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Targeted degradation of environmental pollutants (EPs) has attracted increasing attention in the field of
environmental science. By integrating the advantages of both conventional photocatalysis and molecular
imprinting, molecularly imprinted photocatalysts (MIPCs) are proposed for selective removal of target
EPs. At present, how to design efficient MIPCs has become a timely research topic. Here, we review the
comprehensive design and synthesis routes of MIPCs related to photocatalytic performance, including
the selection of photocatalytic matrixes, templates, monomers, and cross-linkers. Also, various kinds of
applications of selective photocatalysis by molecular imprinting are summarized, such as the fabrication

Received 31st July 2022, of photoelectrochemical sensors and the photocatalytic degradation of target EPs based on the

Accepted 30th September 2022 oxidation, reduction, and derivation systems. Finally, we discuss some potential challenges in the
development of emerging MIPCs. The purpose of this review is to offer helpful guidance for

the preparation of novel MIPCs and outlooks on the targeted monitoring and removal of environmental
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1. Introduction

Since the Honda-Fujishima effect was reported in 1972, plenty
of photocatalytic materials with semiconducting properties
have been synthesized and widely applied in environmental
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and energy fields." Due to their suitable band-gap width and
valence/conduction band position, TiO, semiconductors have
been widely considered to prepare photocatalysts in the past
few decades.’ Moreover, for degradation of contaminants with
advanced oxidation processes (AOPs) via photocatalysis, the
anatase TiO,-based photocatalyst is always more preferred than
the other two polymorphs (the rutile and brookite) because of its
photocatalytic activity.* Besides, to enhance photocatalytic perfor-
mance, many original studies on the synthesis of photocatalysts
using ZnO, CdSe, g-C;N, or other nanomaterials as the photo-
catalytic matrix are reported.” However, because the degradation
of environmental pollutants (EPs) by the AOPs is a hydroxyl
radical reaction, the reaction selectivity of the AOPs is poor and
of major global concern in the targeted degradation of EPs.®®
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Fig. 1
the synthesis of molecularly imprinted polymers (MIPs).

Molecular imprinting is a straightforward technique for
the production of specific cavities on molecularly imprinted
polymers (MIPs) using a template molecule.” Because of
the high selectivity achieved by the template, MIPs have
been widely used in chemical separation,'®'* drug delivery,**
plastic antibodies,"? sensors,'* and catalysis.'> Recently, selec-
tive removal of EPs using molecular imprinting has gained
considerable attention.'® By combining the benefits of both
AOPs and molecular imprinting, Shen et al. first developed an
efficient approach for selective removal of EPs in 2007."” During
photodegradation, a hybrid semiconductor photocatalyst
grafted with a conductive MIP layer enhanced the photocataly-
tic decomposition of the EPs.'®

With the past 15 years of development, hundreds of studies
involving molecularly imprinted photocatalysts (MIPCs) have
been reported.’>* As shown in Fig. 1(a), the number of publica-
tions reported in the web of science (WOS) has increased each
year, especially in the last two years there has been a significant
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(@) Amount of papers on photocatalysis based on molecular imprinting from the WOS data since 2007 to 2021. (b) Schematic representation of

increase (over twice the amount). Therefore, a comprehensive
overview of MIPCs from design to application will be significant to
the researchers interested in this field. Accordingly, this review
introduces the basic principles of molecular imprinting and
selective photocatalysis. The design and synthesis routes of MIPCs
related to photocatalytic performance are fully investigated, which
included the selection of a suitable matrix, template, monomer,
cross-linker etc. We also review various kinds of applications of
selective photocatalysis by molecular imprinting, such as selective
photocatalytic removal of organics, antibiotics, and metal ions
based on conventional oxidation, reduction, and derivation sys-
tems, and especially highlight the fabrication of photoelectro-
chemical sensors for enhancing detection selectivity. Finally,
some potential challenges to be overcome and efforts that should
be made by researchers are discussed. We believe that this review
offers helpful guidance for the preparation of novel MIPCs and
outlooks on the targeted monitoring and removal of environmen-
tal pollutants via MIPCs.
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2. Molecular imprinting and selective
photocatalysis

The idea of molecular imprinting was put forward by Pauling
during the study of the interaction between a protein antibody
and an antigen in the 1940s.>* Following this work, molecular
imprinting has become a powerful technique for the synthesis
of polymer matrices that function as synthetic receptors.’ The
schematic representation of the synthesis of MIPs is shown in
Fig. 1(b). Typically, the functional monomers and the template
initially form a complex by self-assembly. With an initiation,
the complex in the presence of a cross-linker is polymerized.
After removal of the template under certain conditions, cross-
linked polymeric materials (named MIPs) are obtained.'® It is
known that the specific recognition ability of MIPs depends on
the morphology and the functional groups of the template.'?
Hence, the template molecules should satisfy the following
several requirements: they (i) should possess excellent chemical
stability during the polymerization, (ii) should contain func-
tional groups for imprinting, and (iii) should not contain
groups involved in polymerization. In the literature, heavy
metal ions, drugs, saccharides, peptides, proteins, cells,
viruses, and bacteria have been successfully used as templates
for molecular imprinting.”*?

Photocatalysis is a process of converting light energy into
chemical energy by the photoexcitation of the valence electrons
into the conduction band. The excited electrons (e”) in the
conduction band can reduce adsorbed chemicals on the surface
of photocatalysts and the valence band holes (h*) show oxida-
tion, and the coupled e~ and h* are named charge carriers.>>?°
Thus, the photocatalytic performance is attributed to the
separation of photogenerated electrons and holes. In other
words, the width of the band gap and the position of the
valence/conduction band are crucial factors for the photocata-
lytic properties. For example, a schematic representation of
molecular orbital interactions between titanium (Ti) and oxy-
gen (O) of anatase TiO, semiconductors is shown in Fig. 2(a),
where the band gap is 3.20 eV.”” For EP degradation using pure
anatase TiO,-based photocatalysts, different processes of the
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charge carriers can be carried out only under ultraviolet (UV)
light (4 < 387 nm) irradiation (Fig. 2(b)). But the recombina-
tion of charge carriers generally wastes lots of energy (>90%).
Moreover, during the redox reaction process of EP degradation,
charge carriers can be transformed into different oxidants, such
as hydroxyl radicals (*OH). As shown in the following eqn (1)—(9),
with exposure to the *OH radicals, EPs (like organics) could be
completely mineralized into CO,, H,O, and mineral salts.

TiO, + hv — e~ +h" (1)

e +h" > energy (2)

h* + H,0 - *OH + H' 3)

h*+ OH - *OH (4)

e +0, » 0, 5)

°0O,  + H,0 - *OOH + OH™ (6)
2HO,* — H,0, + O, )

e+ H,0, — *OH + OH™ (8)

*OH (or h') + organics — CO, + H,0 9)

For EP degradation, superoxide radical anions (*O, ") reduced
by e~ and molecular oxygen and hydroperoxyl radicals (*OOH)
formed by the combination of *0,~ and H' play important roles,
the same as that played by *OH, but only a small portion of
charge carriers can be separated forming oxidants in a typical
photocatalysis process.”®*?° Although ZnO, WO;, ZnS, and CdS
are also widely used to form photocatalysts, routine photocata-
Iytic degradation in the liquid phase is non-selective because of
the free radical mechanism.>*?' These greatly limit the perfor-
mance of photocatalysts for the removal of low-level EPs in the
presence of high-level less harmful pollutants. Therefore, selec-
tive photocatalysis has received more attention in the past few
decades. And many strategies to enhance the selectivity of TiO,-
based photocatalysts have been reported, including controlling
the surface electric charge via adjusting the pH of reaction,
coating the surface with specific molecules, adjusting the degree

(a) Schematic representation of molecular orbital interactions between titanium (Ti) and oxygen (O) of TiO, semiconductors. Adapted with

permission from ref. 27. (b) Schematic representation of the photodegradation of EPs on TiO, semiconductors.
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of {001} high-energy facets of crystals, and synthesizing double-
region-structured photocatalysts.****

Besides, because of the high selectivity of molecular imprinting
described above, a novel method to enhance the photocatalytic
selectivity was developed by coating TiO, nanoparticles with a thin
molecularly imprinted layer. The molecularly imprinted layer
selectively concentrates the target molecules and the TiO, nano-
particles degrade the adsorbed target pollutants by the hydroxyl
radicals."” Inspired by this work, several types of MIPCs have been
developed and shown great potential for targeted monitoring and
removal of EPs.

3. Fabrication of molecularly imprinted
photocatalysts

3.1 Design fundamentals of molecularly imprinted
photocatalysts

As mentioned above, a molecularly imprinted photocatalyst
mainly consists of two key parts, namely a photocatalytic active
center and a selective recognition region. Generally, the former
is a matrix formed using various materials (such as semi-
conductors) with photocatalytic activity, and the latter is an
imprinted cavity formed by MIPs. In order to achieve a combi-
nation of the two parts, by coating imprinted silica/alumina on
the surface of TiO, nanoparticles, a molecularly imprinted
photocatalyst with an MIP shell was prepared (Fig. 3(a)).**
Nowadays, many MIPCs are synthesized with sol-gel
techniques.®® A schematic route for the preparation of the MIPCs
via an acid-catalyzed sol-gel process is shown in Fig. 3(b), in which
TiO, (P25) is added after the mixture of tetraethoxysilane (TEOS)
and HCI at a proper volume ratio reacts with model EPs. And to
promote the biological application, some imprinted photocatalysts
were synthesized using a biological hydrogel-based MIP matrix.*¢%
The structures of these hydrogels (calcium alginate, chitosan,
and bacterial cellulose) used in imprinted photocatalysis are
summarized in Fig. 4. Moreover, to enhance the photocatalytic
performance, molecularly imprinted hollow TiO, microspheres
were synthesized.** The imprinted hollow TiO, geometry was able
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to combine the sorption selectivity with the photonic efficiency
typical of the hollow structure. In a word, due to the difference
between the photocatalytic matrix and imprinting method, the
photocatalytic performance of different MIPCs varies as well as
the structure (including but not limited to a particle with a core-
shell, a hollow microsphere, a nanotube with an imprinted layer/
film, and an imprinted hydrogel). To better guide the design and
synthesis of MIPCs, the factors related to performance are
investigated below.

3.2 Using semiconductors as the photocatalytic matrix

During the synthesis of MIPCs, various types of semiconductors
have been used as the photocatalytic matrix. Generally, according
to the requirements for irradiating light, a suitable semiconductor
must be taken into consideration. For example, MIPCs activated
under UV light are usually synthesized by using single TiO,***! o
ZnO">* as the photocatalytic matrix. And for visible light 1rrad1a—
tion, a semiconductor with a narrow forbidden band gap is a good
choice, such as CdS, o-Fe,03, Ag;PO,, or graphite carbon nitride
(g-C3N,).**™* Recently, some ternary oxide semiconductors, repre-
sented by AFe,0O, types (A = Zn, Co, and Cu), have gotten much
attention because of their excellent photochemical stability and
rapid magnetic separation.**™"

Besides single semiconductors above, coupling a high-band
gap semiconductor with a low-band gap semiconductor is an
efficient way to increase the photocatalytic activity. For example,
molecularly imprinted Dawson-type TiO,/heteropolyacid
cobalt(n) salt was prepared by the method of impregnation,
stepwise acidification, and sol-gel.’* The schematic mechanism
of degradation of the target over the MIPCs is shown in Fig. 5.
Compared to non-imprinted TiO,, the imprinted TiO,/hetero-
polyacid cobalt(u) salt showed an enhanced removal efficiency of
the target by ~33%. So far, by coupling other semiconductors
(like Ag,S,"® WO;,>* Cu,0,* reduced graphene oxide,> silylated
graphene oxide,>® graphene,”” graphene oxide,”® and carbon
dots®®), many TiO,/ZnO-based nanocomposites have been suc-
cessfully fabricated and employed as the photocatalytic matrix
for the generation of novel MIPCs.

L» Degradation

Products

Removal of 0 0
template 0

Degradation
Products

(a) Schematic route for preparation of inorganic MIP-coated photocatalysts. Adapted with permission from ref. 34. (b) Schematic route for

synthesis of MIPCs via an acid-catalyzed sol—gel route. Adapted with permission from ref. 35.
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Fig. 4 Structures of the biological hydrogels used in imprinted photocatalysis. The potential biological hydrogel (bacterial cellulose) for synthesis of

imprinted photocatalysis is also indicated.

Moreover, to further improve the separation efficiency of the
photogenerated electrons and holes, semiconductor nanocom-
posites containing three components have also been used.
A heterostructured MIPC was prepared by using Bi,WO/CuO/
Ag,0O as the matrix with a sonochemically assisted sol-gel
approach.®® A Z-scheme imprinted Ag/Ag;VO,/2-C;N, photocatalyst
showed specificity to preferentially remove the target EPs (oxyte-
tracycline and tetracycline), and its selectivity factor was 3.20.%"

In a word, a single semiconductor and semiconductor
nanocomposites containing two or more components could
be integrated with molecular imprinting to achieve selective
photocatalysis. The general goal for the selection of a suitable
photocatalytic matrix is to improve the photocatalytic activity by
enhancing the charge separation efficiency. What is more, with
the wide development of two-dimensional cocatalysts like the
class of MXenes and molybdenum disulfides,*>®® there are
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many other alternatives offering emerging modification strate-
gies to improve the photocatalysis of MIPCs based on the
construction of different types of heterojunctions.

3.3 Semiconductors doped with non-metal/metal elements

In order to enhance photocatalytic activity under visible light,
MIP-coated S-doped TiO, nanocomposites were successfully
prepared via a surface molecular imprinting method using
salicylic acid as template molecules.®® And a boron-doped
diamond was used as the substrate to fabricate a n—p hetero-
junction nanoelectrode with liquid phase deposition (LPD).%®
Besides, other non-metal doped TiO, photocatalysts including
the Cl-doped,®® the N-doped,®” the N-F co-doped®® photocata-
lysts were also synthesized.

Recently, to facilitate interfacial charge transfer and limit the
electron-hole recombination, metal-doped TiO, materials including

Co3P2W13062-15H,0

Fig. 5 Schematic mechanism of degradation of the target over the MIPCs. Adapted with permission from ref. 52.
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the Ag co-doped, Co-doped or Ag/Zn co-doped nanocomposites®®”*
and the Fe-doped nanofibrous membrane’” have also been
successfully used in the synthesis of MIPCs for visible-light-
mediated photocatalysis. Moreover, because the f-orbitals of
rare earth elements can contribute to promoting the separation
of charge carriers, a Pr-doped molecularly imprinted photoca-
talyst was fabricated using a facile one-pot solvothermal
method.” A list summarising the successful dopants used is
shown in Fig. 6. For comparison, the most widely used dopants
in traditional TiO, are also provided. In our opinion, the
remaining unreported dopants (highlighted with “*” in
Fig. 6) can be also used for the construction of MIPCs.

3.4 Selection of template molecules

In the first report of MIPCs, the target pollutant (4-chloro-
phenol, 4CP) was directly used as a real template'” during the
synthesis of MIP-coated photocatalysts via surface imprinting
in the presence of target molecules and TiO, nanoparticles
(Fig. 7(a)). These types of MIPCs are named real substrate
MIPCs (RS-MIPCs). Due to the great maneuverability, RS-MIPCs
have been the most popular catalysts for selective photo-
catalysis.”* So far, organic pollutants (including pesticides, anti-
biotics, endocrine disruptors, dyes, and polycyclic aromatic hydro-
carbons), inorganic heavy metal ions, and drugs have been
successfully used as real substrate templates for the construction
of MIPCs.”" Recently, some interesting studies on the synthesis of
RS-MIPCs has used chiral molecules as the template.”>”® These
studies might open up a new horizon for the RS-MIPCs in chiral
pharmaceutical separation on the basis of further studies on
the enantioselective degradation of the chiral enantiomers.
Apparently, using real templates is a simple and easy method in
the preparation of RS-MIPCs. However, some special molecules
possess a weak affinity to monomers or low solubility in the
polymerization solution, and RS-MIPCs might show a limitation

View Article Online
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in practical application. And the leakage of the RS template for the
MIPs synthesized with RS templates would affect the detection of
target molecules.

To address these problems, pseudo-templates or structural
analogues (SA) complementary to substructures of target molecules
were commonly used to prepare MIPCs (namely, SA-MIPCs).”””°
According to the study of the interaction between the func-
tional monomer (o-phenylenediamine, OPDA) and the template
molecules (pentachlorophenol, PCP) under the synthesis
conditions, an appropriate SA template (4-nitrophenol, 4NP)
was selected to prepare the MIPCs (Fig. 7(c)).”” For example, we
used Cr(vi) as the template to synthesize a type of SA-MIPC via
Pickering emulsion polymerization by in situ assembling ZnO/GO
composites on the synthetic molecular receptors. The obtained
SA-MIPCs achieved the selective photoreduction of [Fe(CN)c]>~
since the structure of [Fe(CN)]*~ was similar to that of Cr(vi).>®

Besides, because nitrobenzene (NB), halogenated benzene
and alkyl benzene lack functional groups for imprinting, they
cannot be used as templates to prepare RS-MIPCs or SA-MIPCs.
To achieve selective degradation, the synthesis of MIPCs using a
transition state analogue (TSA) as the template was reported.®® In
this study, NB was chosen as a model molecule because of its
toxicity and slight solubility in water. When an appropriate TSA
was selected as the template (mono-nitrophenol), MIP-coated
TiO, photocatalysts were synthesized by in situ polymerization
(Fig. 7(b)). The photocatalytic experiments indicated that the
photocatalysts reduced the apparent activation energy and
enhanced the photocatalytic degradation of the target NB in
both the absence and presence of non-target molecules. More-
over, the special molecular recognition inhibited the accumula-
tion of unwanted intermediates. These results confirmed that
using an appropriate TSA of the template to prepare MIP-coated
TiO, was an efficient way to selectively mineralize the target EPs
that cannot be directly used as the template.

PERIODIC TABLE OF ELEMENTS
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See 227 232.038 1231.036 |238.029 237.048 |244 243 247 247 251 254 257 256 254 256

Fig. 6 List of the successful dopants used in selective photocatalysis by molecular imprinting.
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Fig. 7 Schematic route for preparation of (a) RS-MIPCs via surface imprinting, adapted with permission from ref. 17; (b) TSA-MIPCs, adapted with
permission from ref. 80; (c) SA-MIPCs, adapted with permission from ref. 77, and (d) RS-MIPCs by using an epitope imprinting method, adapted with

permission from ref. 81.

What is more, if the targets are biomacromolecules, the
traditional MIPs synthesized with RS templates would make the
removal of the template and the rebinding of the target difficult.
In this case, epitope templates, which are unique combinations of
amino acid (or gene base) sequences positioned on exposed
domains of proteins (or DNA), are always selected as the templates
for the synthesis of biomacromolecule-imprinted polymers.
Recently, by using an epitope imprinting method, guanine-
imprinted photocatalysts were synthesized (Fig. 7(d)).®* The
obtained MIPCs displayed a photocatalytic degradation rate con-
stant of 0.111 min~" towards the target (antibiotic resistance
genes, ARGs), which was 1.7 times and 37 times higher than that
on the neat P25 and C;N,, respectively. We believe that this
method will be a common method for selective removal of
macromolecular pollutants beyond ARGs, including harmful pep-
tides, proteins and bacteria. Moreover, this method also shows
great potential for the selective removal of drug-resistant bacteria
or tumor cells in biomedicine.

3.5 Selection of monomers and cross-linkers

In accordance with traditional systems for the synthesis of
MIPCs, different types of monomers and cross-linkers, such

8836 | Mater. Adv, 2022, 3, 8830-8847

as acrylic acid (AA), methacrylic acid (MAA), acrylamide (AM), 4-
vinyl pyridine (4-VP), N-isopropyl acrylamide (NIPAM), ethylene
glycol dimethacrylate (EGDMA), methylenebisacrylamide (MBAA),
trimethylolpropane trimethylacrylate (TRIM), divinylbenzene
(DVB) and N,N’-methylenebis-acrylamide (BIS), were most com-
monly used to prepare hydrophobic/hydrophilic MIPs, and these
MIPs formed a non-conductive layer on the surface of semicon-
ductors. Although MAA was somehow hydrophilic, poly(EGDMA-
MAA) or poly(TRIM-MAA) was hydrophobic and decreased the
degradation selectivity in water.*** Recently, the MIPCs were
prepared by using AM and NIPAM as functional monomers
respectively, which showed the same high adsorption capacity
and photocatalytic selectivity.**** Besides both hydrophilic mono-
mers and hydrophilic cross-linkers being used to generate MIPCs,
selective removal of EPs in a mixture wastewater system was also
achieved by using molecularly imprinted poly(MAA-BIS).*® AM
and NIPAM might be much more suitable as monomers for the
synthesis of MIPCs than MAA, and further introduction of hydro-
philic cross-linkers will enhance the water compatibility of MIPCs.

What is more, using conductive monomers to form a
heterojunction structure with semiconductors should be taken
into consideration. At first, pyrrole is the most famous candidate

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00848c

Open Access Article. Published on 10 2022. Downloaded on 12-06-2026 00:46:57.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

of these monomers. The Nobel Prize in Chemistry was awarded
in 2000 for the work on conductive polymers including poly-
pyrrole (PPy) formed by polymerization of pyrrole. Generally,
the PPy/semiconductor composites showed much better photo-
catalytic activity than the pure semiconductor photocatalysts.®”
So far, several MIPCs have been fabricated using PPy as the
functional monomer (like the PPy/TiO, and ZnFe,0,/PPy
photocatalysts).®®* Besides, the class of phenylenediamine is
another commonly used monomer. For example, TiO,/CNDs/MIP
photocatalysts displayed a high binding capacity of 86.1 mg g~ " in
30 min and enhanced selectivity, which were synthesized by using
OPDA by the means of the surface molecular imprinting.”® And
the poly(p-phenylenediamine) (PPPDA) TiO, nanocomposites
were synthesized by using p-phenylenediamine (PPDA) as the
functional monomer and salicylic acid as the template molecule,
which enhanced the visible absorption edge and showed higher
adsorption capacity for salicylic acid compared to the naked TiO,
nanoparticles.®* Also, poly-3,4-ethylenedioxythiophene (PEDOT)
was reported as the functional monomer to prepare molecularly
imprinted heterojunction photocatalysts, which could harvest the
visible light.”*

In summary, the structure of conductive polymers reported
for MIPCs is provided in Fig. 8. To better understand the gap
between MIPCs and the traditional MIPs, other conductive
polymers that are used in conventional MIPs but not used for
the construction of MIPCs are also shown, such as polythio-
phene (PTh) and polyaniline (PAn). As an efficient electron donor
under visible light, in the future, the conductive polymers and
their derivatives could be widely introduced in the synthesis of
MIPCs. The possible photocatalytic mechanism of the conduc-
tive polymer-based MIPCs has been investigated using X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR) spectroscopy and electron spin resonance (ESR) spectro-
scopy. Indeed, their photocatalytic mechanism is yet not clear
and more studies should be contributed in this field.

3.6 Consideration of other functional materials

At present, some new functions have also been incorporated
into MIPCs, which made them more efficient. First, in order to
recycle the photocatalysts for secondary utilization, many studies
reported that magnetic materials can be introduced into the
synthesis of MIPCs forming a magnetic-TiO, core and a MIP
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shell.>>*” For example, by using a mild sol-gel method assisted
with microwave heating, a magnetically imprinted TiO, photo-
catalyst with an imprinted poly(MAA-TRIM) shell and a magnetic
TiO,@8Si0,@Fe;0, core was synthesized.”® The magnetically
imprinted photocatalyst exhibited a higher photocatalytic effi-
ciency in comparison with the control photocatalysts, and the
apparent rate constant (k) for degradation was 1.08 min "
Interestingly, Zhang et al. reported that the introduction of an
inter Al,O; layer could enhance the photocatalytic activity of the
Fe;0,4/Al,05/molecularly imprinted TiO, photocatalyst compared
to the Fe;0,/molecularly imprinted TiO, nanocomposites.”*

Generally, a photocatalytic reaction is hard to be controlled
under complex conditions, but it is