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Conjugated Polymer Polypyrrole Nanostructures:
Synthesis and Photocatalytic Applications
Xiaojiao Yuan', Hynd Remita!”

!Institut de Chimie Physique, UMR 8000 CNRS, Université Paris-Saclay, 91405 Orsay, France

Abstract: Conjugated polymers (CPs) have been recently widely investigated for their properties and
their applications in different fields including photocatalysis. Among the family of CPs, polypyrrole
(PPy) has been the most extensively studied owing to its good environmental stability, high electrical
conductivity, superior redox properties and easy synthesis. Besides, nanostructured polypyrrole-based
nanomaterials are type of active organic materials for photocatalysis, which is one of their emerging
applications. Nanostructuration of polypyrrole can reduce the electron-hole recombination because of
short charge transfer distances and reactant adsorption, and product desorption can be enhanced owing
to the high surface area offered by nanostructures. This review summarizes synthesis of different
nanostructures based on m-conjugated polymer polypyrrole, and the latest developments for

photocatalytic applications, including degradation of organic pollutants and hydrogen generation.

1. Introduction

Solar to chemical energy conversion provides a promising way to solve environmental and energy
problems. Although solar light has the advantages of being cheap, abundant and clean, it is difficult to
use solar energy effectively due to its intermittent nature. Half of the energy that sunlight reaches the

surface of the earth comes from visible light photons (400 ~ 750 nm). However, most of inorganic
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semiconductors (such as TiO2 or ZnO) are only active under UV light, which constitutes 4~5% of the
solar spectrum. Therefore, effective use of visible light is one of the biggest challenges in the field
of photocatalysis. m-conjugated polymers (such as poly(diphenylbutadiyne) (PDPB), poly(3,4-
ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), poly(3-hexylthiophene) (P3HT)) can be
considered as organic semiconductors, and have many inherent advantages, making them competitive
alternatives to inorganic semiconductors for photocatalytic applications.! ? First of all, organic
semiconductors generally show very high absorption coefficients. In addition, narrow band gap and
unique m-conjugated system of organic semiconductors make them easy for photogenerated charge
carriers’ separation, and the strong polarity can achieve effective charge transfers of both positive and
negative charges, which is essential to initiate photoredox reactions.

An emerging and promising research topic consists in the development of organic semiconductors
for photocatalytic applications and in particular for transformation of small molecules. Benefiting from
the immense potentialities of solution processable organic semiconductors in the field of organic
photovoltaics,® a lot of attention is put to exploit the photophysical and electrochemical properties of
these materials in the solar to fuel driven chemistry. In 1980, Shirakawa et al. introduced for the first
time polyacetylene at a photoelectrode for solar energy conversion.* The conjugated polymer poly(p-
phenylene) was first reported for photocatalytic application in 1985 (see the timeline in Fig.1)°. In the
presence of trimethylamine (TEA) or diethylamine, the radiation of an aqueous suspension of poly(p-
phenylene) (A > 290 nm) leads to the photocatalytic Hz generation. In 2009, Domen and Antonetti
discovered that graphitic carbon nitride g-CsN4 (melon) acts as a photocatalyst for the hydrogen

evolution reaction in the presence of a sacrificial electron donor, and without any co-catalyst.® This
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first reports inspired the research on polymeric photocatalysts in the past decade, including covalent
organic frameworks (COF),”® covalent triazine-based frameworks (CTFs) pyrene-based conjugated
microporous polymers (CMPs) and conjugated poly(azomethine) networks,0-1°

It has been demonstrated that conjugated polymer nanostructures such as
poly(diphenylbutadyine)(PDPB),® poly(3,4-ethylenedioxythiophene)(PEDOT),’ poly(3-
hexylthiophene) (P3HT)*® and polypyrrole (PPy)*® (synthesized by controlled polymerization in soft
templates made by hexagonal mesophases) are very active photocatalysts for water treatment under
UV and visible light, with an activity under visible light overcoming that of a plasmonic Ag/TiO2
taking as a reference.!” These organic semiconductors show very high absorption coefficients and
narrow band gaps (with absorption in the visible or near IR range), high stability and high carrier
mobility. Their unique n-conjugated systems help photogenerated charge carriers’ separation, and the
strong polarity can achieve effective charge transfers, which are essential for initiating photoredox
reactions.

Despite the great progress made in the pursuit of highly efficient organic photocatalysts, there are
still considerable efforts necessary to understand their photocatalytic properties, and important
progresses to achieve to increase the photocatalytic yields. In addition, although typical conductive
polymers have been widely investigated, there are a few systematic reports on the performance,
synthesis and application of conjugated polymers.

PPy has been studied in great details because of its good electrical conductivity, redox properties
and environmental stability. The monomer (pyrrole, Py) is easily oxidized, water soluble and

commercially available. It has been synthesized for the first time in 1912,% and its conductive property
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was discovered in 1977.* PPy nanostructures (NSs) have a wide range of applications such as in
batteries,?® sensors,?' photovoltaics,?? self-cleaning surfaces,? etc.?* However, it is only in 2019 that
the first studies reported photocatalytic applications of bare PPy NSs.!®- 2526 In this review, we will
introduce various synthesis strategies of PPy nanostructures (chemical polymerization,
electrochemical polymerization and radiolytic polymerization) and PPy-based nanocomposites for
photocatalytic applications (Fig. 2). More importantly, we will also focus on introducing the
polymerization mechanisms, physical and chemical properties of PPy, and synthesis of different PPy
nanostructures. Finally, the review concludes with the challenges and suggestions for improving the

performance of nanostructured polypyrrole-based photocatalysts.

Discovery of the conductive Photocatalytic H, Pure PPy nanostructures were used

polymer polyacetylene (PAc) production on Polymeric for the first time for photocatalytic
carbon nitride (CN,H,) organic pollutant degradation
under visible light

1912 1977 1985 --- 2009 2015 2019

Polypyrrole (PPy) was Poly(p-phenylene) was used for Poly(diphenylbutadiyne) (PDPB)
synthesized for the first the first time for photocatalytic H, nanostructrues were used for water
time generation under UV irradiation decontamination under visible light

Fig.1. Timeline showing the key developments in photocatalytic applications using conjugated

polymers 5,6,16, 19, 25,27
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Fig. 2. Overview of polypyrrole nanostructures (PPy NSs) for various photocatalytic applications.

2. Chemical structures and the nature of electronical conductivity of PPy

n-conjugated polymers are considered as organic semiconductors and consist of a linear series of
overlapping p orbitals with sp® or sp hybridization, thereby forming a conjugated chain of delocalized
electrons.?® Polypyrrole is one of the easiest conducting polymers to synthesize and one of the most
stable. One-dimensional or two-dimensional PPy structures can be obtained depending on the
synthesis conditions. The one-dimensional structure mainly refers to polymerization at the a—a
positions (low oxidant concentration). On the other hand, the two-dimensional structure is mainly

polymerized at a—p position (high oxidant concentration) (Fig. 3).’



a-B polypyrrole

Fig. 3. One-dimensional (o- o) and two-dimensional (a-P) polypyrrole structures.?’

Neutral (undoped) bulk polypyrrole is a dielectric material with a bandgap of 4 eV. After oxidation
(doping), the m-electrons are removed from the HOMO (the highest occupied molecular orbital) to
LUMO (the lowest unoccupied molecular orbital). The bandgap is reduced to less than 2.5 eV, and the
polymer becomes a semiconductor.>’ PPy conduction is of particular interest for the mechanism of
charge transfer.?! The charge carriers are formed by polarons and bipolarons doping. Chemically
speaking, the formation of polarons is equivalent to the formation of radical cations and of bipolarons,
to dications (Fig.4). The polarons and bipolarons in PPy are extended structures, distributed in three
to four monomer units of the chain. Polymers doping is accomplished in a variety of ways: chemical,
electrochemical or photochemical doping, as well as by charge injection at the metal-insulator—

semiconductor (MIS) interface.’? The conductivity of PPy depends on the number of carriers and



charge carriers’ mobility, which varies greatly depending on its synthesis conditions. Higher mobilities
will occur with higher crystallinity, better orientation, and defect-free materials.>* The main changes

in conductivity usually occurs in the early stages of doping.®!>3*

Uncharged Undoped

High undoping

Fig. 4. Proposed structures for polarons and bipolarons.*’

3. Synthesis of polypyrrole (PPy) nanostructures

PPy was for the first time synthesized in 1912.%° Polymerization of pyrrole monomers (Py) into
PPy can be achieved by traditional chemical oxidation (using for example K2S20s, FeCls, H202)* or
electrochemical methods.?” Chemical polymerization usually provides powdery PPy, and can be easily
scaled up. Other polymerization methodologies have been also developed such as photo-induced

synthesis®® or radiolysis.** Although the polymerization technologies of chemical and electrochemical
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methods are quite different, the first step of polymerization corresponds to the preliminary oxidation
of Py monomers into their ionic form.

In addition, nanostructured conjugated polymers are attractive as advanced nanomaterials due to
their performance and versatile applications. By using chemical and electrochemical polymerization,
0D-1D or 3D- nanostructures (NSs) of PPy such as nanoballs, nanorods, nanotubes, nanobowls or
nanoclips can be obtained using hard or soft templates or structure-guiding agents (such as methyl

orange).*’

3.1 Chemical polymerization

Polymerization of Py occurs steadily in the presence of an oxidant (such as FeCls, ammonium
persulfate (APS) or H202).>**! Halogens and organic electron acceptors were also used as oxidants to
synthesize PPy.*>* Besides, there are many factors such as the nature of the solvent and the oxidant,
initial Py/oxidant ratio, reaction duration and temperature, which can affect the yield and the
conductivity of PPy.** For example, the optimized Fe(IIl)/Py ratio is 2.4 for a yield in PPy of about
100%. Changing the initial ratio of the reactants affects the yield, but not the chemical component nor
conductivity.*> The shorter times of polymerization and lower temperatures, (0 °C ~ 5 °C), the better
conductivity of PPy is obtained.*® When the oxidant is FeCls, the overall reaction is as follows
(equation 1):3!

n C4HsN + (2+y)n FeCls— (CsHsN)," ny CI" + (2+y)n FeCl2 + 2n H" + 2n CI" (equation 1)
where y is the doping level of PPy, and usually the value of y is between 0.20 and 0.33 for PPy. If

oxygen is not counted, the reaction of Py with FeCl3 can be presented as follows (equation 2):*



n CsHsN +2.33 n FeCls — (CsHsN),” +0.33 n Cl" +2.33 n FelCl2 + 2 n H" + 2 n CI" (equation 2)
One chlorine atom can accept one electron (e7) from three Py unites to be a doped anion.
PPy nanostructures of different shapes can be obtained using templates or surfactants as explained

in the next paragraphs.

3. 1.1 PPy nanospheres

The main disadvantages of templated and seeded growth synthetic routes are that the use of
templates or seeds can add cost and complexity to the synthesis, and removing the template or the
seeds can affect the physical properties of the nanostructures. Emulsion and dispersion polymerizations
often need external emulsifiers or stabilizers, which can be difficult to remove. Hong et al. reported a
facile way to synthesize uniform nanometer-sized PPy based on water-soluble polymers and metal
cations in aqueous solutions without any surfactant nor template (Fig. Sa-c) *’. The metal cation (Fe*")
was used as an oxidizing agent to initiate the chemical oxidation polymerization of Py, and the facile
process provides a great possibility for mass production of PPy NPs. Liao et al. synthesized water-
dispersible PPy nanospheres with size less than 100 nm without any template, surfactant, nor
functional dopant via introducing 2,4-diaminodiphenylamine as initiator into a reaction mixture
containing Py monomer, an oxidant (such as FeCls), and hydrochloric acid (HCI) (Fig. 5d). *® The size

and morphologies of PPy NPs are dependent on the initiator and oxidant concentrations.
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Fig. 5 (a) Schematic diagram of synthesis process of water-soluble PPy. (b) SEM image of PPy nanoparticles. (¢) Tilted
and cross-section SEM images of the PPy nanoparticles stacked on a substrate (scale bar: 100 nm).*” Copyright 2010
Wiley-VCH. (d) Formation mechanism proposed for PPy and carbon nanospheres.*® Copyright 2010, American

Chemical Society.

3.1.2 PPy hollow spheres

PPy hollow spheres providing some immediate advantages over their solid counterparts were
used for various applications because of their relatively low densities. During the past decades,
different synthetic methods were developed for the PPy hollow spheres preparation, however, the most
efficient procedure is based on template-assisted synthesis, e.g., polystyrene latex spheres (PS) *°°,
SiO2 spheres °!, metal and metal derivatives as templates (such as Au, Fe, AgCl) >4 PPy hollow
spheres could be subsequently achieved via removal of the templates. For example, D. Su et al. used
poly(methyl methacrylate) (PMMA) nanoparticles (NPs) as templates to synthesize PPy hollow
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spheres 3. Fig. 6a is a schematic diagram, which illustrates the synthesis of PPy hollow nanospheres.
The PMMA can be washed away with acetone. SEM and TEM images showed the as-prepared PPy
retained the spherical shape of the templates with a homogeneous size distribution, without shrinkage
nor structural deformation (Fig. 6b-¢). X. Liu et al. demonstrated a simple in situ synthetic method to
obtain SiO2/PPy core—shell particles (Fig. 6d). PPy hollow spheres were obtained after removing the
SiO2 template *¢ (Fig. 6e); Their size and thickness were dependent on the size of SiO2 and the added

volume of Py monomer.

a

<
Disperse in %’
PMMA pyrrole so'utioA

Q Monomer p ﬁ%‘
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S

Silica sphere
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HF
—
Etching

Hollow sphere Core/Shell structure

Fig. 6. (a) Schematic diagram of the synthesis of PPy hollow nanospheres. (b) FESEM images of as-prepared PPy
hollow nanospheres. (¢) TEM image of as-prepared PPy hollow nanospheres;>* Reproduced from Ref. 49 with
permission from the Royal Society of Chemistry. (d) The formation mechanism of SiO»/polypyrrole core—shell structure

particles and PPy hollow spheres; (¢) TEM image of PPy hollow spheres.> Copyright 2007 Elsevier B.V.
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3.1.3 PPy nanowires and nanotubes

One dimensional nanowires and nanotubes have attracted much attention in recent years due to
the high sensitivity to surface effects and a configured channel for carrying charge and exciton
efficiently.’” The unique geometrical advantages and properties promote the various applications of
nanowires and nanotubes. Generally, synthesis of PPy nanotubes or nanowires is based on templates
such as anodic aluminum oxide (AAO),*® structure-guiding agent MO, V205 nanofibers.*

For example, Zhang et al. synthesized one-dimensional PPy nanotubes using FeCls as oxidant
and V20s nanofibers as sacrificial hard templates (Fig. 7a-b and e-f) and the synthetic doped PPy
nanotubes with hollow holes can spontaneously reduce the noble metal ions to nanoparticles (Ag, Au,
Pd etc.) on the tubes’ surface (Fig. 7c-d).®% ! Methyl orange (MO) was for the first time reported by
Yang et al. in 2005 as a simple and easily accessible structure-guiding agent to synthesize PPy
nanotubes.> MO with a planar hydrophobic section and hydrophilic edge group (-SO3) is soluble in
water, and possesses anionic and no surfactant characteristics in aqueous solution due to the absence
of critical micelle concentration. At room temperature (25°C), MO can dimerize and form oligomers
at a concentration of 1 mM and 5~10 mM, respectively.®> Complexation can be obtained when an
organic compound (such as phenol or a dye) and a flocculant (Fe*" or AI**) are together. In the work
reported by Yang et al., FeCls was used to suppress the electrostatic repulsions between MO aggregates
and/or reacts with negatively charged aggregates of MO in solutions, which induces destabilization of
the charged particles and formation of amorphous aggregates.®? PPy hollow nanotubes were obtained

in high yield using FeCl3-MO reactive self-degraded template, which the outer and inner diameters are
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about 70 nm and 50 nm, respectively. Notably, when the oxidant FeCls is replaced by ammonium
peroxysulfate (APS), no tubular precipitates are observed after mixture with MO. Yan et al. reported
synthesis of PPy nanotubes (PPy-NTs) with uniform diameters (~100 nm) by in situ chemical
polymerization of Py with FeCls and MO as oxidant and dopant, respectively. They showed that the
diameter of the PPy-NTs can be controlled by adjusting the concentration of the reactants, the types of

solvents and the reaction temperature (Fig. 7g-h). Granular PPy NPs were obtained in the absence of

MO.%

Fig. 7. Polypyrrole-Cl nanotubes: (a) SEM, as synthesized. (b) TEM, as synthesized showing a hollow tube. Inset: TEM
showing a pore filled with V,0s. (¢) TEM, Ag nanocomposite. Insets: coaxial cable of Ag and particle size distribution

(d) TEM, Au nanocomposite;®® Copyright 2005 American Chemical Society. SEM images of polypyrrole:Cl nanofibers

synthesized in ethanol/FeCl; using V»Os as the seed. Prior to the reaction, V,Os was stirred in ethanol for (e) 30 min and

(f) 12 h;*! Copyright 2004 American Chemical Society. (g) SEM images of PPy-NTs obtained in the presence of MO, (h)

TEM images of PPy-NTs obtained in the presence of MO.%* Copyright 2017 ESG (Belgrade, Serbia).
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3.1.4 Other nanostructures of PPy

Other two-dimensional PPy nanostructures have been developed in the recent years. PPy nanorings
obtained by using a soft template ((CTA)2PdBrs complex), while the Pd complex was synthesized via
the reduction reaction between PdBr; and the monomer (Py) and finally Pd nanoparticles supported on
PPy (Fig. 8a). Liu et al. described for the first time synthesis of 2-D nanoclip structures of PPy by
using an oxidative template composed of cetrimonium cations and peroxydisulfate anions in the
presence of CTAB (Fig. 8b). The diameter of the homogeneous nanoclips was in the 50~70 nm range.%
Monodispersed nanobowl sheets of PPy were synthesized by using polystyrene spheres at the
aqueous/air interface as templates via chemical polymerization (Fig. 8c). These PPy nanobowls can
be easily lifted-off and deposited, in full size, on any flat substrate.®® L.M. Santino reported on a
modified vapor-phase synthesis of polypyrrole nanofibers (PPy), which can conformably coat 3D
fibrillar substrates such as hard carbon papers. This facile polymerization method provides the
opportunity to deposit PPy NSs onto many electrochemically active materials, but it may not be stable

at high temperatures (Fig. 8d-e).%’

14



Fig. 8. (a) Schematic diagram of the fabrication of PPy-Pd composite nanorings.** Reproduced from Ref. 58 with
permission from the Royal Society of Chemistry. (b) SEM images of PPy-Cl nanoclips (scale bar, 1 pm; inset, digital
picture of paper clips).®> Copyright 2010 American Chemical Society. (¢) SEM images of the PPy-CSA nanobowl sheet.%
Copyright © 2006 WILEY-VCH. (d) SEM of unwashed PPy after vapor phase polymerization onto a hard carbon paper
substrate, (€¢) Upon washing in 6 M HCI and methanol, the fibers relax yet remain separated.®’ Reproduced from Ref. 61

with permission from the Royal Society of Chemistry.
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3. 2 Electrochemical polymerizations

Electropolymerization limits the reactions on the surface of the electrodes, and the PPy (prepared
by this method) normally grows on the surface of the electrode as a film. Typically, PPy NSs grow
along with the orientation of the electric field to form special structures.®

The mechanism of electropolymerized PPy is still controversial although different mechanisms
have been proposed so far by Diaz," Kim,”® Pletcher’! and Reynold.”” Among them, Diaz’s
mechanism is the most frequently encountered in the literature. The reaction process of this mechanism
is as follows:* 73 In the first step, the oxidation of Py leads to a radical cation formation (Scheme 1)

and several resonance forms of this cation are expressed in Scheme 2:

@ - @ Scheme 1
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Two unpaired electron density in the a-position of dimerizes by resonance to form a dihydromer

dication (Scheme 3), and the two protons loss leads to formation of a dimer (Scheme 4).

|
+
o o+ (o — =~ N\ Scheme 3

H H
H H
—\ H |, ot |
\ NX . I\ N Scheme 4
W\ NN
H H

The bipyrrole is more easily oxidized due to the its lower oxidation potential than the one of the

monomer (Scheme 5).
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The resonance cation form reacts with a monomer to form the trimer dication, and then
deprotonates to obtain the neutral trimer (Scheme 6). Trimer o- and B-positions can be coupled with
the following oligomers even if B-position could not be accessible sterically and a-coupling will
predominate (Scheme 7), the longer the length of the chain, the higher number of B-bands formed.

=, i } A "
o N N 5 p N N !\ N
T Il\l \ If . H ‘N+ \ lf > \‘ ’,t |N \ /{ Scheme 6
H H H

+e

Z—I I—Z

H I|-| H
B N NN
WA Y VN

Epa

H

H
| H Scheme 7
N / +.\ r'4
= @ﬂm C?/O\U
The propagation continues in the same order: oxidation, coupling and deprotonation until the final

polymer product is obtained (Scheme 8).
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Indeed, Diaz et al. were the first to synthesize PPy by electropolymerization. The method features
a combination of several successive reactions such as radical cation formation, radical coupling and
deprotonation. However, some steps like propagation and termination are hard to investigate. Besides,

many electropolymerization parameters also influence the property of polymerization. %!
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3. 2.1 PPy nanowires and nanotubes

The electrochemical polymerization of Py favors formation of PPy bulk materials such as
conductive films. D.-H. Nam successfully fabricated PPy nanowires with a one-step process by
cathodic electropolymerization without templates nor chemical additives. The electrochemically
generated NO™ was utilized to oxidize neutral Py monomers, making it possible to use oxidable metal
substrates such as Cu and Ni. The synthesized nanowires are directly deposited on the Cu substrate as
a thin film, and the kinetics of Py polymerization in cathodic electropolymerization is highly
influenced by the radical cations’ reactivity. The results showed that PPy nanospheres initially
deposited on the Cu substrate gradually changed to nanowire structures in the form of a thin film. The
growth kinetics of PPy nanowires was studied by analyzing the effect of the electrolyte and synthetic
time (Fig. 9a-c¢), which shows that the polymerization process of pyrrole is very sensitive to the
reactivity of radical cations.” J. Xing et al. showed a facile approach to construct antimicrobial peptide
functionalized PPy nanowires array conductive electrodes for bacterial environment electrical signal
detection application (Fig. 9d-e). They introduced an antimicrobial peptide (AMP) immobilized PPy
nanowires array conductive electrode (PNW-AMP) using facile electrochemical deposition, and
further molecular immobilizing process through the existing dopant (dopamine) as an anchor.” PPy
nanotubes can be synthesized using sacrificial templates (a-Fe2O3 nanowires grown on the steel
substrate), and then a-Fe203 nanowire template was removed by H3POa solution at constant current of

5 mA cm™ (Fig. 9f).7
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Fig. 9 (a) SEM images of the polypyrrole nanowires synthesized by cathodic electropolymerization at -0.6 Vscg for 10
min from an aqueous solution containing 0.2 M NaNOs and 0.8 M HNOs with concentrations of pyrrole 0.20 M, (b) at
0.25 M pyrrole and 0.8 M HNO; with 0.2 M NaNOs, (¢) the changes in electrolyte color before and after cathodic
electropolymerization at -0.6 Vscg for 10 min: (left) 0.025 M pyrrole, 0.2 M NaNO; and 0.8 M HNO; and (right) 0.2 M
pyrrole, 0.2 M NaNOs and 0.8 M HNO3;7* Reproduced from Ref. 68 with permission from the Royal Society of
Chemistry. (d) SEM image of constructed PPy nanowire electrode (PNW) surface. (¢) SEM image of AMP immobilized
PPy nanowire electrode (PNW-AMP) surface. Insets in (d) and (¢) were high magnification images.” Copyright 2019
Wiley-VCH. (f) high-magnification SEM image of polypyrrole nanotubes.’® Copyright 2011, American Chemical

Society.

3. 2. 2 PPy microsuckers and microcontainers

Patterned conducting polymers have attained promising applications in various fields. A general
strategy for the fabrication of patterned PPy, with precisely controlled microstructures (e.g.,
polypyrrole microsuckers) was developed by regulating the solid/liquid/gas triphase interface and the
electrochemical polymerization. The PPy microsuckers were successfully deposited on micropillars

with different top shapes (circular pillars, spindle pillars and hexagonal pillars) (Fig. 10 a).”’
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L. Qu et al. prepared PPy microcontainers with morphology like cups, bottles and bowls by
electrochemical oxidation of Py in the aqueous solution of B-NSA (B-naphthalene sulfonic acid, an
anionic surfactant),”® camphorsulfonic acid,”® or polyelectrolyte®® (Fig. 10b-g). These surfactants
coated on the surface of gas bubbles and resulted in forming “soap bubbles”, which are negatively
charged. They can assemble on the surface of working electrodes under a positive potential during the
electropolymerization. These microcontainers with diameters of 20~100 nm and thickness of 10~150
nm stand upright on the working electrode surface. Then, Y. Gao et al. developed a microdroplet
template for the electrochemical synthesis of PPy microcontainers by combining the layer-by-layer
(LBL) technique (Fig. 10f).8!*2 In the synthesis process, Py was dispersed as microdroplets in aqueous
LiClOs solution by sonication following assembled on the ITO electrode decorated with multilayers
of poly(diallyldimethylammoiun chloride) and poly(styrene sulfonic acid) at a positive potential.
Finally, the well-ordered PPy microcontainers formed by the polymerization of the outermost layers
of the droplets with the diameter of 1~10 um, which are smaller than those of the microcontainers

prepared by the “soap bubble” template strategy.
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Fig. 10 (a) ESEM images of PPy microsuckers deposited on different micropillars, including circular pillars, spindle
pillars and hexagonal pillars;”’ Copyright 2018 Wiley-VCH. SEM images of PPy microcontainers and microspheres
synthesized by electrochemical polymerizations. (b) Microcontainers doped with camphorsulfonic acid;’® (¢)
Microcontainers doped with poly (styrenesulfonic acid); Copyright 2003, American Chemical Society. (d)
Microcontainers doped with camphorsulfonic acid and prepared by the CV technique;” Copyright 2004, Elsevier. (e)
Arranged microcontainers on patterned electrodes; (f) Microspheres doped with naphthalene sulfonic acid;* Copyright
2004 Wiley. (g) Microcontainers prepared by electrochemical growth of PPy on layer by layer (LBL) film modified

electrode.®? Copyright 2006, Elsevier.

Electrochemical polymerization provides many advantages compared to chemical methods.
Firstly, the obtained product is an electroactive film, which attaches to the electrode surface and shows
high conductivity. Secondly, it is easy to control the mass and the thickness of the film; Thirdly, the
film can be controlled directly in the synthesis process.’! Using electrochemical polymerization,

various complex structures can be achieved.
21



3. 3 Polymerization by radiolysis

Radiolysis is the interaction of high energy radiation (y-rays, X-rays, electrons or ions beams)
with matter. It is a powerful technique to synthesize metal nanoparticles, polymer nanostructures and
composite nanomaterials.’* 8 The interaction of high-energy radiation (y-rays, X-rays, accelerated
electrons or ions beams) with polar solvents such as water generates free radicals (solvated electrons
es, H', HO") homogeneously in the solution, H3O" and molecular recombination products (H2 and

H20).8586

The process of free radical formation in the case of radiolysis of water is as follows (equation
3):%

y—-radiation

H.0O ——— e, H30™, H', HO", Hz, H202 (equation 3)
Solvated electrons and H' radicals are strong reducing species while HO" are strong oxidative

radicals E° (HO"/H20) = 2.2 V (vs SHE).®® These radicals can be used for reduction or oxidation

reactions.

S. Remita et al. have developed a methodology based on radiation chemistry to synthesize
conducting polymers in aqueous solutions and halo-methane solvents (such as DCM, CH2Cl»)
radiolysis.?** The oxidative or reducing radicals used for polymerization are induced by solvent
radiolysis, therefore no external oxidative (or reducing) chemicals are needed to initiate the
polymerization as in the case of chemical method. The team synthesized PEDOT polymers for the
first time using y radiolysis in water.”® In this way, the synthetic procedure is easy and

environmentally friendly. In other words, water is used as solvent without addition of chemical
22



oxidants or reductive agents, the oxidative or deducing radicals are induced by water radiolysis.
PPy spherical NSs were synthesized by y-ray irradiation in water under N2O atmosphere without
any templates. While hydroxyl radical is a very oxidative species, N2O was not only used to
scavenge solvated electrons, but also to produce more oxidative HO' radicals (e;, + N20O + H20
— HO"+ HO™ + N2). Py was polymerized into PPy due to the hydroxyl radicals produced by water
radiolysis (Fig. 12a-b).!”* On another hand, spherical PPy polymer nanostructures were recently
radiosynthesized in dichloromethane, the polymerization being initiated by the generated
chloromethyl (CH2Cl") and dichloromethyl (CHCI2") radicals under N2 during DCM radiolysis,
and a higher yield of monomer oxidation as well as a greater efficiency of polymerization can be

obtained. Radiolysis provides a facile way to synthesize monodisperse PPy nanospheres.”* %>

Wang et al. reported synthesis of PPy nanospheres with uniform size about 30.5 nm through y-ray
irradiation in an acidic aqueous solution of Py, and the monodispersed PPy NPs showed high-

efficient NIR photothermal conversion for cancer therapy (Fig. 12¢-d).”
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Fig. 12 (a-b) SEM images of PPy-NSs-y.!° Copyright 2019, Elsevier. Cryo-TEM images of radio synthesized PPy (y-
PPy) at 72 kGy. (¢) Nanostructures of y-PPy; (d) full view of chaplets of y-PPy.>* Copyright 2014, American Chemical
Society. TEM images of the products prepared from y-ray radiation on an acidic aqueous solution of Py at different pH:

e) pH = 1; f) pH = 0.8.°° Copyright 2017 Wiley-VCH.

3. 4 Photopolymerization

There are few reports about photopolymerization of Py. In photopolymerization process,
photogenerated electron transfer plays an important role. Generally, metal complexes (such as
ruthenium, cobalt and copper complexes) have been used as photosensitizers and electron acceptors.’’
C.R. Martins et al. prepared PPy/Ag composite via photopolymerization process. The strategy was to
use the transition metals ions assisted by UV light to polymerize monomers, and in the same time Ag

ions are reduced and incorporated to the PPy matrix (Fig. 13a).”® Ag/PPy core/shell NPs with a
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diameter of 60 nm were obtained by one-step UV-induced polymerization in the presence of PVP
(polyvinylpyrrolidone), which acts as stabilizer ((Fig. 13b).”” PPy films can be deposited on silicon
substrates by spin coating. These films were polymerized by UV light (172 nm wavelength), and the

structures are affected by UV irradiation and exposure time. The UV-photo processing includes two

8

stages: photopolymerization and then PPy film surface etching and modification.

Fig. 13 (a) SEM of polypyrrole film on glass substrate for exposure of the monomer solution 72 h,’® (b) TEM images of

silver/polypyrrole core/shell particles centrifuged.” Copyright 2005, Elsevier.

4. Polypyrrole nanostructures for environment and energy applications

Conjugated polymers with their unique electron system (one-dimensional delocalized conjugated
structures), excellent optical, electrical and electrochemical properties are used in various applications
(such as actuators, supercapacitor electrodes, ablation of cancer cells, fuel cells and catalysis).
Especially, conjugated polymers have attracted much attention for photovoltaic cells and
photocatalysis due to their high conductivity, stability, charge carriers’ mobility, broad absorption in
the visible light and excellent electrochemical performance. For example, thin films of conjugated
polymer are one of the potential alternatives of crystalline silicon photovoltaic cells, which can provide
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electricity at a lower cost than crystalline silicon solar cells and could be achieved on a large scale.!®

In addition, conjugated polymer nanostructures also emerge as new photocatalysts very efficient under
visible light.'*1% 1% X Yuan et al. reported for the first-time the high photocatalytic activity of bare
PPy NSs for water treatment under visible light and that the PPy NSs are stable with cycling (Fig. 14a-
¢). The NSs were synthesized by chemical oxidation in soft templates (PPy-NSs-c), gamma irradiation
(PPy-NSs-y) and without any template by chemical oxidation (PPy-bulk). The authors demonstrated
that nanostructuration is a key factor for the high photocatalytic activity of PPy-NSs.!
Nanostructuration provides large surface area, which is beneficial for photocatalysis and less defects
compared to the bulk counterpart, these defects acting as recombination sites decreasing the
photocatalytic activity. Interesting, the HOMO, LUMO energy levels and the band gap can be tuned
by the control of the polymerization degree of the conjugated polymer and its nanostructuration.!*-16:17
The proposed photocatalytic mechanism was shown in Fig. 14d. Separated photogenerated charge
carries participate in redox reactions during the photocatalytic process and superoxide and hydroxyl

radicals are very active species to oxidize organic pollutants into CO2 and H2O (complete

mineralization of the pollutant is achieved).

It is worth noting that the photocatalytic activity of PPy NSs was shown to depend on the polymer
morphology, particles size, as well as on optical and chemical states.!” It has been shown recently that
PPy polymers radiosynthesized in dichloromethane (DCM) solvent (PPypcm) — exhibit very high
photocatalytic activity for water treatment compared to PPy synthesized by radiolysis in water
(PPym20), and this activity is comparable to that of the best conjugated polymer based photocatalysts

synthesized within hexagonal mesophases. 3 This activity was explained by longer chain length, the
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doping state of PPy synthesized in CH2Clz, by its very small optical band gap (1.30 eV), and also by

its large extended absorption band from the UV to the near infrared region. ® These photocatalysts

were found to be very stable with cycling.
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Fig. 14 Degradation rates of phenol in the presence of as-prepared samples of PPy under UV-Vis (a) and visible light
irradiation (b); (c) Photocatalytic activity of PPy-NS-c with cycling. (d) Possible photocatalytic mechanism with charge

separation in PPy nanostructures with electron reducing oxygen and the hole oxidizing water.!” Copyright 2019 Elsevier.

In addition, a great deal of efforts has been devoted to increase the photocatalytic efficiency and
to extend the light absorption range of TiO2. Among these approaches, formation of semiconductor
heterojunction is an efficient way to enhance the photocatalytic properties. According to the electronic
affinity and bandgap of semiconductors, heterostructures can be divided into three types: type I
(straddling gap), type II (staggered gap), and type III (broken gap) (Fig. 15).! Formation of type II

heterostructures is the most investigated and efficient way to decrease the recombination of charge
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carriers for enhanced photocatalytic activity for degradation of organic pollutants and water splitting.
On the other hand, the formed heterostructures can effectively increase the utilization efficiency of

solar energy owing to the synergetic absorption of different semiconductors.

PPy-based heterojunctions can play a pivotal way for photocatalytic applications owing to the

narrower band gap and broadened light absorption in the visible region.
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Fig. 15 Schematic energy band diagram of three types of semiconductor heterojunctions.!%?

4. 1 Polypyrrole-based composites for water treatment

PPy can be combined with inorganic semiconductor nanomaterials for application in
photocatalysis. In organic-inorganic nanocomposites, organic materials are usually used to support
and separate inorganic nanomaterials, and improve their properties (such as electronic and catalytic

properties) by allowing a higher surface area to volume ratio.'*
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4. 1.1 Polypyrrole-based binary composites for water treatment

a. PPy/TiO2 composites

Organic-inorganic semiconductor nanocomposites exhibit both the performance of pure organic
and inorganic semiconductor materials, and synergistic effects can be obtained for some applications.
It has been shown that PPy decorated with inorganic metal oxides presents large visible light
absorption and good photocatalytic activity. For example, PPy/TiO2 nanocomposite particles showed
enhanced photocatalytic activity for degradation of pollutants in water ( MO and phenol were used as
model pollutant) under visible light irradiation!®* 15, PPy-TiO, composite films at the air-water
interface presented higher photocatalytic activity than a suspension of PPy-TiO2 for MO and MB
degradation.!® Surface molecularly imprinted polymers do not only show strong affinity towards
target contaminants, but also facilitate mass transfer owing to the accessible sites and the PPy/TiO2
nanocomposites exhibit high efficiency for photodegradation of MO.!” X. Yuan et al. modified
commercial P25 TiO2 with nanostructured PPy (PPyns) (prepared in soft templates formed by
hexagonal mesophases!®®) by sonication (5 min) and followed by 2 h stirring in ethanol for water and
air treatment.'%” Compared with PPypui-TiO2 (in this case PPy prepared without any template in water
had larger size that PPyns), the nanocomposite shows a significant improvement in photocatalytic
performance under visible light for photodegradation of organic pollutants in water and in air (MO and
phenol were taken as model water pollutants and toluene as air pollutant) (Fig. 16a-c). This
enhancement of photocatalytic activity was attributed to the nanostructured PPy and to the formation

of heterojunction at the interface between PPyns and TiO2, which promotes the charge carriers’
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separation (Fig. 16d). Another study showed that PPy/TiO: can also be used for photocatalytic

degradation of polyethylene plastic under sunlight irradiation.''”

In the PPy/TiO2 system, PPy (narrow band gap) can harvest visible light matching the energy
levels of the inorganic semiconductor, and subsequently inject photogenerated electrons into the CB
of TiO2, which facilitates the electron transfer and decreases the recombination of charge carriers. Time
resolved microwave conductivity (TRMC) technique was used to study the dynamics of charge carriers
in the TiO2-based composite. Under visible excitation (450 nm), the TRMC signal of PPyns-TiO2 was
higher than that of bare TiO2, which indicated the longer life time of charge carriers due to less
recombinations in the PPyns-TiO2 composite (Fig. 16¢). The photocatalytic activity can be improved

by the formation of a heterojunction between PPy and TiO2 and this activity is stable with cycling.
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Fig. 16 (a) Photocatalytic activity of PPyxs and PPyns-TiO; for the toluene degradation under A = 465 nm irradiation. (b)

Photocatalytic degradation rate of phenol under visible light. (¢) TRMC (time resolved microwave conductivity) signals

of PPyns-TiO; and TiO; at excitation wavelength 450 nm irradiation. (d) Proposed photocatalytic mechanism for the

PPyns-TiO; system and charge transfer mechanism under visible light.!® Copyright 2020, Elsevier.

b. PPy modified with bismuth-based photocatalyst

Bismuth-based semiconductors such as Bi203,!'"! BixWOs,''? BiVO4,'* Bi202CO3''* present

efficient photocatalytic performances in water depollution.

Bismuth oxyhalides BiOX (X = Cl, Br, I) with unique layered structure featuring (Bi202)*" layers

and inter-grown X layers, which exhibit good photocatalytic performance for pollutant degradation,
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are believed as the promising photocatalysts. Composite materials based on BiOX with a
heterojunction with another semiconductor such as TiO2 show improved photocatalytic activity than
the bare materials.'" In case of BiIOX-PPy, computational calculations showed that oxygen vacancies
(formed due to strong interactions between BiOCI and polypyrrole (PPy)) work as sites to activate Oz
molecules, and therefore the relative barrier energies of NO oxidation were significantly reduced due
to the Oz activation process. BIOCI/PPy was more efficient for photocatalytic NO removal than that
BiOCl, and the activity increases with the amount of PPy, and BiOCI/PPy photocatalysts exhibited
enhanced activity for NO oxidation (NO3) and inhibited toxic NO2 generation (Fig. 17a-b).!'® Likewise,
X. Liu et al. fabricated a hybrid BiOBr-Ag-PPy (BAP) system, which showed superior photocatalytic
activity in degradation of triphenylmethane dye (malachite green) and organic pollutant (phenol). In
BAP system, PPy and BiOBr serve as electron and hole donors, and Ag NPs act as electron mediators,
building a bridge for charge transfer and separation, which significantly enhances the photocatalytic
performance (Fig. 17¢).!"” PPy with BiOI nanosheet (PPy-BiOI) by a facile in situ precipitation
strategy at room temperature presented high photocatalytic activity for industrial depollution
(bisphenol A and 2,4-dichlorophenol) and antibiotics (tetracycline hydrochloride and chlortetracycline
hydrochloride).!'® The composite formation induces broadening of light absorption to visible light, and
the loading of PPy with bismuth-based photocatalysts plays an important role in the photoactivity and
5%PPy-BiOI shows the best activity compared with 0.5%, 2% and 7% PPy. Enhanced visible light
photocatalytic activity of Bi2WOs photocatalyst modified with different amounts of polypyrrole (PPy)
was synthesized by in situ deposition oxidative polymerization of pyrrole. The photocatalytic activity

of PPy/Bi2WOs composite modified with different amounts of PPy are in the following orders: 0.5
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wt% > 0.75 wt% > 0.25 wt% > 1 wt%, excess of PPy on the surface of Bi2WOs induces a decrease in
the photocatalytic performance, which is attributed to the increased absorbance and scattering of
photons and shield the light to reach the surface of Bi2WOs photocatalyst. However, appropriate
amounts of PPy existing on Bi2WOs exhibited great influences on improving the photocatalytic
activity of Bi2WOQs.'"? In addition, PPy/Bi202CO3 composite synthesized by hydrothermal method

presents enhanced activity for rhodamine B (RhB) degradation under UV light irradiation.'?°
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Fig. 17. NO removal (a) and NO, production (b) of BiOCI and BiOCI/PPy composites under visible light,!!® Reproduced
from Ref. 109 with permission from the Royal Society of Chemistry. (¢) Schematic of charge carriers transfer in BiOBr-

PPy and BiOBr-Ag-PPy.!!”
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c. Other composite materials based on PPy for photocatalysis

ZnO microrod arrays and polypyrrole (PPy) flexible composite films show a remarkably
increased photocatalytic activity under visible light. In this integrated heterogeneous structure, the
upper PPy coating shell serves as a photosensitizer for the ZnO-based photocatalysis, while the lower
PPy base layer facilitates electron transport to the substrate and mechanically reinforces the ZnO
microrod arrays. Under visible light, this facile structure achieves much higher photocatalytic
efficiency in comparison with bare ZnO microrod arrays or PPy films for methylene blue (MB)

degradation at a rate of 0.22%/min.'?!

Fe203 has a smaller band gap compared to TiO2 and ZnO, and F. A. Harraz reported mesoporous
heterostructure a-Fe203/PPy for MB degradation at room temperature under UV irradiation. After 20
min, the MB was completely degraded in the presence of optimized 10% Py (volume ratio).!?? Very
recently, heterojunction nanocomposite PPy@Fe203 showed high photocatalytic activity in
photoreforming of micro plastic to hydrogen and other value-added organic products.'** A visible-
light-driven three-dimensional PPy/Zn3In2Se¢ nanoflower photocatalyst was developed, which presents
very high activity for photoreduction of Cr(VI), (100% Cr(VI) (50 mg/L) reduction in 24 min) and
MO (10 mg/L) degradation (99.4% degradation in 25 min).'>* Another photocatalyst, Ag2MoQ4/PPy
nanocomposite, was in situ synthesized and utilized it as a photocatalyst for the degradation of MB
(99.9%) and ciprofloxacin (CIP) drug (99.8%), and reduction of Cr (VI) (99%) within 10 min. The
composite obtained a higher photocatalytic performance than PPy and AgzMoOs alone.'?* Non-metal

oxides nanoparticles were also combined to PPy. Carbon dots (CDs) (prepared using waste
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watermelon seeds (Fig. 18a-b)) were deposited on polypyrrole grafted chitosan, and the composite

material exhibits enhanced photocatalytic activity for degradation of toxic 2-chloro phenol (2-CP).!?®

Polyoxometallates (POMs) (metal (Mo"!, TaV, Mo", WYL, V¥, Mo") (which are oxide polyanion
clusters linked together by shared oxygen atoms to form well-defined frameworks) can store and
exchange a large amount of electrons, and have been widely investigated in photocatalysis.'?” However,
investigations of PPy/POM-based photocatalysts for water depollution are rare. X. Xu et al. reported
loading of PPy on a transition metal coordination polymer (TMCP)/POM via a facile in situ
polymerization process, and the PPy/CuSiWi2 composite shows enhanced photocatalytic activity for

degradation of RhB under visible light (Fig. 18¢-f).!?8
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Fig. 18 (a) PPy/PEG-borate was electrodeposited onto the ZnO microrod arrays; (b) Degradation rates of methylene blue
by photolysis under visible light.!?® Copyright 2019 American Chemical Society. (¢) Fundamental unit of CuSiW2; (d)
2D framework of CuSiW; () Photocatalytic efficiency of PPy/CuSiW, and (f) Diagram of the photocatalytic
mechanism for PPy/CuSiW |, under visible light.!?® Reproduced from Ref. 120 with permission from the Royal Society

of Chemistry.

4. 1. 2 Polypyrrole-based ternary composites for water treatment

PPy-Ag-TiOz ternary composite formed by a shell of PPy, a core of TiO2 decorated with Ag NPs
showed an important increase of the photocatalytic activity compared with that of single- and two-
component systems. The enhanced photocatalytic activity may be due to the synergistic effect of PPy,
Ag and TiO: nanostructures in the ternary system (Fig. 19a-b).!?° BiOBr-Ag-PPy photocatalyst shows
excellent activity and stability for decomposition of malachite green.!!” Another example of composite
photocatalyst is TiO2—polydopamine (PDA)/PPy/cotton, which presents an excellent activity with a
~96% degradation of methyl orange (MO) under simulated solar irradiation over 3 h, and the
degradation efficiency still maintained up to 60% after 10 cycling tests, which showed that the TiO»-
PDA/PPy/cotton exhibited a good photocatalytic stability.'*® It has been shown that the PDA/PPy
structure can enhance the photocatalytic performance of TiO2 by promoting the separation of
photogenerated electron—hole pairs and decreasing charge recombination (Fig. 19¢-e). Conductive
polypyrrole—polyaniline/TiO2> nanocomposites (PPy—PANI/TiO2) prepared by in situ oxidative
copolymerization of pyrrole and aniline monomers in the presence of TiO2 exhibit high visible-light

photocatalytic activity for degradation of 4-nitrophenol. 13! The efficiency of PPy—PANI/TiO: is owing
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to its conductivity, conjugated structure, as well as to the synergy between polypyrrole, polyaniline
and TiO2. AgzPO4-BiPO4-PPy heterostructures (by co-precipitation hydrothermal technique and
oxidative polymerization method) showed significantly improved photocatalytic activity for malachite
green degradation.'* Recently, Y. Lin et al. demonstrated that a spatial separation system of
photogenerated carriers in AgsPOs@MWCNTs@PPy composite presented excellent photocatalytic
activity for the degradation of phenol (100% in 20 min) and tetracycline hydrochloride (100% in 5

min). Importantly, the small-sized AgsPOs showed higher photocatalytic activity than large-sized.'*?
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Fig. 19 (a) The visible-induced photocatalytic activity of different samples; (b) Postulated mechanism of the visible
light-induced photo-degradation of acetone with PPy-Ag-TiO, nanocomposites.]29 Copyright 2013, American Chemical
Society. (¢) Photodegradation of MO with different samples under simulated solar power for 180 min; (d) UV—vis
adsorption spectra showing photo degradation of MO with TiO,~PDA/PPy/cotton under 1 kW m™2 illumination; (e)
Pictures showing the color change of the MO solution containing TiO,—PDA/PPy/cotton.!3° Copyright 2018, American

Chemical Society.
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4. 2 PPy-based composites for photocatalytic H> generation

Bare PPy NPs show very low activity for photocatalytic H2 production because of the fast charge
carriers’ recombination and low catalysis kinetics. The introduction of a co-catalyst (such as Pt, Ni,
NiO, PtNi,) NPs for photocatalytic hydrogen generation can reduce the activation energy of the
reaction, provide active sites for proton reduction, and decrease the recombination of charge carriers,
resulting in an improvement of the photocatalytic activity for hydrogen production. In addition, the
amount and loading method of co-catalyst are also crucial factors for hydrogen generation. The co-
catalyst metal NPs with uniform dispersion can enhance the hydrogen production. However, the

investigation of PPy-based composites for photocatalytic hydrogen generation is still scarce.

X. Yuan et al. reported modification of PPy nanostructures with mono- and bimetallic (Pt, Ni, Pt-
Ni) NPs induced by radiolysis. The modified PPy is very active for Hz generation. Due to the effective
separation of electron-hole pairs by nano-scale Pt, Ni and Pt-Ni particles and the enlarged absorption
region of PPy NSs, the designed composite NSs exhibit excellent photocatalytic activity for H2
production. Interestingly, the authors found that a 50/50 mixture of Ni and Pt shows an enhanced
photocatalytic activity (664 umol/h/g) compared with a pure Pt loading (341 umol/h/g) or a pure Ni
loading (52 pmol/h/g). The enhancement of hydrogen generation compared with that of the
monometallic samples is owing to a synergetic effect between Ni and Pt: The presence of Pt induces
better electron scavenging and higher H' production, while the association with Ni promotes H’
recombination leading to higher Hz production. (Fig. 20a-b).!°! Hydrogen production with Pt and PtNi

modified PPy was very stable with cycling. Besides, Au NPs based multimetallic alloy deposited on
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PPy nanofibers (AusoPt24Pd2¢/PPy) were also investigated (Figure 1.19a). The enhanced
photocatalytic performance for AusoPt24aPd2e/PPy is attributed to the localized surface plasmon
resonance (SPR) of Au NPs, which probably leads to hot ¢ migration from Au to the PPy. The effect
of SPR can facilitate the charge carriers’ formation and improve the e/h* separation (Figure
1.19b).13* Copper NPs (Cu in its zero oxidation state or as oxides) are other promising cocatalysts and
Cu is 6000 times cheaper than Au, has similar crystal structure and electronic configuration like noble
metals.'*> Cu/PPy and Cu20/PPy heterostructures shows enhanced photocatalytic H2 generation under
visible light compared to pristine PPy.!*® PPy and Cu20 can be excited under visible light irradiation,
and charge carriers are generated. The photogenerated e” migrate from the LUMO of PPy to the CB of
Cu20, while the hole (h") transfer from the VB of Cu20 to the HOMO of PPy (Fig. 1.19d). The formed
heterostructure can markedly promote the charge separation and transfer, which induces enhancement

of the photocatalytic activity.
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Fig. 20 (a) Photocatalytic H, generation rate with the same loading rate for different samples. (b) Proposed
photocatalytic mechanism for hydrogen generation.!®! Reproduced from Ref. 94 with permission from the Royal Society
of Chemistry. (¢) The comparative data of H, generation rate after 60 min visible light illumination for bare PPy and PPy

based nanohybrids. (d) Possible mechanism involved in the photocatalytic activity of Au/PPy NHs.!** Copyright 2019,

Elsevier.

Noble metals with lower Fermi level are efficient in electron trapping. Among these noble metals,
Pt is the best candidate cocatalyst for hydrogen production due to its largest work function. T.A.
Kandiel et al. reported an enhanced photocatalytic H2 production on TiO2 modified with Pt-PPy
nanocomposites. Pt-PPy modified TiO2 showed higher catalytic performance than that of Pt-TiO2
under UV-vis illumination. A synergistic effect between Pt NPs and PPy results in a better charge
carriers’ separation (Fig. 21a-b).!*” N.M. Dimitrijevic synthesized TiO2/polypyrrole nanocomposites
by a simple one-step hydrothermal method. The composites are active under visible light irradiation
driven by their morphology that is high concentration of 4.5 nm TiO2 electronically coupled to 200-
300 nm PPy granules. PPy acts as a visible-light photosensitizer, and the photoactivity of
nanocomposite increases due to electron transfer from excited polypyrrole to TiO2 nanoparticles, and
further across the nanocomposite interface. TiO2/PPy composite modified with Pt NPs showed high
photocatalytic efficiency for Ha generation (1 mmol H2 geatatyst' h™! wt% (Pt)). !*® PPy modified Pd-
TiO2 (TiO2-Pd-PPy) showed higher H2 generation rate (601 pumol/h) than TiO2-Pd and TiO2."*° To
avoid the use of noble metal NPs, some other cocatalysts were investigated for photocatalytic hydrogen
production. CdS is one of the most efficient visible-light-driven photocatalysts due to its narrow band
gap (2.4 eV), and its conduction band edge (more negative than the H>O/H: electrode potential).'*°

However modification with CdS should be considered with caution because of the toxicity of CdS and
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Cd?*, which can leach after contact of the nanomaterials with water. PPy/CdS photocatalyst obtained
by in situ chemical polymerization with different dopants (sodium dodecylbenzene sulfonate (DBSNa),
hexadecyl trimethyl ammonium bromide (CTAB) and sodium p-toluenesulfonate (TSNa)) were also
investigated and PPy/CdS doped by TSNa presented the best photocatalytic activity for H2 generation
without noble metals under visible light irradiation compared to PPy doped by DBSNa and CTAB,

and the rate of Hz evolution was 4.4 times higher than that of CdS.!*!

In another hand, graphitic carbon nitride (g-C3Na4), a metal-free semiconductor photocatalyst,
when modified with cocatalysts, is also an efficient visible light-driven water-splitting catalyst for
hydrogen evolution.!*? Y. Sui et al. prepared highly dispersed conductive polymer PPy (1.5 wt%) on
C3Na, which exhibited enhanced photocatalytic activity for H2 evolution compared with bare C3N4
from pure water under solar light.!* Recently, different ternary hybrid nanostructures based on PPy-
TiO2 composites with controlled site modification with small Pt nanoparticles (2 nm Pt NPs induced
by radiolysis) were fabricated (labeled as Pt-(PPy-TiO2), (Pt-PPy)-TiO2 and (Pt-TiO2)-PPy,
respectively). Pt-(PPy-TiOz) presented the highest activity due to the effective electron transfer from
PPy to Pt NPs and through TiOz2 to Pt, which resulted in more efficient separation of charge carriers
and higher electron accumulation of Pt-(PPy-TiOz) compared with (Pt-PPy)-TiO2 and (Pt-TiO2)-PPy
(Fig. 21c-d). Furthermore, Pt NPs act as a cocatalysts for H" reduction and as a site for H’
recombination. The synergistic effect of the two electron transfer routes and formation of PPy-TiO2
heterojunction facilitate the photocatalytic reaction process. The photocatalytic activity was found to

be stable with cycling. This work opens new perspectives for the rational design of ternary composite
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materials to promote charge transfers, thereby efficiently converting solar energy into chemical

energy.'*

Although conjugated polymer-based catalysts have achieved considerable development for
photocatalytic hydrogen generation, the investigation of PPy-based composite photocatalysts is still
scarce, for example, appropriate structures and sizes of PPy-based photocatalysts, suitable co-catalysts
and optimized loading rate, reproducibility, decreasing or eliminating the use of rare and expensive

elements etc.
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Fig. 21 (a) Electron transfer route of PPy-TiO,, TEM and SEM images of PPy-TiO,; (b) Yield of H, production over
time. Two solutions with different weight percent of Pt were tested. Both contained a total of 24 mg of TiO./PPy—Pt
nanocomposites and 6.4 mmol of TEA.!3” Reproduced from Ref. 129 with permission from the Royal Society of

Chemistry. (¢) H> evolution by using 0.5 g I'' modified catalyst, 1.0 wt% Pt and polypyrrole, respectively, 75 ml aqueous
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methanol solution; (d) Scheme for photocatalytic activity of TiO, modified with Pt—polypyrrole nanocomposites.'*4

Copyright 2021, Elsevier.

5. Conclusions and perspectives

In this review, we have summarized various preparation methods (chemical, electrochemical,
radiolytic and photo- polymerization) of conjugated polymer polypyrrole to obtain different
nanostructures (such as nanoballs, nanotubes, nanoclips, etc.) with or without templates, and the
application of polypyrrole-based nanomaterials in photocatalysis (especially for photocatalytic
degradation of organic pollutants and H> generation). Although PPy has been studied for a long time,
there are still different questions to be addressed. Firstly, more research is needed to understand the
chemical structures during the polymerization since PPy is easy to be overoxidized, and the
relationship between changes of chemical structure (such as polymerization degree, doping) and the
photocatalytic performance should be further studied. Secondly, it is important to develop simple and
effective methods to synthesize large-scale, long-term stable, and more efficient PPy-based materials
for practical applications. Properties of these materials can be optimized through rational syntheses.
Furthermore, modification of PPy nanostructures with cocatalysts (such as Fe, Ni, Cu or NiO, CuO,
Sn) and another semiconductor (TiO2, BiVO4 or C3N4) to form heterojunctions will change the
molecular structure, band gap, charge carriers’ mobility and active sites, which plays an important role
in various photocatalytic applications such as water splitting, water oxidation and CO: reduction. Their
possible band gap engineering to optimize light absorption and the charge transfer pathways should be
further studied. Finally, PPy nanostructures and PPy-based composite materials are very promising for

application in photocatalysis. These materials can be very active for solar light harvesting, and can
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have applications in air and water treatment, water splitting, hydrogen and solar fuels’ generation,'*

146, 147 148, 149

water oxidation, and self-cleaning surfaces, and studies are conducted to understand the

photocatalytic mechanisms involved in PPy-nanostructures and PPy-based nanocomposites. These

145,150

materials are also promising for CO2 reduction and valorization, methane conversion,'>! and NOx

reduction.'>?
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