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Perspectives and Current Trends on Hybrid
Nanocomposite Materials for Photocatalytic Applications

Emerson Coy, Igor latsunskyi, and Mikhael Bechelany*

Photocatalysis can be understood as the acceleration of chemical reactions by
incident light. These reactions typically perform poorly without photoactivation
and the presence of catalysts. Photocatalysis could find applications in a wide
range of fields, such as renewable energy and environmental remediation. The
advance in the photocatalysis field is driven by the development of innovative
materials allowing a broad range of absorption and efficient charge separation.
The most developed photocatalysts are inorganic semiconductors. An alternative
approach to increase the efficiency of these photocatalysts is the design of
organic—inorganic hybrid materials. Two classes of hybrid materials are largely
investigated: 1) small molecules and 2) organic macromolecules or polymers. The
polymers can have protective roles as well as photocatalytic and conductive
properties. The last type of material is known as conductive polymer. Different
types of conductive polymers have been investigated in the literature. This
perspective will focus on the new trend in this field by first describing the use of
machine learning in designing and understanding polymeric hybrid systems
toward catalytic applications, followed by the description of four types of the most
used organic—inorganic hybrid materials as photocatalysts based on chitosan,

photoactivation. Photocatalysis could find
applications in a wide range of fields such
as renewable energy (water splitting, CO,
reduction, solar fuel production) and envi-
ronmental (water treatment by removing
pharmaceutic and pesticides contaminant,
for instance, and improving air quality by
reducing volatile organic compounds
[VOCs]).lM

The advance in the photocatalysis field is
driven by developing novel, innovative
materials that mainly allow light absorption
and efficient charge separation.”” The most
developed photocatalysts are inorganic
semiconductors such as metal oxides (such
as ZnO, TiO,, WOs, SnO,, and CuO)?*
and chalcogenides (ZnS, CuS, CdS, Sb,S;,
Cu,SnS;, and CuzsnSe3).[5‘6] In order to
enhance the performance of these semicon-
ductor catalysts, different strategies were
investigated to reduce the recombination

polydopamine, polyaniline and covalent organic frameworks.

1. Introduction

Photocatalysis can be understood as the acceleration of chemical
reactions by incident light, especially when the catalyst is photo-
active. These reactions are unachievable or very difficult without
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of photogenerated electron-hole pairs and

to extend the absorption edge of these cata-

lysts to the visible region of sunlight: 1) tun-

ing of the morphologies, 2) doping to tune
the bandgap, 3) junction between several semiconductor materi-
als,”® and 4) combining with metallic and plasmonic nanomate-
rials (Cu, Pt, Au, Pd).>'%

An alternative approach to increase the efficiency of these pho-
tocatalysts is the design of organic—inorganic hybrid materials.
Two classes of hybrid materials were largely investigated: 1) small
molecules such as dyes and molecular catalysts known for their
sensitizing and photocatalytic properties, and 2) organic macro-
molecules or polymers are known for tuning the properties of the
semiconductor. These polymers also act as a protective layer, tun-
ing the composites’ hydrophobicity/hydrophilicity or lipophilic-
ity. Moreover, they could also provide additional photocatalytic,
electron transferring, and conductive properties.

Different types of polymers were investigated in the literature,
such as polydopamine (PDA), polyaniline (PANI), polythiophene,
poly(3-hexilthiophene) (P3HT), polyphenylenevinylenes (PPVs),
poly(3,4-ethelenedioxythiophene) (PEDOT), chitosan (CS), poly(-
pyrrole) (PPy), polyvinyl alcohol (PVA), covalent organic polymer
(COP), and covalent organic frameworks (COFs).["!

Two of the most well-established aforementioned conductive
polymers are CS and PANI. Despite more than a century of ongo-
ing research, these polymers continue to have a large and high-
impact on the literature, as shown by the constantly growing
research works published each year. This ever-increasing atten-
tion is primarily attributed to the extensive application of both

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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polymers in remediation and energy-related fields.!'”
Additionally, PDA is a conductive biomimetic polymer with
recently discovered photocatalysis applications. The rich chemis-
try of PDA and its analogues combined with its unconventional
properties with semiconductor materials make it a material that
will most definitely provide groundbreaking performance and
modalities in the near future.['* Finally, COFs have a timeframe
of development and research as PDA. They are coordinated poly-
mer networks with large porosity and robust stability, which have
large applicability in energy storage™ and purification.®
Although several drawbacks have been found,'® such as low
electron transfer and reaction speed, their application in photo-
catalysis is actively researched.'”? As shown later in this article,
recent publications have shown the rapid development in this
field, making them strong candidates for the new generation
of photocatalysts.

This perspective will focus on the new trend in this field by
reporting first the use of machine learning (ML) in designing
and understanding polymeric hybrid systems toward catalytic
and photocatalytic applications following describing of four types
of organic—inorganic hybrid materials used as photocatalysts and
based on CS, PDA, PANI, and COFs.

1.1. Emerging Methods—ML

ML is undoubtedly one of the most important methods that have
taken materials sciences by storm. ML is a powerful tool that aids
in the designing and application of materials. ML relies on two
essential aspects: the large availability of training datasets and the
fast development of powerful computing tools widely available
for researchers. These aspects have been steadily growing
in the materials community in the last decade, owning it to
its current success. Moreover, ML has shown unmatched results
in classification, regression, clustering, probability estimation, or
dimensionality reduction tasks, especially in high-dimensional
data, like interatomic potentials and materials discovery.®2"!
However, ML requires a significant effort in the classification
and correlation of data. Redundancy and noise are difficult to
address, especially when predicting or analyzing new materials
aiming for multiproperty design.*"

In polymer sciences, it has mainly been applied in the study
of perovskites and organic solar cells,”>?*! in the designing
of microporous polymers,**! high thermal conductivity,””! and,
more importantly for this work, light-driven heterogeneous catal-
ysisi?® Despite the attractiveness of this approach, not many
works are entirely devoted to polymeric catalysts or photocatalytic
hybrid systems. Here, we will present some of the latest works on
the topic, which address the designing and understanding of
polymeric hybrid systems toward catalytic and photocatalytic
applications.

Several works have provided deeper insights into conductive
polymers toward remediation and photocatalysis. Chun Lu et al.
used ML models to predict the removal capability of CS toward
heavy metals.* The authors evaluated flocculant characteristics,
flocculation conditions (especially its pH), and heavy metal prop-
erties (Cu®™, Pb*", Cd*", Zn®", Ni*™), also average molecular
weight, the functionalization degree, and the presence of the
amino, carboxyl, and mercapto groups, including their point zero
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charge. The results showed that flocculation pH above 7.0, a con-
centration of 50-150 mg L™, plus the molecular weight of the foc-
culant and its point zero charge below 7pH provided better
performance and removal (Figure 1a). Recently, T. Zhan et al. have
shown a prediction of photocatalytic performance of lignin cleav-
age of C-C bonds.?”! Their model included the cleavage dissocia-
tion energy, the molecular dipole moment as input variables, and a
DFT model. Their study shows that, as expected, the bandgap of
the catalyst was the most important catalyst feature, followed by
specific surface area, especially interesting was the negative influ-
ence of the methoxy groups, which provide higher stability to lig-
nin, but reduced its dislocation efficiency (Figure 1b).

Despite the large applicability of ML, several issues must be
solved. Many of the main aspects are already well known for a few
years, much work is needed, and large databases are still miss-
ing.*!) Recently, Yuzhi Xu et al. have demonstrated how the use
types of multidimensional fragmentation descriptors (MDFD),
structure-based MDFD (SMDFD) and electronic property-based
MDFD (EPMDFD), provided a much more efficient and accurate
predictive model than traditional ML models.?" As reported, the
model was applied to copolymer assemblies to predict efficient
polymeric-based hydrogen photocatalysts. As described by the
authors, the method uses the idea of “divide-and-conquer,”
and as a result, it was found that the delocalization of the excited
state electrons in the A-B conjugated copolymers was of critical
importance for the photocatalytic hydrogen evolution reaction
(HER) process (Figure 1c).

In the future decade, ML is bound to play a significant role in the
materials science community, especially because the evergrowing
materials community continues to produce more complex hybrid
systems with outstanding properties. Such results will not only pro-
vide larger datasets for ML analysis but will also demand the imple-
mentation of a more rational design for future photocatalysts.

1.2. Emerging Methods—Spatially Resolved Surface
Photovoltage

The spatially resolved surface photovoltage (SRSPV) is a relatively
new method for exploring charge distribution on photocatalytic
materials at the micro- and nanoscale. The method has evolved
from the already well-established Kelvin probe atomic force
microscopy (K-AFM)P*? and includes the detection of photogen-
erated currents. SRSPV essentially measures the surface poten-
tial of semiconductor materials while exposed to light and,
because of the superior spatial resolution of the AFM technique
(nm), provides a unique spatial distribution of charges. The
method has been used to map charge distribution on single-
crystalline materials. Zhu et al. studied a BiVO, single particle/
crystal and showed a highly anisotropic charge distribution on
the particle, with a variation of charge 70 times higher for
[011] facets than [010].%*! The large anisotropy was attributed
to the built-in electric field and played a role in the oxidation
of molecules. The results advocate for facet engineering of photo-
catalysts, which is considered an important aspect of rational
design in catalysts nowadays.* Gao et al. used the method to
probe the phase charge separation between TiO, anatase/rutile.
They found an electric field of 1kV cm ™' at the phase boundary.
Upon illumination with UV, they showed a size-dependent
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Figure 1. a) Scatter plot of the predicted heavy metals removal efficiency and experimental data using RF model. Reproduced with permission.?%)
Copyright 2022, Elsevier. b) RMSE and R* scores of products molecular yield predicted by RF regression model collecting data of photocatalytic lignin
degradation breaking C—C bond as features. Reproduced with permission.?% Copyright 2022, Elsevier. c) Electronic static potential, e-h distributions of
p-polyphenyl 2 (left) and fluorine-substituted p-polyphenyl 2-F (right) with LC-wPBE/6-31G* (w-tuned); green and purple represent the hole and electron
distribution, respectively. Reproduced with permission.?! Copyright 2021, American Chemical Society. d) SPVM images of Cu,O (left) cubic(001) and
octahedral(111) particles. The other panels shown particles facet engineered to show mainly electrons (E-Cu,0), electron-holes (EH-Cu,0), and holes
(H-Cu,0). Scale bars are 2 ym. Reproduced with permission.?® Copyright 2022, Springer Nature.

charge separation and an electron transfer from rutile to ana-
tase.*>! This study is also important, as it showed the application
of the method on polycrystalline phases as a model. Recently,
Chen et al. have studied the spatiotemporally tracking of charge
transfer in CuO, microcrystals (Figure 1d). They showed how, by
facet engineering the surfaces to show both holes and electrons,
the hydrogen production of CuO, microparticles was improved
by the quasiballistic interfacet electron transfer.

Although the technique has reached a certain level of maturity,
and a few reviews on the topic have fomented a steady increase
study of multiple materials,?**% not much can be found for
hybrid nanocomposites. Aubriet et al. have recently explored het-
erojunctions of PTB7-PC;;BM (PTB7: poly[4,8-bis[(2-ethylhexyl)
oxy|benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl][3-fluoro-2-[(2-ethyl-
hexyl)carbonyljthieno[3,4-b]thiophenediyl] = and  PC;BM:

Sol. RRL 2023, 7, 2201069 2201069 (3 of 15)

[6,6]-Phenyl C71 butyric acid methyl ester), in tandem with
AL, 05 surfaces.*!! Their study used a slightly modified experi-
mental system to include a time domain (pump-probe). As a
result, they found rapid light-induced charge distribution on
the surface, which otherwise would not be detectable in conven-
tional experiments. The main advantage of these findings relies
on the possible accurate identification of topographic recombi-
nation centers and perhaps the examination of faster effects.

Despite the limited literature on hybrid interfaces toward
photocatlaysis, it can be expected that studies on polymeric/
semiconducting systems using SRSPV will be more prominent
in the following years. This will, indubitably, provide essential
insights into the electron-transferring mechanism governing
these systems and, more importantly, an extra level in their con-
trol toward highly efficient catalysts.
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2. Recent Advancements in CS-Based
Nanocomposites

Among the many polymers that can be used to develop hybrid
nanocomposites for photocatalysis, CS is considered one of
the most promising and the one that presents more significant
perspectives in applicability. CS is a natural carbohydrate biopoly-
mer derived by N-deacetylation of Chitin (a linear polymer
of N-acetyl-2-amino-2-deoxy-D-glucopyranose units with 3-(1-4)
bonds). CS is a biopolymer with cationic nature and one of the
significant natural polysaccharides. It has various applications
in environmental engineering,*! biomedicine,**! and photoca-
talysis.* Photocatalysts composed of semiconductors and CS,
being biocompatible and eco-friendly, could be a practical
approach in many applications.

Over the last 10years, various nanocomposites based on
semiconductor-CS have been developed. It was shown that TiO,—
CS materials, by incorporating CS onto the TiO, surface, enabled
the adsorption of both acid and basic dyes.*! It was suggested
that the amino groups of CS can be protonated. Consequently,
the polymer can be expected to contribute to the charged interac-
tion with anionic dyes. Besides, it can decrease the adsorption
capacity of the semiconductor material for basic dye adsorption.

The modification of ZnO nanostructures by CS improved its
photocatalytic efficiency as well. It was shown that the
high adsorption capacity of ZnO-CS nanocomposites is
due to the strong electrostatic interaction between the NH;™
of CS (amino group (-NH,) was easily protonated to form
_NH,).[6:47]

Another example is CdS—CS nanocomposites. Zhu et al. syn-
thesized the cross-linked CS/CdS nanocomposite prepared by
simulating the biomineralization process.*! The protonation
of CS amino groups has again explained the photocatalytic effi-
ciency of advanced nanocomposites at a low pH. The authors
demonstrated that the CS layer improves the absorbance of
dye anions because of electrostatic attraction.**!

Recent research demonstrates the capability of CS to enhance
photocatalytic activity not only in metal oxide semiconductors but
also in selenides, sulfides, and nitrides. Shen et al. developed the
carbon-doped g-C3N, and CS nanocomposites for pathogenic
biofilm control.[*”! They demonstrated that the developed nano-
composites possess a high photocatalytic activity that continu-
ously generates reactive oxygen species (ROS) and hence
inactivates pathogens. This research uses CS as a self-cleaning
matrix for immobilizing the photocatalysts—carbon-doped g-
C3Ny4. The g-C3N, particles were uniformly distributed in the
CS matrix, which is crucial for effective photocatalysis and bio-
film inhibition.*”! In other research, the ZnSe nanoparticles
were incorporated into the CS matrix to enhance their activity
and avoid leaching.® The developed ZnSe-CS nanocomposites
showed excellent photocatalytic degradation efficiency for tartra-
zine and other organic dyes.

Sirajudheen et al. demonstrated that the presence of reactive
hydroxyl (-OH) and amino (-NH,) groups on the surface of CS
enables the adsorption ability toward organic and inorganic pol-
lutants, making it a highly promising material for decontamina-
tion purposes. However, some drawbacks of CS, including low
porosity and the sensitivity to pH changes, may limit its
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application.®") One of the possible solutions to surpass those
CS drawbacks is to combine it with other polymers that are more
resistant to acidic environment. They demonstrated that the
CS-PANI/ZnS composite could efficiently affect dye removal
via simultaneous adsorption and photodegradation mechanism
with excellent reusability in different pH.

Janani’s group applied a similar approach. They synthesized
by coprecipitation, and ultrasonic-assisted method novel photo-
catalysts based on CuO-loaded ZnS nanoflower supported on
carbon framework PVA (polyvinyl alcohol)/CS.*? CS and PVA
were also used as a supporter for metal sulfide and oxide
nanoparticles. PVA was chosen for its excellent chemical and
physical resistance properties. The developed multifunctional
ZnS-CuO/PVA/CS nanocomposite was promising for the pho-
tocatalytic degradation of tetracycline and as an antimicrobial
agent.

Another approach to overcome the drawback of CS is the
synthesis of CS-based hydrogel. It is known that many hydrogels
are capable of excellent photocatalytic performance. An alkaline
CS-based hydrogel was recently prepared using a simple
freezing-thawing process.”*! A similar methodology was applied
to synthesize the alkaline CuO@CS-H photocatalysts with
enhanced photocatalytic activity for biomass-derived sugars
reforming to lactic acid and with increased stability of CuO
nanoparticles.>

The last approach in applying CS-based composites could be
related to the combination of CS with a new class of materials—
COFs. The application of COF for photocatalysis will be shown in
the next sections. However, we would like to underline the appli-
cation of CS as a support of COFs. Recent research of Tong’s
group demonstrated that the novel nanocomposites based on
CS (the film-substrate) and COFs could effectively degrade
99.8% of paracetamol (PCT) and 94.0% of bisphenol A (BPA)
within 180 min under visible light irradiation (Figure 2a).>"
They proved that CS is an excellent substrate for the fabrication
of COFs film.

We may draw the main features of the perspective usage of CS
for photocatalytic applications. First of all, the protonation of the
CS amino groups leads to a positive surface charging that may
increase the efficiency of photocatalytic properties due to a higher
concentration of adsorbed molecules. Second, CS may act as a
matrix containing photocatalytic material evenly distributed over
the polymer. The last, recent scientific trends indicate that CS
may be employed as a substrate to support the synthesis of
COF or metal-organic frameworks (MOF) (Figure 2b). We
can also assume the possible prospects of using CS for photoca-
talysis. Perhaps one of the applications of CS will be its combi-
nation with 2D materials, e.g., MXenes. MXenes are 2D
transition metal carbides and nitrides. MXenes have been widely
used in energy,*® sensors,””) and (photo)catalysis®®®! due to their
superior properties, such as enhanced near-infrared (NIR)
responsiveness, hydrophilicity, excellent mechanical strength,
and surface chemistry. Recently, it was demonstrated the
application of CS/MXene nanocomposites for photothermal
therapy,? electromagnetic shielding!®” (Figure 2b), water puri-
fication,’" and sensing.!*” However, there is still plenty of room
for developing and applying CS/MXene nanocomposites in
photocatalysis.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. a) The CS molecule; b) the photo and SEM images of CS-COF
nanocomposites. Reproduced with permission.>! Copyright 2022, Elsevier.

) Schematic description of the fabrication process of CS/MXene multilay-
ered film. Reproduced with permission.®” Copyright 2022, Elsevier.

3. Recent Advancements in PDA Composites

PDA is a biomimetic polymer that has shaken the materials com-
munity due to its simple polymerization pathways, easy applica-
tion on virtually every surface, and unique chemistry that allows
it to be used as an initiator on many complex syntheses,!®*¢*
tandems structures,® or as a biocompatible component in many
heterostructures.® PDA was originally synthesized in 2007 by
Lee et al.,'”) as the result of the oxidation of dopamine. Although
straightforward, PDA polymerization does not result in an easily
characterisable polymer. Thus, it does not allow for comprehen-
sive structural characterization or prescreening of the physical-
chemical properties of PDA.*®! This impossibility is mainly due
to the elusiveness of its structure, which remains a challenge
nowadays.*”

PDA materials are typically polymerized by different methods,
mainly direct wet polymerization,””! air-water interface,”"! and
electrochemical methods.”? They can be obtained as nanopar-
ticles, porous nanoparticles,”?! films, and composites. Despite
their large applicability and rather well-established application
in many fields, such as photocatalysis”* and sensors,”? there
is not much consensus on the physical properties of this mate-
rial. Generally, the properties and molecular structure of PDA
nanostructures vary between synthesis and, therefore, between
research groups. Nevertheless, the commonly accepted structure
of PDA contemplates a random (amorphous) distribution of
polymeric units of 1, 2, 3, 4, and 5 units, organized consisting
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of indole and dopamine units at various oxidation states,'*®! with
two main radicals in its structure.”> Despite this, several studies
have pointed to the inhered © — = stacking of the PDA structures
and the possibility of having a semiordenated supramolecular
assembly of PDA.”* To this day, only a few reports have shown
this 2D-like organization,”®) which shows that this polymer
remains highly relevant and challenging even at a basic level.

A generalization of the properties of PDA is often difficult,
especially because several of its properties strongly depend on
its hydration level. For instance, its electrical conductivity is
reported to change from 107" to 107> Sm™" from dry to fully
hydrated.”* The refractive index (1) has also been reported to
be somewhere between 1.5<n< 1.87* Additionally, the
mechanical properties of PDA have been tested both by contact
and noncontact means, and the results show a sizeable elastic
modulus of 13 + 4 GPa, a value rather large for thin film poly-
meric samples.””) This ambiguity and lack of standardization
on PDA base materials is a significant challenge that needs to
be addressed by the community in the following years, especially
when aiming for a general and interlaboratory “standard” for
PDA materials. Also, although much research is devoted to
reproducible synthetic conditions, the dispersion of physical
properties poses an additional challenge for these materials.

One of the most interesting and fundamental aspects of PDA
is its often overlooked behavior as an organic catalyst. Due to
the catechol-quinone moieties, PDA shows an oxygen-mediated
nonradical pathway via a quinone-imine step.”®! Mrowczynski
et al. previously observed a related effect in PDA-coated magne-
tite composites, where PDA worked as an organocatalyst in direct
aldol reaction.”® Nevertheless, it has remained prevalent in
nanoparticle research because it is known that it does not show
any photocatalytic activity on its own. However, this is not the
case when this polymer is used in combination with semiconduc-
tor materials, in which case it acts as a sensitizer for photocata-
lytic processes.”

3.1. PDA/Semiconductor Interfaces

The combination of nanometer-thick PDA coatings with direct
bandgap semiconductor materials has shown unexpected and
fascinating results for photocatalytic applications. Although the
enhancement effect of PDA on semiconductor nanoparticles
has been known for some time,”*#% recently, several studies
have shown extraordinary results beyond the well-established
TiO, and ZnO. Researchers have looked to the PDA coating
of other complex materials, such as ZnS and CdS, which have
shown outstanding enhancement toward photocatalytic hydro-
gen production.”*

Although it has been shown that PDA reduces the optical
bandgap of nanomaterials, by as much as 0.4 eV, the reason is
still unknown. However, the effect has been previously reported
in the literature.”*#'~#% In the case of metal oxides, PDA attaches
by the covalent binding of oxygen to the surface. In this attach-
ment, PDA compensates for oxygen vacancies on the surface and
reduces recombination rates, boosting the optical and photocata-
lytic response.®*! Moreover, it was recently shown that PDA/
ZnO compensates the surface defects and produces H,0, with
a1011.4 pmol L~ 'h™!, which is almost 9 times higher than PDA

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 3. a) TiO,/PDA inverse opal catalyst elemental mapping (top). Photocatalytic production of H,O, for different TiO,/PDA weight loads (bottom,
left). Schematic of the S-Scheme charge transfer mechanism, with labelled time scales for electron trapping, interfacial transfer, and recombination rates
(bottom, right). Reproduced with permission.”! Copyright 2022, American Chemical Society. b) Schemes illustrating the synthesis procedure of (top)
PDA and (mid, bottom) PDA/CdS photocatalyst with dopamine hydrochloride, Cd(NO3),, and thioacetamide. Reproduced with permission. Copyright
2022, Elsevier. ) (Top) H,0, production on CdS—PDA under different control conditions. Reaction conditions: catalyst (100 mg), water (0.1 L), O,-
saturated atmosphere in the dark or N,-saturated under Xe lamp (1 > 420 nm). Mechanism of photocatalytic H,O, by the sustainable transformation
of CdS-PDA (bottom). Reproduced with permission.®'! Copyright 2022, American Chemical Society.

and ZnO alone. This enhancement is attributed to an S-scheme
heterojunction between PDA and ZnO.®*! Moreover, the effect
has also been observed recently in C3N,/PDA by Zhang et al,,
with 4 times higher yields of H,0, production than bare
C;N,.BY Wang et al.,, studied a similar effect® and determined
that an inorganic/organic S-scheme heterojunction, with ultra-
fast electron transfer between TiO, and PDA, was responsible
for the enhancement in H,0, production (Figure 3a).
Nevertheless, in other materials, such as sulfides, the covalent
binding of PDA was expected to have a detrimental effect on the
general performance of the nanocomposite. Similar to the case of
FeS, (Pyrite), whose bandgap is lost due to surface effects, it was
generally expected that PDA would ruin the applicability of such
materials. However, Kim et al. showed in the case of ZnS,
the covalent binding of PDA over the surface of ZnS nanowires

Sol. RRL 2023, 7, 2201069 2201069 (6 of 15)

generated a passivating ZnS;_,O, layer that avoided further
oxidation and degradation of the nanowires during photocat-
alytic processes. Moreover, it was shown that similar to metal
oxides, the bandgap of ZnS was reduced by 0.3eV, and
the photocatalytic efficiency was exceptionally high. The hydro-
gen evolution reaction showed a hydrogen production of
2162.5umolh™' g™ ' and a significant stability of 78.7% after
24 h without cocatalyst inclusion.®® Recently, Wang et al. have
used the chelating properties of PDA toward Ca*" to improve the
photocatalytic behavior of PDA/CdS nanocomposites, without
losing Cd ions. Their catalyst also performed exceptionally at
~1066 pmol h™ ' g~ (Figure 3b).*” Similarly, Liu et al. proposed
a CdS@PDA@SnO,_, nanocatalyst to exploit the chelating prop-
erties of PDA and avoid S*~ losses that lead to the oxidation of
CdS. The authors reported an increase of hydrogen evolution

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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production of 34.3 times over that of pristine CdS.°” This
enhancement effect of PDA in sulfides was also observed by
Lu et al. who synthesized CdS/PDA nanorods with an improved
photocatalytic performance (14.2 times higher than traditional
CdS) and larger light absorption in the visible spectra, showing
that morphological strategies (nanoparticles, layer, and nano-
wires) are also compatible with PDA.’! Finally, Wei et al.
have shown that similar to the ZnO/PDA case, CdS/PDA has
enhanced and selective production of H,0,, with a yield of
3.84mwMm in 24 h under visible light, a result that is 13.7 times
higher than that of CdS (Figure 3c).””

3.2. PDA-Based Film

After the discovery of PDA, researchers explored several ways of
obtaining novel materials and morphologies, nanoparticles,
nanotubes, and thin films /coatings.[93] Several studies examined
the films and their potential applications, with most of the atten-
tion being given to films obtained by direct polymerization™* or
electrochemical oxidation.”?) However, during the oxidation of
dopamine, the air-water interface produces a visible film, which
is often lost due to vigorous stirring. Quite recently, there has
been a new interest in these films. This is because it has been
shown that they are exceptionally hard with 13 +4 GPa and,
more importantly, exhibit an ordered supramolecular structure
that was not seen before in PDA nanostructures.”® The origin

www.solar-rrl.com

of the structure is still unclear, but the limited chemical pathways
in the reaction clearly suggest a PDA-related structure. Szewczyk
et al. have examined the growth in detail and obtained largely
scalable and easily transferable films. Additionally, with the help
of molecular dynamic simulations, it has been theorized that the
air-water surface works as a template playing a significant role in
stacking PDA tetramers (Figure 4a).>"

Electrochemically grown films have been studied in detail in the
literature, with some important insights on the polymerization
provided recently by Olejnik et al. in their study. They found that
catechol units are more likely polymerized than quinone forms.
Additionally, it was shown that electropolymerization occurs in
a small range of voltages, 0.0 to +-0.4 V, while the extended range,
—0.5t0 1.0V, is responsible for the PDA layer formation.”® These
findings opened the door for a further study on the preparation of
copolymer between Zwitterion and dopamine(polydopamine).
These films showed outstanding sensitivity, 5 times higher than
bare boron-doped carbon nanowalls (BCNW), toward detecting
neurotransmitters.””) More importantly, their studies show the
versatility of the electrochemical method overall. While the air—
water interface can provide large area and scalability, the electro-
chemical oxidation provides chemical “control” over the oxidized
species and allows for tailoring more complex composites.
Furthermore, Nothling et al. showed how PDA works as an anchor
point for the attachment of propagating vinyl polymer macrorad-
icals through radical-radical coupling.”® The process further
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Figure 4. a) (Left) Box (AFM) and point (SR) comparative charts of film thicknesses for different dopamine concentrations. (Middle) Mapping of film
thickness for different dopamine concentrations along film radius with a resolution of T mm by SR method. (Right) Line chart (SR) of film thickness for
different dopamine concentrations along the radius of the film. Reproduced with permission.®>! Copyright 2022, Elsevier. b) (Left) Optical images of a
PDA membrane subjected to light-induced contraction at ambient conditions. The power of the incident red laser light is 30 m\W. The red laser light in the
ON state is not visible due to the optical filter F. The photoactuated state (laser ON) of the PDA membrane at 50 and 60 mW laser power (upper and lower
panels, respectively). (Right) Periodic contraction and flattening of an irradiated PDA membrane. The membrane becomes flat for 0.5 s, 50 ms, and 6 ms
with a repetition rate of 1, 10, and 100 Hz, respectively. Reproduced with permission.’®! Copyright 2022, American Chemical Society.
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enhances the rich chemistry of PDA and expands its potential for
the functionalization of multiple surfaces.

Finally, an outstanding discovery was reported by Vasileiadis
et al. where a light-driven mechanical contraction (photoactua-
tion) was observed in PDA films.*® In their report, a sus-
pended thin film of PDA films (or membranes), grown by elec-
trochemical methods, was excited by visible light. As a result,
PDA films showed ultrafast contraction <140 ps, while expan-
sion happens relatively slowly over millisecond time (Figure 4b).
The results open a new branch of applications for PDA thin
films, in actuation, sensing, and transduction.

4. Recent Advancements in PANI Composites

PANI (PANI/PANi) is a relatively old conductive polymer
discovered back in 1986, when it was known as aniline black.
PANI currently exists in various forms depending on its
oxidation levels. The fully oxidized PANI is known as pernigra-
niline base (blue/violet); half oxidized PANI as emeraldine
base (green/blue), and fully reduced PANI as leucoemaraldine
base (white/transparent).'*”! From this group, emeraldine is
the most conductive, with a conductivity reported around
107 S ecm™". As in the case of many polymers, the actual con-
ductivity depends on the preparation method. Besides its good
electrical conductivity, PANI has excellent high-temperature
resistance and environmental stability.’°"! However, it also
shows poor solubility in solvents, making it challenging to inte-
grate into many architectures and its low processing capacity
limits the applications in biomedicine. Additionally, PANI’s
superior stability means low biodegradability, which, depend-
ing on the application, might be considered a major draw-
back."'%! Furthermore, PANI electron transferring tends
to require large protonation, which makes it a poor conductor
at >5pH. In many cases, these changes are irreversible.

PANI has intense coloration and conductive changes with
oxidation state and doping, making it ideal for electrochromic
architectures and sensing.'¥ Among the fabrication methods
available for PANTI, electrospinning stands out as one of the most
widespread, as it has been shown to prepare large areas of intri-
cated fibers for different applications.’®” The main advantages
that electrospinning provides over other methods are the lack of
complex solvent, the easy integration of nanostructures and facile
further functionalization, and integration in devices, with a broad
range of fiber sizes, from millimetric to ultrafine micrometric
ones,'®! making this process one the most widespread and
promising methods.

4.1. PANI/Semiconductor

Recently, many composite-based applications have been reported
using PANI matrixes for photocatalysis and water remedia-
tion.!*%! Similar to other conductive polymers, the primary trend
focuses on enhancing the electron transfer of photogenerated
carriers by using the conductive polymer and protecting the cat-
alyst from photocorrosion. Additionally, for example, Zhang et al.
prepared SnS,/PANI composites by a combination of hydrother-
mal synthesis and direct polymerization. In this work, they pre-
pared ternary samples of PANI/SnS,/NRG (nitrogen-doped
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reduced graphene oxide) by a similar method.!"”) The composite
morphology showed SnS, nanoflakes 30-40 nm, surrounded by
conformal granular PANI coating. The results showed an almost
twofold efficiency and stability in the reduction of aqueous Cr(VI)
by visible light (>420 nm). Although the mechanism is unclear,
the composites showed improved electron transfer and reduction
of resistance, as well as a slight bandgap reduction in the ternary
composite. The authors performed a similar study on Zr*'-
doped SnS, with PANTI; the study showed further improvement
associated with the larger absorption of the composite.['®!

Faisal et al. studied SrSnO; composites with PANT, toward the
degradation of methyl blue using UV-vis.'%! The performance
was 2 times faster than SrSnOj; alone, with large recoverability.
The increment in performance could be attributed to the bigger
surface area of the composites versus the PANI content.
Interestingly, the highest performance was observed for PANI
5% and a decrement in performance for the 10% sample.
This suggests that there is an interplay between conductivity, sur-
face and PANI content, or the thickness of polymer coating.

Studies focusing on TiO, composites are more plentiful, and it
has become a relatively mature area of study.'’? Dinoop et al.
studied the degradation of polystyrene by TiO,/PANL!Y The
study showed that PANI improved the light absorption of TiO,
and that the efficiency of photoreduction was tuned by the PANI
content until the aggregation of PANI reduced the performance.
Additionally, the composites showed improved mechanical
strength, thermal stability and recyclability. In a remarkable study,
Sandikly et al. studied the residual toxicity of waters treated with
PANI/TiO, and TiO, photocatalyst, finding that PANI/TiO, treat-
ment exhibited a reduced toxic toward the algae cells, while aston-
ishingly, TiO, showed a small, but not negligible, toxicity to the
microorganism!"'? (Figure 5a). Although the reason for the higher
toxicity is still under investigation, this study provides a unique
view of the electrochemical advantages of PANI and its environ-
mental benefits. Interestingly, Fan et al. showed that AgPO,/PANI
composites have important activity toward Microcystis aeruginosa,
commonly known as a harmful algae.'"'* The improved efficiency
over bare AgPO, was attributed to the Z-scheme junction formed
by the addition of PANI. The study suggests that the high genera-
tion of ROS could be responsible for the improved effect
(Figure 5b,c). However, the selectivity of the process toward nor-
mal algae is still not clear, and the toxicity of the water after the
process needs to be explored further. Despite it, ROS generation
on PANTI heterojunctions has been addressed in detail by Sudhir
et al. who have reviewed the literature and the construction of dif-
ferent heterojunctions; they clearly showed that the nature of the
heterojunction is still unclear, as it might be S-scheme or type-II,
which could lead to different applications and solutions.!**

Moreover, Balakumar et al. studied a ternary photocatalyst,
using PANI as an anchoring and electron-transferring bridge
between carbon quantum dots (CQDs) and carbon nitride
(CN)."™] Their composite showed improved performance, visi-
ble light absorption, and large effectivity toward a large group of
dyes and contaminants (ciprofloxacin, imidacloprid, tetracycline,
phenol, and rhodamine B). Similarly, Gu et al. used CQDs and
PANI as photoactive catalysts toward photo water splitting.**®!
Their study showed that oxygen and hydrogen potential
are reduced by 150 and 65 mV, reaching current densities of
30 and 20 mA cm ™, respectively.
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Figure 5. a) (Left) Variation of the biomass concentration of the microalgae Chlorella vulgaris versus time in the presence of the original polluted water
containing 7 mg L' of SQX (“SQX"). (Right) Variation of the stress ratio of chlorophylls for the microalgae C. vulgaris versus time in the presence of the
original polluted water containing 7 mg L™ of SQX (“SQX”). Reproduced with permission.[''?l Copyright 2021, Taylor & Francis. b) The possible photo-
catalytic mechanism of M. aeruginosa inactivation exposed to core-shell Ag;PO,@PANI 10 wt% under visible light. c) The removal efficiency of chloro-
phyll a by 10mg L' of under different dosages of Ag3PO4@PANI 10 wt%; (left) comparison of stability test on the MO degradation performance of
AgsPO, and AgsPO,@PANI 10wt% (right). Reproduced with permission.!'" Copyright 2022, Elsevier.

5. COFs

COFs are metal-free 2D and 3D crystalline porous polymers
constructed from organic molecules through strong covalent

bonds."'”'*®1 COFs gained increasing attention because of

Sol. RRL 2023, 7, 2201069
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their unique features, such as high crystallinity, stability under
harsh conditions, large surface areas, adjustable porosity, and
photocatalytic properties.'*''*12% COFs have been widely used
in electrochemistry,”zl] water distillation,[*?% sensing,“B] and
energy."** The moderate bandgap (0.7-2.9 eV) energy of COFs
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and bandgap engineering, which can be achieved by selecting
monomers or introducing diverse functional groups, enable visi-
ble light responsive ability, making them promising materials for
photocatalytic applications. Besides, COFs photocatalysts provide
an enhanced photoinduced charge carriers separation and
improve charge migration because of the periodic columnar
n-arrays formed by the direct overlap of & orbitals between layers.
However, electron transfer is often hindered, unless rational
design is carried out."*! Nevertheless, the large availability and
variety of building blocks in COFs provide a promising perspec-
tive for the assembly of an efficient COF-based photocatalyst.['®!

Recently, significant progress has been made in developing
COFs for photocatalytic applications, including hydrogen and
oxygen evolution reactions (HER, OER), solar-driven water split-
ting, CO, photoreduction, photodegradation of organic pollutants,
photothermal conversion, and light-induced selective oxida-
tion 16119120126 Here we would like to shortly overview some
of the recent achievements of COFs for photocatalytic applications
and then provide possible ideas for future perspectives.

As was mentioned above, COFs provide a new platform for
H, photocatalytic production through HER. COFs based on
acceptors like moiety, like triazine (CTFs), are considered the
most promising candidates for HER due to their enhanced
light absorption and efficient charge carrier separation.
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However, Jang et al. developed and employed three highly crys-
talline imines COFs reticulated with alternating D-A (donor—
acceptor) moieties of different strengths for photocatalytic
HER in an ascorbic acid solution."*”) They demonstrated that
developed COFs (TtaTfa) modified by the acceptor (triazine)
and donor (tryphenylamine) moieties exhibit an excellent photo-
catalytic HER performance, reaching a remarkable HER rate
of 20.7 mmol g ' h ™. They explained this excellent HER perfor-
mance by the protonation of the imine linkage of these COFs,
which 1) enhances the light absorption, 2) increases the charge
separation efficiency, and 3) hydrophilicity. This strategy,
namely, modification by acceptor and donor moieties simulta-
neously, demonstrates better performance than the single moiety
modification (e.g., CTFs), as was previously shown by Lotsch
et al. (HER rate 1.7 mmol g~ h™")'**I and Chen et al.'*,

Efficient tuning of photocatalytic HER performance can be
performed at the molecular level. Chen et al. showed that by
incorporating different transition metals into the porphyrin rings
of COFs, the photocatalytic hydrogen production rate of the por-
phyrinic (Figure 6a) COFs could be tuned."*® Despite the HER
rate having moderate values, this strategy opens new approaches
for the modification of COFs photocatalysts.

Structural and compositional modification can be applied to
COFs to enhance their HER performance. For instance, the
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Figure 6. a) Time-dependent H? photogeneration using visible light for carious COFs. Reproduced with permission under the terms of the Creative
Commons CC BY license."*” Copyright 2021, the Authors. Published by Springer Nature. b) Schematic energy-level diagram of TpPa-1 and Pt1@TpPa-1.
Reproduced with permission.[*" Copyright 2021, American Chemical Society. c) Schematic presentation of COF photocatalyzed formic acid production.
Reproduced with permission.['**! Copyright 2021, American Chemical Society.
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depositions of metal nanoparticles as cocatalysts may provide a
better photocatalytic performance of COFs. It was shown that
single platinum atoms anchored on a COF-boosted active sites
for photocatalytic HER performance’*"! (Figure 6b). The devel-
oped nanocomposites based on Pt@TpPa-1 showed the photoca-
talytic H, evolution performance of around 100 mmol g™ h™".
The authors demonstrated that Pt single atoms reduce the energy
barrier for forming H* on the surface of COFs. This is an effec-
tive strategy for designing and developing COF-based single-
atom photocatalysts with enhanced HER performance.

A combination of COFs and MOFs is another approach to
improve the photocatalytic efficiency of COFs. A covalently
linked NH,-MIL-68 @ TPA-COF nanocomposite was synthesized
and was applied as the visible light-driven photocatalyst for the
photodegradation of rhodamine B (RhB).'*¥ This nanocompo-
site showed an excellent photodegradation performance with a
rate constant of 0.077 min~'. The authors explained this by
the larger surface area and narrower bandgap.

Particular attention should be paid to 2D COFs. 2D COFs
have better photocatalytic properties than bulk COF because
of their planar and ordered n—x stacked structures. 2D COFs
are considered to be brilliant materials for various photocatalytic
applications.!'**1**! For instance, the electronic and photocata-
lytic properties of porphyrinic 2D COFs may be tuned by incor-
porating different transition metals into the porphyrin rings,
and these COFs showed adjustable photocatalytic HER perfor-
mance.*% Chen et al. synthesized highly crystalline heptazine-
based 2D COFs. They demonstrated that 2D COFs exhibited
better photocatalytic activity than their bulk version because of
the highly efficient separation and migration of photogenerated
electron—hole pairs and efficient production of reactive oxygen
species.'?%) An interesting approach was applied by Singh et al.
for the development of novel COFs.'**! They demonstrated that
the bandgap and optical properties of keto—enol tautomerism in
imine COFs could be tuned by the number of hydroxyl groups on
their surfaces. These COFs were applied for visible light-induced
solar fuel production utilizing abandoned carbon dioxide, and
they demonstrated significantly enhanced solar light-driven
1,4-NADH regeneration up to 94.6% in 90 min to lead the formic
acid production to 226.3 pmol in 90 min (Figure 6c).

It is worth noting that the development of COFs photocatalysts
is in the early stage. Compared to inorganic semiconductors, the
photocatalytic efficiency of COFs is still significantly lower.
However, it can be expected that COFs will find a broad applica-
tion for photocatalytic HER, OER, and CO, reduction in the com-
ing years. We may assume that preparing novel COFs modified
by D—A moieties remains the main strategy to boost photocata-
lytic performance. This approach may improve the light absor-
bance and enhance the charge separation, which is critically
important for photocatalysis. Besides, the creation of heterojunc-
tions based on COFs with different 2D materials (e.g., g-C3Ny,
MXene, etc.) can be another approach to increase the efficiency
of photocatalytic performance due to the better charge transport
of photoinduced carriers. In addition to the “D-A moieties”
approach, the existence of (photo)active sites, like single atom
metals, metal oxides, 2D materials (e.g., MXene, black phospho-
rous), may also boost the photocatalytic efficiency of developed
nanocomposites. Additionally, we also consider that porous
fused aromatic networks (P-FANs), as part of the COF-like
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materials, could play a more significant role in photocatalysis,
especially if their synthetic pathways are simplified.(*®!

6. Other Conductive Polymers

Although we have focused mainly on CS, PANI, COF, and PDA,
other conductive polymers have shown some promising results.
Recently, Yang et al. have prepared a hybrid material of PPy and
reduced graphene oxide (RGO) to tackle both water evaporation
and photocatalytic decontamination.!*”) Their study shows that
PPy avoids the agglomeration of RGO and allows a more efficient
3D structure. The large porosity and photoactivity of the compos-
ite provided a phenol removal of 94% and solar water evaporation
of 2.08 kgm™>h™". A recent review on this topic has been pub-
lished by Kumar et al. where they compiled the recent literature
on PPy composite photocatlysts, including several strategies and
current developments.?®!

Nayak et al. have recently studied poly(3,4-ethylenedioxythio-
phene) (PEDOT) and its efficiency toward ORR. They showed
that PEDOT primarily produces H,0,.*% They studied different
compositions, showing that when doping was higher, the pro-
duction of H,0, increased, suggesting that biological and sensor
applications might be affected by strong ORR and associated cur-
rents. Recently, Zhang et al. showed the photoelectrocatalytic
reaction of PEDOT(anode) and Zis-PEDOT/(cathode), focusing
on the Z-scheme heterojunctions and carrier densities. They also
concluded that the ZIS-PEDOT||PEDOT system could be used to
enhance radical -O*~ and ;0? and further improve photoelectro-
catalytic performance.

7. Conclusion and Perspectives

In this perspective, we report first the use of ML in designing
and understanding polymeric hybrid systems toward catalytic
and photocatalytic applications following describing of four types
of organic—inorganic hybrid materials used as photocatalysts and
based on CS, PDA, PANI, and COFs.

Although the wide development in the field of organic—
inorganic hybrid materials for photocatalysis, there are still many
bottlenecks to tackle to bring these materials to the market. The
stability issue needs to be investigated more in all the presented
materials, especially under oxidizing (in operando) conditions.
The real cause of this stability should be explored, and new
hybrid materials should be designed to obtain a new generation
of highly stable and multifunctional photocatalytic materials. In
this sense, it is imperative to include and explore the unique
capabilities of the SRSPV technique, not only for well-established
semiconductor surfaces but also for 2D and 2D-like COF and
PDA surfaces and composites. These studies could bring a
unique understanding of spatial constraints on 3D and tailored
COFs.

Furthermore, here we enumerate some of the critical aspects
of the future aspects that will most likely populate the literature
focusing on these materials: 1) The large-scale and low-cost syn-
thesis approaches need to be developed. Optimizing different
experiment parameters is required to facilitate the production
and processibility of these new materials at a commercial
scale, targetting potential applicability in the large photoactive
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surfaces of solar panels. 2) More extensive integrations and ex
situ transferring mechanisms are required to apply in tempera-
ture, solvent, and humidity-sensitive applications, especially in
PDA-based composites. 3) PDA-based nanocatalysts are expected
to play a significant role in the following years. However, it is
imperative to move toward standardization and control of their
physical properties for broad applicability, mainly aiming at any
possible market and industrial application. 4) The selectivity of
the photocatalysts reaction is mainly modulated by altering the
physical properties of the photocatalyst materials. There is no
universal formula for selectivity, and the most accepted compro-
mise contemplates the selective generation of ROS, which
sometimes corrodes the polymeric coatings. We expect selective
ROS generation to be addressed more actively in the future, as
in the case of PDA/ZnO, but addressing other composites
and polymers mentioned here. 5) The nature of the heterojunc-
tions between conductive polymers and semiconductors is still
debated and requires clarification. The possibility of exploiting
the Z-scheme over the S-scheme would allow a whole new set
of experiments, hybrid materials, and architectures toward
enhanced photocatalytic performance. 6) The combination of
2D transition metal carbides and nitrides (MXenes) with the
materials mentioned above may be one of the effective strategies
for enhancing their photocatalytic performance due to the better
charge transport of photoinduced carriers. Besides the “D-A
moieties” approach, the existence of (photo)active sites, like
single-atom metals and metal oxides, may also boost the photo-
catalytic efficiency of developed nanocomposites. 7) The integra-
tion of the polymers here reviewed with van der Waals Materials,
so the heterojunctions do not crumple the 2D structure, remains
challenging. Despite this, the above-reviewed studies show a
general interest in combining sulfides and other families, such
as tellurides and selenides. 8) Polymer may inhibit material
transfer, especially for large-molecule reactants (e.g., biomass
and plastics), though they can promote the transfer of carriers.
This could be solved by the partial coating of inorganic semicon-
ductors or by tuning the porosity and pore size of the coated poly-
mer (i.e., create open pores with size larger than the molecule
reactant). 9) The postcontamination of waters treated with
hybrid composites is a fascinating but worrisome perspective,
especially in the case shown for PANI, but it could be extrapo-
lated to other materials. Perhaps, in this scenario, the strong
resistance of PANI, which tends to limit its biodegradation,
might be an advantage for the field. The mechanism and possible
implications for environmental fields must be studied and
extended to other conductive polymers and semiconducting
catalysts. 10) SRSPV will play an essential role in studying
hybrid materials toward catalysis. The study of electron transfer-
ring and the spatial distribution of electrons/holes will most
definitely bring much insight into the rational design of hybrid
catalysts. Especially in the case of crystalline 2D COFs and
PDA/semiconductors, many important fundamental questions
remain.

New concepts need to be developed to increase the lifetime of
photogenerated electron/hole and enhance their generation to
improve the photocatalytic efficiency of these materials for
broader applications. We would also like to mention another
group of materials with considerable potential for tailoring
and with large available building blocks. Due to their tunable
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electronic properties, variety of conjugation, and stability, conju-
gated polymers have already shown significant applicability
toward visible light water splitting. Zhao et al. compiled a com-
prehensive review on the matter, providing a complete overview
on the origin and methods of this fascinating field.!"*"!

In summary, photocatalytic water splitting based on hybrid
(polymers/semiconductors) has demonstrated its promising
potential for converting solar energy into clean water and molec-
ular hydrogen. The approaches employed here could be further
enhanced by tuning morphologies, coupling several inorganic
and organic materials, and doping with a single atom or plas-
monic materials. Given the recent literature, the outstanding
results, and the prospects of these polymers, more innovative sol-
utions are expected to address the more than ever-critical energy
and environmental challenges we must definitely face in the next
few decades.
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