and zirconia, respectively, and studied the
removal of Pb2+ and Cd2+ in water [189]. The experimental results
showed that the removal rate of the photocatalyst within 60min is 89%
in visible light. Moreover, the photocatalyst could achieve complete
removal of Pb2+ and Cd2+ in 60min by using sodium formate as an
organic hole scavenger. After that, Mishra et al. synthesized spherical
silica and zirconia mixed titanium dioxide through CTAB as a surfac-
tant, and studied the effect of surfactant concentration and calcination
temperature on the photocatalyst. The results of characterization and
photocatalytic degradation experiments showed that the surfactant
concentration had a great influence on the morphology of the photo-
catalyst and the calcination temperature affects the performance of
photocatalyst degradation of lead.

5.7.2. Toxic gases
Toxic gases are mainly derived from industrial pollution, combus-

tion of coal and oil, and spoilage of biological materials. It mainly in-
cludes ammonia, ozone, nitrogen dioxide, sulfur dioxide, carbon mon-
oxide, hydrogen sulfide, etc [190,191]. It has a stimulating effect on the
respiratory tract and is easily inhaled to cause poisoning. Zhou et al.
prepared a N-doped Bi2O2CO3 nanosheet photocatalyst by room tem-
perature chemical method using a nitrogen-containing surfactant CTAB
[43]. The results showed that the addition of CTAB not only affected the
growth of crystallization but also changed the surface properties of
Bi2O2CO3 through the interaction between them. The formation of N–O
bond improved the light absorption range and charge separation effi-
ciency, which led to an increase in photocatalytic activity in visible
light. At the indoor air levels, the photooxidation of NO by Bi2O2CO3-
CTAB could be as high as 30.4% in 5min. Conversely, the photo-
oxidation of NO by Bi2O2CO3 is only 6.7% in 5min.

Volatile organic compounds (VOCs) are a series of volatile organic
compounds such as styrene, propylene glycol, glycol, phenol, toluene,
and formaldehyde, etc., which threaten human life [192–194]. Wang
et al. synthesized TiO2 film by the sol-gel method, using Tween 80 as a
surfactant [195]. Combined with SEM, it can be concluded that the
prepared TiO2 film has a large specific surface area, a uniform size and
a compact structure, which was attributed to Tween 80 acts as a pore
directing agent. In addition, photocatalytic degradation of for-
maldehyde by Al-supported TiO2 film was also investigated. The ex-
perimental results show that the conversion rate of formaldehyde to
TiO2 thin film photocatalyst assisted by surfactant is 99%.

6. Conclusions and future prospects

Surfactants play an important role in the preparation of photo-
catalysts. This review summarizes the influencing factors in the sur-
factant-assisted synthesis of photocatalysts in detail. Firstly, the me-
chanism and synthesis method are reviewed, and then the affecting
factors, including surfactant type, surfactant concentration, solution
pH, synthesis method, and calcination temperature are discussed. The
results showed that the reaction conditions affect the photocatalytic
efficiency of the photocatalyst by regulating the morphology, compo-
sition, and crystal face exposure of the photocatalyst. Secondly, the
recent advances of surfactant-assisted synthesis of photocatalysts are
summarized. The recent advances, such as adding other substances
during the synthesis process and combining with other photocatalytic
modification techniques, using theoretical calculations and developing
new surfactants are discussed in detail. Finally, the application of sur-
factant-assisted photocatalysts in the removal of pollutants from was-
tewater is summarized.
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However, there are still some shortcomings in the surfactant-as-
sisted synthesis of photocatalysts photocatalytic technology. For ex-
ample, the mechanism of action of surfactants is still not clear, and the
influencing factors in the synthesis of photocatalysts need further in-
vestigation. Therefore, in order to much more accurately use surfac-
tants to adjust the formation of photocatalysts, further studies are still
needed.

(1) Roles of surfactant. Although we have summarized the effects of
surfactants in the preparation of photocatalysts, current research is
not sufficient. Surfactants can act as shape control agents, dis-
persants, templating agents, and carrier, etc., which results in the
complex mechanism of surfactants in the photocatalyst preparation
process. Therefore, further research is needed.

(2) Influencing factor. In this paper, we mainly summarize the types of
surfactants, indicating the effects of active agent concentration,
solution pH, synthesis method and calcination temperature on
surfactant-assisted photocatalysts. Further exploration is needed to
explore the influencing factors, such as ultrasonic power, pressure,
and mixing of the third component.

(3) Theoretical calculations. At present, the research on the surfactant-
assisted synthesis of photocatalysts by theoretical calculations is
rare, which is mainly focusing on surface energy. With the con-
tinuous development of theoretical calculations in the field of
photocatalysis, the theoretical calculation can be used to achieve
photocatalyst screening, design, structural property analysis (such
as forbidden band, the density of states, electron density distribu-
tion), and mechanism analysis. However, the level of theoretical
calculations has not been fully reflected in this field.

(4) Developing new surfactants. As people's awareness of environ-
mental protection increases, it is imperative to develop new and
environmentally friendly surfactants. At the same time, the use of
biosurfactants in the preparation of photocatalysts should be ex-
panded. In addition, new functional surfactants, such as graphite
oxide, should also be developed.
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