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Abstract

Recently, many researchers have focused their attentions on associating perovskites
with polymers in order to enhance their processability and rigidity while protecting their
interesting environmental properties. Therefore, this work reports the successful
development of two different perovskites/polymer composites via a simple, rapid, low-cost
and eco-friendly photopolymerization process under mild visible Light Emitting Diode
LED@405nm irradiation. The as-synthesized composites exhibit excellent photocatalytic
activity towards the removal of the Acid Black dye from water, reaching approximatively 95%
under just 30 min of UV light irradiation. The fruitful hybridization between the perovskite and
the acrylate monomer allowed the collect and reuse of this photocatalyst for several
successive cycles without external usual time-consuming methods. Furthermore, the new as-
fabricated shaped materials were fully characterized by numerous characterization
techniques including SEM, TEM, EDX, DRX, AFM, DMA and ATG which have verified on one

side the successful immobilization of the perovskites into the polymer and the structural
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stability of the photocatalysts after hybridization and in the other side the high rigidity and

thermal stability of the obtained molded composites.
1. Introduction

Semiconductors heterogenous photocatalysis has recently attracted many
researcher’s interests thanks to its various green and sustainable environmental applications
including wastewater treatment via the elimination of recalcitrant organic pollutants form
water!, hydrogen production?, decrease of the CO, emission in the atmosphere by its
transformation to fuels® as well as the purification of air by removing NOx and SOx pollutants*.
Moreover, the photocatalytic processes are generally carried out at ambient temperature
with the possible use of the renewable solar irradiation as the source of irradiation while
ensuring the total mineralization of the different target pollutants without producing
secondary harmful pollution®. This degradation method is based on the irradiation of a powder
or shaped solid photocatalysts, dispersed in aqueous solution containing pollutants. Once this
material absorbs energy equal or higher than its bandgap energy, it produces highly reactive
chemicals such as hydroxide and superoxide anions radicals which degrade in their turn the

organic compounds®’.

The diversified environmental eco-friendly applications of heterogenous
photocatalysis have induced the emergence of various materials suitable for such objectives.
The most commonly one during the last few decades was titanium dioxide owing to its non-
toxicity, low cost, facile synthesis and high chemical stability®. However, because of its high
bandgap energy (3.0-3.2 e.V), this photocatalyst could only absorb UV light corresponding to
just 4% of the solar spectrum emission®. Another inconvenient of this material is the fast
recombination of the photogenerated electrons-holes pairs!®. Hence, to overcome these
limits, many efforts have been devoted to enhance the TiO; photocatalytic performance by
decreasing the hole-electron recombination rate via its association with other
semiconductors! or its doping with metals®2 or nonmetal®® in order to ameliorate its visible
light absorbance. In this context, many new catalysts including ZnO*, W03, CdS'®, ZnSY,

Polyoxometalates'®,Metals Organics Frameworks'® were explored.

Among all the various reported photocatalysts, perovskites belong also to an

interesting and promising class of materials, fitting with the photocatalytic processes’



features, owing to their chemical and photostability, their low synthesis cost, their modifiable
energy bandgap, their high absorption properties, as well as their long charge carrier lifetime
and diffusion length?°. Perovskites were raised from calcium titanium dioxide (CaTiOs) and
have generally a cubic crystal structure described by an ABX3 system, A being a cation larger
in size than the cation B that could be either an organic compound such as methyl ammonium
(MA*: CH3NHs*) or an inorganic compound such as metals, alkalis (Na, K), lanthanides or rare
earth metals (La, Sm, Pr). B in its turn corresponds to a transition metal ion (Sn, Pb, Ge) and X
is often an oxygen anion?%2223, Thanks to the countless possible combinations between
cations A and B, properties of the resulting materials can be modified to perfectly fit to the
future desired applications, such as X-ray imaging?*, solar cells?®, light-emitting diode (LED)
devices?® and photocatalytic applications??3. As examples of suitable perovskites for
pollutants photodegradation goals, a methylammonium lead iodide perovskite was applied as
visible light semiconductor for the degradation of rhodamine B and methylene blue dyes®.
Moreover, 4-chlorophenol, rhodamine B and brilliant green were respectively decomposed by

a LaFeOs and CaTiOs perovskites under visible and UV light irradiation source?’2.

Despite their beneficial and promising green environmental photocatalytic
applications, the use of perovskites as photocatalysts is generally associated with separation,
regeneration and recycling difficulties, since they are usually used in their powder forms.
Current works are trying to find solutions to this problem by developing new synthetic
methods to prepare perovskites thin films and composites materials?’. Indeed, Eskandari et
al. have developed a magnetic CoFe;04-SrTiOs perovskite nanocomposite, applied for the
degradation of toxic dyes and easy to collect and reuse thanks to the external magnetic field?2.
Raja et al. have also immobilized a perovskite (CsPbBr3) into a hydrophobic macroscale

polymer matrix which enhanced the water and light stability of the initial photocatalysts®°.

In this context, this article reports on the development of a new perovskite/polymer
composite exhibiting an excellent efficiency towards the removal of organic pollutants from
water even without the addition of oxidizing agents. The immobilization of the chosen
perovskites was carried out by a photopolymerization process which is an eco-friendly
synthetic method using a harmless and low-cost LED irradiation source avoiding the release
of volatile organic compounds3°. The obtained shaped materials display a good robustness,

processability and stability of the polymers and the high photocatalytic properties of the



perovskites. Therefore, this approach is a suitable and cost-effective solution to collect and
reuse these photocatalysts avoiding then the time-consuming usual methods of separation

and regeneration including filtration and centrifugation.

Perovskites used in this work were NdosTiOs and LaTiOs. These perovkistes were
chosen based on a bibliographic study. In fact, titanate perovskites are thermically stable and
are characterized by a remarkable high corrosion resistance which is suitable to their
photocatalytic applications3!. Moreover, lanthanum perovskites constituted by lanthanum at
A site and transition element at site B, were involved in their powdered forms, previously in
many catalytic reactions such as the degradation of methylene blue, neutral red, rhodamine
B and congo red3? and atrazine33. To support the choice of Acid Black as a model pollutant for
the monitoring of the photocatalytic ability of the different developed composites, it has to
be noticed that this dye can be found in textile industries effluents and to its attested harmful
carcinogenic effects totally support the ongoing efforts to develop efficient methods to

mineralize this dye 343,

To confirm the successful hybridization between the perovskites and the polymers, the
obtained composites were fully characterized by several techniques including
Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Energy-dispersive X-ray analyses (EDX), X- Ray Diffraction analysis
(XRD), BET specific surface area, Atomic Force Microscopy (AFM), Dynamic Mechanical
Analysis (DMA) and UV-Visible diffuse reflectance spectroscopy. Furthermore, the
photocatalytic performances of these photocatalysts were tested for 10 successive
degradation cycles of Acid Black and the degradation mechanism was identified thanks to the
monitoring of the dye decomposition kinetics in the presence of different scavengers and

under different atmospheres.

2. Experimental section

2.1. Chemical compounds

The compounds used for the composite’s synthesis are the TMPTA (from Allnex), Bis(4-tert-

butylphenyl)iodonium hexafluorophosphate (lod or Speedcure 938) and phenyl bis(2,4,6-



trimethylbenzoyl)phosphine oxide (BAPO or Speedcure BPO) were obtained from Lambson
Ltd (UK). For the scavenging experiments, EDTA (Ethylenediaminetetraacetic acid) and 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPOQO) were purchased from Sigma Aldrich. 4-Methoxyphenol
(MEHQ) and titanium dioxide (predominantly rutile and anatase) were acquired from Alfa
Aesar. Acid Black dye chosen as a target pollutant to degrade was bought form Sigma Aldrich.
Structures of the chemicals used in this work are presented in our previous works3® (article

MOF comme reference).
2.2. Photopolymerization experiments

Photopolymerization experiments were carried out under air by placing the initial resin
containing TMPTA as the monomer and iodonium salt and BAPO as the photoinitiating system,
in a mold (thickness = 1.3 mm), The resin was subsequently irradiated by a light Emitting Diode
LED@405 nm (lo = 100 mW/cm?) and the polymerizations rates were determined by
monitoring of the TMPTA double bond located at 4730 cm™ for thick samples using a real-time

Fourier transform infrared spectroscopy.
2.3. Photocatalytic activity

Acid Black dye was chosen in this work to investigate the photocatalytic performances of the
perovskite/polymer composites under an Omnicure Dynamic lamp, series 1000 lumen (lp =
250 mW/cm?, & = 320-520 nm). The initial concentration of the target pollutant was fixed to
15 mg/L (24.25 umol/L) and the volume of the aqueous solution to degrade was equal to 4 mL
which corresponds to the volume of the UV analysis cuvette, where the photodegradation

experiments were carried out in the presence of the photocomposites pellets.
Dye concentrations were calculated based on its absorbance located at 618 nm, which was
monitored with a JASCO V730 spectrophotometer according to the following equation:

. Abst
Dye degradation (%) = (1 — m) x100 (eq.1)

Where Abs t = 0 and Abs t are the measured Acid Black absorbances before and after a given

time (t) of irradiation.

2.4. Composite’s stability



Water stability of the perovskites/polymer composites was investigated by carrying out
swelling and dry extract experiments. Moreover, the thermal stability was evaluated by
Thermogravimetric Analysis (TGA) technique. Experimental conditions of these tests were

detailed in our previous works3® (reference article MOF).

2.5. Composite’s characterization

2.5.1. Morphological and chemical characterizations

A JSM-7900F Scanning Electron Microscopy (SEM) from JEOL with an annular detector from
DEBEN for transmission images was used for SEM imaging. Moreover, for chemical
characterization, an Energy-dispersive X-ray analysis was carried out via a QUANTAX double

detector from Bruker.
2.5.2. Composites structural characterization

A Panalytical X'Pert PRO diffractometer equipped with a Cu X-ray tube (Cuka = 0.1542 nm) and
and a PIXCel detector was used for XRD experiments. Operating conditions were fixed at 45

kV and 40 mA.
2.5.3. Composites surface topography and rigidity

Roughness and elastic modulus of the developed perovskites/polymer composites were
evaluated by Atomic Force Microscopy (AFM) characterization technique with a Bruker
Multimode IV, with a Nanoscope V controller and an E “vertical” scanner (Bruker). Moreover,
a Peak Force Quantitative Nanomechanical Mapping (PF-QNM, Bruker) method was used for

AFM experiments. Details concerning this technique were reported in our previous works3®.
2.5.4. Textural properties and porosity

Porosities of the different developed materials were evaluated from nitrogen
adsorption/desorption at 77.35 K with a micromeritics ASAP 2420 instrument. Standard
Brunauer, Emmett, and Teller (BET) method were used to calculate the BET specific surface
area and the average pore diameter (Gurlich law). The samples were degassed at 25°C for 60
hours on degassing port and weighted. Then, the samples were degassed once again at 25°C

for 4 hours on the analysis port to extract the trapped nitrogen. Analyses were realized with



a reactor of the free volume to optimize the measurement and the free volumes were

determined after analysis to avoid the pollution of the samples.
2.5.5. Mechanical properties in bulk

Bulk mechanical properties of the synthesized perovskites/polymer composites were

characterized by a DMA Mettler Toledo DMA861e.
2.5.6. Optical properties

Reflectance measurements of the polymer as well as the perovskites/polymer composites
were evaluated using a UV-visible spectrophotometer (JASCO V-750) equipped with an

integrating sphere.
3. Results and discussion

3.1. Synthesis of perovskites/polymer composite by photopolymerization

The different perovskites/polymer composites were prepared by photopolymerization
enabling to convert the viscous solution containing the monomer, the photoinitiating system
(BPO and I0OD), and the perovskites as fillers via a fast LED@405nm illumination avoiding then
the possible perovskites degradation caused by the thermal heating which is a necessary step
in the classical thermal polymerization. This technique proved to be the most suitable one for

the development of such shaped composites thanks to its facile and rapid processability.

Four different monomers were tested during the development of the
perovskites/polymer composites, in order to choose the most suitable one, enabling to reach
the highest polymerization rates while providing materials stable in water and retaining the
excellent photocatalytic activity of the perovskites. The obtained photopolymerization profiles

for the free radical polymerization (FRP) are reported in Figure 1.
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Figure 1. Photopolymerization profiles of acrylate functions (double bond conversion vs
irradiation time) under air upon exposure to a LED@405 nm in the presence of BAPO/lod/

LaTiO3 (0.2%/1%/0.5% (w/w/w)) based on (1) Ebecryl 40, (2) PETIA, (3) SR-610 and (4) TMPTA.

Figure 1 shows that high polymerization rates could be obtained by the different
monomers tested for the composites synthesis in the presence of 0.5% of LaTiOs perovskite.
Indeed, the acrylate conversions were respectively of 100%, 88%, 77% and 69% using SR-610
(90 mPa/s), Ebecryl 40 (160 mPa/s), TMPTA (115 mPa/s) and PETIA (1044 mPa/s) as the
monomers. Thus, proving that various monomers could be suitable for the obtainment of
these composites. However, our previous works on the development of POM/polymer
composites showed that the most appropriate monomer for the development of composites
with photocatalytic treatment goals is TMPTA owing to its hydrophobic character and average
viscosity?®”. This will be verified in the following sections of this article by realizing stability tests
in water and photodegradation experiments of the composites synthesized with these

different monomers.

The effect of the filler mass percentage present in the initial formulation, on the
acrylates functions polymerization rates was studied by varying the amount of the perovskite
into the monomer resin (See Figure 2). TMPTA monomer was chosen for these experiments
as well as for the full characterization part of this article in order to be able to compare this
study with our previous works related to the degradation of organic pollutants by

POM/polymer and MOF/polymer composites'®36 (Articles mof)
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Figure 2. Photopolymerization profiles of acrylate functions (double bond conversion vs
irradiation time) under air upon exposure to a LED@405 nm (A) in the presence of
BAPO/lod/NdosTiOs (1) (0.2%/1%/0% (w/w/w)), (2) (0.2%/1%/0.5% (w/w/w)), (3)
(0.2%/1%/1% (w/w/w)), (4) (0.2%/1%/2% (w/w/w)), (5) (0.2%/0%/1% (w/w/w)); (B) in the
presence of BAPO/lod/LaTiOs (1) (0.2%/1%/0 (w/w/w)), (2) (0.2%/1%/0.5% (w/w/w)), (3)
(0.2%/1%/1% (w/w/w)), (4) (0.2%/1%/2% (w/w/w)) and (5) (0.2%/0%/1% (w/w/w)); thickness

= 1.3 mm; the irradiation starts att = 10 s.

Figure 2 (A, B) shows respectively the TMPTA polymerization kinetics under mild
irradiation@405nm in the presence of perovskites NdooTiO3 and LaTiOs3 with different mass
percentages. Remarkably, the final acrylate function conversions (AFCs) weren’t almost
affected by the addition of the perovskites to the initial TMPTA resin containing BAPO as the
photoinitiator and the iodonium salt as the co-initiator, except in the case of the 2%
Ndo.sTiO3/polymer composite. Indeed, the AFC reached in 40 seconds decreases from 82% in
the absence of the filler to 68.5% in the presence of 2% of Ndo.oTiOs. This could be explained

by the inhibition of light penetration by the incorporated catalyst.

In order to compare our current results with our previous works related to the
development of new POM/polymer composites where the presence of the iodonium salt as
the co-initiator was essential to achieve high photocatalytic performances'®3®, this compound
was added to the initial formulations and influence of its presence on the achieved AFCs was
examined. Results are shown in Figure 2 (A, B (curves 3 and 5). Indeed, the absence of
iodonium salt in the photocurable resin resulted in a slightly decrease of the

photopolymerization rates reached after 40 seconds of irradiation, from 84% to 77% and from



81.8% to 79.5% in the case of the 1% NdosTiOs/polymer and the 1% LaTiOs/polymer

composites, respectively.

The photocatalytic activity of the different synthesized perovskites/polymer

composites will be discussed latter in section 3.4.
3.2. Perovskites/polymer composites stability

Thermal and solvent stabilities are the most important indexes for future industrial
environmental applications of the new developed perovskites/polymer composites.

Therefore, these two parameters were investigated in this section of the article.
3.2.1. Stability in water

For green and eco-friendly photocatalysis application, water was chosen as the most
suitable solvent for the Acid Black photodegradation tests. Therefore, swelling experiments
were carried out in this solvent. Dry extract ratio was also calculated to evaluate the monomer

loss probability from the composite after contact in water.

Table 1. Acrylates Final Conversion (AFC %), Swelling (%) (in water) and dry extract (%) for

the different synthesized perovskites/polymer composites.

AFC (%) Swelling (%) Dry extract (%)
Polymer based TMPTA 82 10+ 05 100+0.5
0.5% LaTiOsz/polymer based 77 0+05 98 +0.5
TMPTA
0.5% Ndo.oTiO3/polymer 83 1.3+05 100+ 0.5
based TMPTA
Polymer based Ebecryl 40 92 2+05 100+0.5
0.5% LaTiOsz/polymer based 88 1+05 99+0.5
Ebecryl 40
Polymer based PETIA 77 1.8+05 100+0.5
0.5% LaTiOs/polymer based 70 1.2+05 98 +0.5
PETIA

Polymer based SR-610 98 56+ 0.5 139+ 0.5




0.5% LaTiOs/polymer-based 100 54+ 0.5 137+ 05
SR-610

The obtained low swelling percentages for the polymer and the composites based
TMPTA, Ebecryl 40 and PETIA gathered in Table 1 suggest a highly crosslinked acrylate network
even in the presence of the perovskites into the polymers,3® what is in agreement with the
AFCs. However, in the case of the polymer-based SR-610 and the LaTiOs/polymer based SR-
610 composite, high obtained swelling rates (56% and 54%) indicate the non-stability of this
composite in water which is probably due to the hydrophilic character of the SR-610
monomer, provoking then the leaching of the perovskites into the aqueous solution®’.
Moreover, the high dry extract percentages for the different polymers and their respective
composites except those based on SR-610 and presented in Table 1 indicate the low loss
probability of the monomer after the photopolymerization process. Therefore, these
experiments demonstrate that the TMPTA, PETIA and Ebecryl 40 monomers are ideal
candidates for the development of perovskites/polymer composites thanks to their good

stability in water in contrast to that observed in SR-610-based polymer.
3.2.2. Thermal stability

Photocatalysts thermal stability is one of the most important parameters to consider
for heterogenous photocatalytic industrial activities. Hence, the decomposition temperatures

of the different developed materials were investigated. Results are presented in Table 2.

Table 2 : Decomposition temperatures of the polymers, the crystals perovskites and the 0.5%

perovskites/polymer composites

Material Polymer perovskites/polymer composites

LaTiO3 Ndo.oTiO3
Decomposition 475 476 478
temperature(°C)

TGA analyses showed that the different developed composites are characterized by a

high thermal stability since they are decomposed at 476°C and 478°C. These temperatures



which are close to that obtained for the polymer free of perovskites (475°C), are thus suitable
for the possible photocatalytic application of these materials. Therefore, the immobilization
of the perovskites into the polymer matrix didn’t affected the thermal stability properties of

the polymers.

3.3. Perovskites/polymer composites characterization
Herein, a full characterization of the immobilized perovskites into the polymer based
TMPTA, is reported. Thus, investigating the filler presence into the polymer matrix, their
structural stability and their dispersion at the surface of the composite, where the
photocatalytic reactions occur. Optical and mechanical parameters were also interesting to

characterize the possible practical applications.
3.3.1. Morphological and chemical characterization

Morphologies of the synthesized perovskites/polymer composites and the neat
polymers based on TMPTA were characterized by Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM) which showed the dispersion of the perovskite’s

fillers at the polymer matrix surface. Resulted images are presented in Figure 3.




Figure 3. SEM images of (a) Polymer without perovskites, (b) Ndo.oTiO3 powder; (d, f, h) 2%
Ndo.sTiOs/polymer composite at different scales; (c) LaTiOs powder; (e, g j) 2%
LaTiOs/polymer composite at different scales. TEM images of (j) 2% NdooTiOs/polymer

composite, (k) 2% LaTiOs/polymer composite.

Based on the Figure 3 (a), the neat polymer based on TMPTA exhibits a homogenous
surface. On the opposite, the perovskite-based composites displayed heterogenous surfaces

due to the immobilization of the perovskites.



The SEM images of the NdooTiO3 and LaTiOs powders displayed respectively in Figure
3 (b and c) demonstrate that the morphology of the most perovskites granules are
orthorhombic with irregulated agglomerated shape distributions. Such observations were
already reported when studying the LaTiOs; perovskite synthesis®®. Furthermore, the SEM
images of the 2% Ndo.oTiO3/polymer and 2% LaTiOs/polymer composites shown respectively
in Figure 3 (d, e, f, g, h and i) revealed that these materials exhibited an heterogenous surface
containing micrometric perovskites aggregates of different sizes. Also, Figure 3 (j, k) shows
TEM images of the two perovskites/polymer composites indicating the presence of these
photocatalysts at the polymer surface. Moreover, as represented in Figure S1, a cutaway view
of the synthesized materials has proved that the perovskites were present in the surface and

the bulk of the composite too.

The perovskites dispersion at the surface of the polymer based TMPTA was further
investigated via Energy Dispersive X-ray (EDX) analyses which confirmed also the successful

hybridization of the perovskites/polymer composites (See Figure 4).
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Figure 4. SEM-EDX analysis of (a, b, c, d, i) 2% NdosTiOs/polymer composite, (e, f, g, h, j) 2%

LaTiOs/polymer composite.

Figure 4 (a, b, cand e, f, g) presenting the different images resulting from the coupling
between the SEM and EDX analyses, verifies the immobilization of the two different
perovskites at the neat polymer surface. The obtained cartography describes well the
distribution of Nd, La and Ti belonging to the perovskites as well as the carbon of the TMPTA
monomer forming the polymer. EDX spectra show also the presence of iodine and phosphorus

coming from the photoinitiator system used to initiate the photopolymerization process.

Hence, TEM, SEM and EDX analyses revealed clearly that the perovskites are well
incorporated into the polymer matrix by photopolymerization which is a mild polymerization

process.
3.3.2. Structural characterization

To be photocatalytically active under light irradiation, the perovskite structures should
be preserved even after their encapsulations into the polymer matrix. Therefore, structural
stability of these photocatalysts was quantitatively investigated after their immobilizations

into the polymers via X-Ray diffraction analysis.
3.3.2.2. X-Ray Diffraction (XRD)

Molecular structures of the as-synthesized composites were studied by realizing XRD

analyses. Obtained results are gathered in Figure 5.



A _ L L I L L O L L T
( ) ——(a) Ndg gTiOg3 (B) ——(a) LaTiOg
‘ , fh ‘
\”%L,w LJV--»N"UU«,..J Uh N\JWL‘//\/ \W\W\)\M
I I | M I I P O Y
— — (b) Ndg gTiOg/palymericomposite s e
g) L"wfw_" U ‘®
3 N . | e
=N NI IS N A L1, £ [ O)ErpyRovpereomeose
I I | M T P P B P IO NN AN AP I PO | P O I
5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
2 Theta 2 Theta

Figure 5. XRD analysis of (A) (a) NdooTiOs, (b) 2% NdooTiO3 /polymer composite, (c)

Polymer and (B) (a) LaTiOs, (b) 2% LaTiOs/polymer composite, (c) Polymer.

Figure 5 proves the structural stability of the perovskites after their immobilization into
the TMPTA-based polymers. In fact, the most intense peaks present in the perovskite’s crystal
patterns, characterizing their orthorhombic structures and already reported in the

literature341

, are also present in the XRD spectra of their respective composites which
indicate that no crystallinity changes during the photopolymerization process occur.
Moreover, the observed decrease of the perovskite peaks intensities after their incorporations

into the polymer matrices is probably due to their low mass percentages equal to (2% w/w).

3.3.3. Surface properties and porosity
3.3.3.1. BET analysis

In order to further understand the photocatalytic process induced by the developed
perovskites/polymer composites which occurs at these materials surfaces, it was primordial
to investigate the BET surfaces area, the adsorption average pore width and the total area in

pores of these photocatalysts. Results are gathered in Table 3.



Table 3. BET surface area and adsorption average pore width of the different

perovskites/polymer based TMPTA composites and of the neat polymer.

BET surface area (m2.g%)

TMPTA polymer 9.3
0.5% Ndo.osTiO3/polymer 3.8+0.3
1% Ndo.sTiO3/polymer 1.9+0.1
2% Ndo.9TiO3/polymer 1.7+ 0.11
0.5% LaTiOs/polymer 1.8+0.1
1% LaTiOs/polymer 1.6+0.1
2% LaTiOs/polymer 5.3+0.7

Immobilization of the perovskites into the TMPTA-based polymer matrices provoked a
decrease in its BET surface initially, equal to 9.3 m%.g™. In fact, polymer BET surface area
decreases to 3.8, 1.9 and 1.7 m?.gt and to 1.8, 1.6 and 5.3 m?.g! by adding 0.5%, 1% and 2%
of perovskites NdooTiO3 and LaTiOs, respectively. This could be due to the blocking of the
polymer pores by the photocatalysts. Moreover, the chosen perovskites used as
photocatalysts are initially non-porous. Further studies will be realized in our group in order

to improve BET surface area of these developed materials.

3.3.3.2. Surface topography by AFM

Heterogenous photocatalytic reactions take place at the photocatalysts surface.
Therefore, investigation of the roughness and the topography of the different composites via
Atomic Force Microscopy was essential to further understand the obtained catalytic

performances. Obtained topographical images are presented in Figure 6.
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Figure 6. 2D and 3D AFM topology images of (a, b) the 2% Ndo.oTiO3/polymer composite and
(c, d) the 2% LaTiOs/polymer composite.

The AFM topographical images of the neat TMPTA-based polymer were already

reported in our previous works>°.

In line with the SEM images, Figure 6 corresponding to composites AFM images
recorded over an area of 5 umx5 um clearly evidence that the polymer surface is affected by
the presence of the perovskites playing the role of fillers. Indeed, the roughness average value
of this matrix was increased from 5 nm to 153 nm and 109 nm, respectively in the case of the

2% NdooTiOs/polymer and 2% LaTiOs/polymer composites.

One of the main objectives of shaping the chosen perovskites into pellets by their
incorporation into polymer matrices, is to facilitate their collect and reuse at the end of the
photocatalytic process. Therefore, for practical environment use, the photocatalysts should
be characterized by a good mechanical resistance. This parameter was verified by AFM and

DMA analysis.
3.3.3.3. Mechanical properties

Mechanical stiffness of the two different synthesized perovskites/polymer composites
was examined via Peak-Force QNM imaging mode. Figure 7 displays the elastic modulus on
the surface of the synthesized materials recorded over an area of 5 umx5 pum. The elastic
modulus maps of the pure TMPTA-based polymer was already reported in our previous

works>.
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Figure 7. 2D and 3D elastic modulus maps of (a, b) the 2% Ndo.9TiO3/polymer composite and
(c, d) the 2% LaTiOs/polymer composite.

The composite rigidity was evaluated by the elastic resistance to AFM indentation. As
shown in Figure 7 and based in our previous works, we can assume that the stiffness of the
neat polymer is modified by the presence of the perovskites at the surface. Indeed, the mean
value of the elastic modulus of the polymer network was slightly decreased from 1.4 GPa to
1.3 GPa in the case of the 2% LaTiOs/polymer composite. However, its rigidity was enhanced
to 4.5 in the case of the 2% Ndo.oTiO3/polymer composite. This different alteration of polymers
rigidity caused by the perovskite’s crystals presence into the polymer network is certainly due

to the higher bulk modulus of the NdosTiO3 compared to that of the LaTiO3 perovskite®?.

Since AFM technique estimates only the elastic resistance at the surface of the
composites, it was interesting to evaluate the bulk mechanical properties of the developed
photocatalysts via Dynamic Mechanical Analysis (DMA). The obtained results are summarized

in Table 4.

Table 4. Dynamic storage modulus (G’), dynamic loss modulus (G”’) at 25°C of the neat TMPTA

based polymer, 2% NdosTiOs/polymer and 2% LaTiOs/polymer composites.

Composition Dynamic storage modulus  Dynamic loss modulus G”
G’(MPa) (MPa)

Polymer 100 20




2% Ndo.oTiO3/polymer 152 12

2% LaTiOsz/polymer 154 10

The values represented in Table 4 elucidate the rigid characters of the neat polymer
and the perovskites/polymer composites, since the dynamic storage modulus G’ were greater
than the dynamic loss modulus G”. This was in line with the high polymerization rates and the
low swelling percentages obtained in the case of these materials (See Table 1). Furthermore,
an increase of the neat polymer G’ was noticed when incorporating the perovskites into this
matrix (100MPa vs. 152MPa and 154MPa). The bulk mechanical properties of this material
were therefore improved thanks to the high bulk modulus of the perovskites photocatalysts®2.
However, the dynamic loss modulus was decreased from 20MPa to 12MPa and 10MPa in the
case of the 2% NdooTiOs/polymer and 2% LaTiOs/polymer composites, respectively which

indicates an amelioration of the polymer elastic comportment.

Absorbance domain of the photocatalysts is also one of the most important indexes to
consider for the photocatalytic environmental application of such materials. Therefore, it was
imperative to investigate the gap energy of the different synthesized materials in order to be
able to choose the most appropriate source of irradiation allowing the achievement of

relevant photocatalytic results.
3.3.4. Optical properties

UV-visible diffuse reflectance spectra as well as the bandgap energies of the different
synthesized materials are shown respectively in Figure 8, Figure S2 and the different date are

gathered in Table 5.
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Figure 8. UV-visible diffuse reflectance spectra of (A) (1) 0.5%, (2) 1%, (3) 2%
Ndo.oTiOs/polymer composites and (B) (1) 0.5%, (2) 1% and (3) (1) 0.5%, (2) 1%, (3) 2%

LaTiOs/polymer composites.

Table 5. Bandgap energy values and maximum absorption wavelengths of the different

perovskites/polymer composites and the neat polymer based TMPTA.

Band Gap energy (eV) A(max) (Nnm)

Neat Polymer - -

1% TiO2/polymer 3.1 396
0.5% Ndo.oTiO3/polymer 3.8 325
1% Ndo.9TiO3/polymer 3.8 324
2% Ndo.oTiO3/polymer 3.9 315
0.5% LaTiOs/polymer 3.8 321
1% LaTiOsz/polymer 3.8 321
2% LaTiOs/polymer 3.8 322

The developed perovskites/polymer composites exhibited high energy bandgap
ranging between 3.8 eV and 3.9 eV. The energy bandgap value obtained in the case of the
LaTiO3 composite is in line with that already reported for the LaTiOs crystal which was equal
to 3.46 eV33. Remarkably, the energy bandgaps of the synthesized photocatalysts weren’t
affected by the variation of the perovskites mass percentages into the neat polymer (See Table
4). Moreover, since the photocatalytic performances of these materials depend essentially on
their absorbance energy, therefore, these perovskites/polymer composites are expected to
be more high-performing under UV irradiation devices. Furthermore, the TiO2/polymer
composite exhibits lower energy bandgap (3.1 eV) than the perovskites ones, consequently
this photocatalyst should be more efficient under visible light irradiation. Effectiveness of
these different synthesized composites for the photocatalytic degradation of a pollutant

model i.e. Acid Black will be investigated below.
3.4. Photocatalytic activity of the perovskites/polymer composites

Acid Black dye was chosen as the target pollutant to degrade in order to test the

photocatalytic performances of the manufactured perovskites/polymer composites under UV



lamp irradiation since the maximum absorbance wavelengths of these materials corresponds
principally to the UV absorbance domain. First of all, the different LaTiOs/polymer composites
synthesized using TMPTA, SR-610, PETIA and Ebecryl 40 as the monomers were tested in order
to identify the most adequate matrix to use for the incorporation of the perovskites
photocatalysts. Results are shown in Figure 9. All degradation experiments were preceded by
adsorption tests carried out by keeping the photocatalyst in contact with the Acid Black
aqueous solution in the dark during 1 hour. Almost no adsorption of this dye by the developed

composites was observed.
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Figure 9. Degradation plot of Acid Black (15 ppm) under UV lamp irradiation (C) in the

presence of the 0.5% LaTiOs/polymer composites based on 1) SR-610, (2) TMPTA, (3) PETIA,

(4) Ebecryl 40 monomers.

Figure 9 in agreement with Table 1 demonstrates that the most suitable monomer for
the development of perovskites/polymer composites with specific application in the
photocatalytic field, is TMPTA, since the perovskites composite based on this monomer
ensures at the same time, higher Acid Black dye degradation rate and kinetic characterized by
a kapp=0.035mint vs. 0.025min! and 0.019 min, respectively in the cases of the PETIA and
Ebecryl 40 monomers. Moreover, the fabricated materials based on TMPTA exhibited lower
swelling percentages proving a better encapsulation ability of the photocatalysts and
therefore a lower risk of their leaching in the environment. The better catalytic performance
of the composite based on TMPTA could be explained by the fact that this monomer has a
lower viscosity equivalent to 115 mPa/s compared to that of PETIA and Ebecryl 40 equal

respectively to 1044 mPa/s and 160 mPa/s. Moreover, compared to TMPTA which has only 3



reactive polymerizable groups, Ebecryl 40 has 4 functionalities, which probably make the

perovskites sites less accessible to activate during the dye photodegradation process.

However, concerning the composite synthesized based on the SR-610 monomer, a
complete decomposition of the target pollutant obtained in just 15min of UV lamp irradiation
is surely due to the important swelling percentage obtained equal to 54% (See Table 1)
provoking the leaching of the perovskites into the dye aqueous solution which accelerates the
degradation process. This could be explained by its hydrophilic character compared to the

others monomers.

In conclusion, we can assume that the best monomer to use for the development of
the perovskites/polymer composite is TMPTA, thanks to its hydrophobicity, its medium
viscosity and reactive functionalities. The following experiments consisting in studying the
effect of the variation of the mass percentages of the perovskites into the polymer, as well as
the identification of the mechanism of degradation will be conducted using the composites
prepared with TMPTA as the monomer. Obtained results concerning the effect of the
perovskites amount encapsulated into the monomer matrix on the degradation percentages

of Acid Black are shown in Figure 10.
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Figure 10. UV-visible absorption spectra of Acid Black water solutions during the
photocatalytic degradation process under UV lamp irradiation in the presence of (A) 2%
Ndo.sTiO3/polymer composite and (B) 2% LaTiOs/polymer composite. [AB]o= 15 ppm, pH = 7.
Degradation plot of Acid Black (15 ppm) under UV lamp irradiation (C) in the presence of (1)
0.5%, (2) 1%, (3) 2% NdooTiOs/polymer composite, (4) 1% NdooTiOs/polymer composite
without iodonium salt, (5) 1%TiO,/polymer composite, (6) neat polymer, (7) photolysis plot of
Acid black without composites and (D) in the presence of (1) 0.5%, (2) 1%, (3) 2%
LaTiOs/polymer composites, (4) 1% LaTiOs/polymer without iodonium salt, (5) 1%
TiO2/polymer composite, (6) neat polymer and (7) photolysis plot of Acid black without

composites.

Figure 10 (A and B) shows the effect of the perovskites/polymer composites on the
absorption spectra of the Acid Black dye which is characterized by two absorbance peaks
located at 320 nm and 618 nm reflecting respectively the benzene and naphthalene
transitions and the azo group (N = N) transition****, The second absorbance band is used to
monitor the discoloration of the Acid Black dye. Indeed, in the presence of two
perovskites/polymer composite and under UV lamp irradiation, a rapid decrease of the
absorbance intensity at 618 nm and 320 nm was noticed, stipulating the total degradation of
this Acid Black pollutant. Details on the formed intermediates during the photocatalytic
treatment were previously reported in our group when degrading Acid Black with

MOFs/polymer composites (ref).

In order to compare the effectiveness of the different developed composites on the

decomposition of the Acid Black dye, a quantitative kinetics study was carried out by fitting



the pseudo first-order equation to the experimental data. This model is given by the following

equation®:
-Ln(C/Co) = kapp t (1)

C and Co designate respectively the Acid Black initial concentration and at time t, kapp is the
first-order rate constant (min) and gives an indication of the activity of the catalyst. Results

are gathered in Table S1.

Remarkably, after 60 min of UV lamp irradiation photolysis, Acid Black is just
decomposed at 26 % (kapp=0.005 min) and at 35% (kapp=0.007 mint) in the presence of the

polymer.

However, the addition of 2% Ndo.sTiO3/polymer and 2% LaTiOs/polymer composite in
the Acid Black aqueous solution, enhanced the photodegradation of this dye reaching
respectively 94% and 95% vs. 15% in the presence of the neat polymer proving then the high
photocatalytic ability of the developed materials. Moreover, by increasing the crystalline
Ndo.oTiO3 mass percentages into the polymer from 0.5% to 1% and 2% greatly improved the
composite photocatalytic performance. Hence, the degradation percentages were increased
from 38% (kapp=0.016 min1) to 94% (kapp=0.087 mint) after 30 min of irradiation (See Figure
10 C (curves 1, 2, 3) and Table S1). Likewise, composites holding 0.5% to 1% and 2% of
crystalline LaTiOs decomposed 65% (kapp=0.036 min?), 79% (kapp=0.053 min?) and 95%
(kapp=0.099 min1), respectively under the same irradiation time (See Figure 10 D (curves 1, 2,

3)).

Furthermore, the developed composites exhibited higher catalytic performance
compared to the usually used one the TiO/polymer composite since only 15% (kapp=0.007
min) of the Acid Black dye was removed from water after 30 min of UV lamp irradiation. The
titanium dioxide composite was synthesized under the same experimental conditions than the

perovskites/polymer composites.
5. Proposed photocatalytic degradation mechanism

In order to identify the degradation mechanism of the Acid Black in the presence of
the perovskites/polymer composites under UV lamp irradiation, the decomposition kinetics

of this dye was monitored in the presence of different scavengers and under different



atmospheres (Air and N3). For this purpose, EDTA%4¢, jsopropanol*’, MEHQ*® and TEMPO?*
were used in this study respectively as H*, Hydroxyl radicals (*OH), oxygen active species (RO*
and ROO* ) and carbon centered radicals scavengers. Their molar concentrations were fixed

to 1 Mm for all the experiments below (See Figure 11).
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Figure 11. Effects of different scavengers on the degradation of Acid Black under UV lamp
irradiation at t = 30 min, in the presence of (A) 1% Ndo.sTiOs/polymer composite and (B) 1%
LaTiOs/polymer composite: (1) Without scavengers, under air, (2) Without scavengers, under
N;. Under air, with the addition of (3) TEMPOL, (4) MEHQ, (5) Isopropyl alcohol and (6) EDTA.

(7) Without composite, without scavengers.

First of all, the effect of the dissolved oxygen on the kinetics of the Acid Black
degradation was investigated. Figure 11 (batons 1 and 2) shows clearly the importance of O;
on the enhancement of this dye decomposition. Indeed, under Nz and after 30 min of UV lamp
irradiation, the conversion percentages were decreased from 79.6% to 34.5% and 37% in the
presence of 1% NdooTiOs/polymer and 1% LaTiOs/polymer composites, respectively. This
indicates probably an important role played by °O,, formed as a result of the reaction
between the excited e” and the dioxygen dissolved in the solution, during the photocatalytic

process.

As for the other oxygenated radical (RO®* and ROQ°®), their improvement of the Acid
Black photocatalytic process was proved by the decline of the dye conversion percentages
from 79.6% to 40.6% and 34.1% respectively is the presence of 1% Ndo.oTiOz/polymer and 1%
LaTiOs/polymer composites (See Figure 11 (batons 1 and 4)). However, the hydroxyl radicals

seem to be involved in the degradation mechanism of the targeted pollutant in the presence



of the 1% LaTiOs/polymer composite and not in the presence of the second composite (See

Figure 11 (batons 1 and 5)).

Furthermore, the holes and carbonated radicals participated also to the Acid Black
degradation mechanism. This was pointing out by the decrease of the dye degradation rate
when adding EDTA and TEMPOL. In fact, removal rates achieved under 30 min of UV lamp
irradiation, equal to 79.6% were diminished respectively to 43.6%, 28.9%, 30.6% and 27.8%
respectively in the presence of these two trappers and in the presence of the Neodymium and

lanthanum composites (See Figure 11 (batons 1, 3 and 6)).

Similar to the typical semiconductors’ behaviors, electrons located in the valence band
of a photocatalyst irradiated by an energy equal or higher to its energy bandgap, are excited
and transferred to the conduction band forming then electrons-holes pairs which react at their
turns with dissolved dioxygen and H,O molecules present in the aqueous solution to form
reactive radicals able to degrade the targeted pollutant. Indeed, *O; which is one of the most
reported active species, involved in the photocatalytic processes, could be formed only if the
valence band of the photocatalyst is more positive than the oxidation potential of H,0 (1.23
V vs. NHE). *OH is also usually identified as active radicals involved in the organic pollutants

degradation pathway®.

6. Perovskites/polymer composites reusability and stability study

One of the most important objectives of incorporating perovskites into a polymer is
the formation of materials easy to collect at the end of the photocatalytic process, to
regenerate and to reuse, which makes them more interesting and attractive for environmental
practical application. In order to verify the successful achievement of this goal, the shaped
perovskites/polymer composites were collected from the spectroscopy UV-visible cuvette
containing the Acid Black aqueous solution, they were washed with water, dried in air and
then reused for 10 successive photocatalytic degradation cycles. Obtained results are

presented in Figure 12.
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Figure 12. Ten consecutive Acid Black photodegradation cycles over (A) 2% NdosTiO3/polymer
composite and (B) 2% LaTiOs/polymer composite. [AB]Jo=15ppm, pH=7, irradiation source: UV

Lamp.

Figure 12 highlights the fruitful association between the perovskites and the TMPTA-
based polymer, which allowed the obtention of shaped materials with enhanced mechanical
properties easy and cheap to recover and to reuse without external regeneration, avoiding
then the usual time-consuming regeneration methods. Indeed, the developed materials kept
their high photocatalytic efficiency for several successive catalytic cycles which starts to
decrease from the 8™ and 9t cycles respectively in the case of the 2%NdosTiO3/polymer and

2%LaTiOs/polymer composites (See Figure 12 (A and B)).

Furthermore, photostability of the synthesized photocomposites based on perovskites
were examined by comparing SEM and XRD characterizations images and spectra before and

after the photocatalytic processes (See Figures 13 and 14).

Figure 13 (a, b) proves the photostability of the developed photocatalysts. In fact, the
photocomposites surface remains intact after 60 min of UV lamp irradiation (See Figure 13).
The SEM-EDX images of the different developed photocomposites taken after one
photocatalytic cycle and shown in Figure S1 (e, f, g, h, i, j) as well as the cutaway views, verify

also the presence of the perovskites at the surface and in the bulk of the polymer matrix.




Figure 13. SEM-EDX images of 2% Ndo.oTiO3/polymer composite (a) before and (b) after one
photodegradation cycle. SEM-EDX images of 2% LaTiOs/polymer composite (c) before and

(d) after one photodegradation cycle.

Conclusions

In conclusion, this study reports the successful hybridization between perovskites and
polymer via a facile, low-cost, rapid and ecofriendly photopolymerization process under mild

visible Light Emitting Diode LED@405nm. This fruitful association allowed the obtention of



shaped materials easy to collect and to recycle without external usual and time-consuming
regeneration methods. Indeed, the two perovskites/polymer composites were effective for

the photodegradation of the Acid Black dye for several successive cycles.

Four different monomers were tested during the synthesis of the composites. TMPTA,
was the most suitable one thanks to its medium viscosity and to its three available reactive
functionalities allowing the achievement of high polymerization percentages. Moreover, the

composites based on TMPTA monomer were stable in water.

The fabricated immobilized perovskites exhibited higher photocatalytic activity under
UV lamp irradiation than the universal used photocatalyst the TiO,. In fact, approximatively
94% and 95% of the target chosen dye was removed from water after just 30 min of irradiation
in the presence of respectively 2% NdooTiOs/polymer and 2% LaTiOs/polymer composites,
compared to 15% degraded by the 1% TiO2/polymer composite synthesized under the same
experimental conditions than the other composites. Also, to further understand the
degradation mechanism of the chosen pollutant, kinetics degradation was monitored in the
presence of various radical scavengers and under different atmospheres. The results
demonstrated that the degradation percentages were decreased under N; atmosphere
proving the important role played by the dissolved oxygen on the enhancement of the

catalytic degradation of the Acid Black dye.

The new as-synthesized materials were fully characterized by numerous techniques
including SEM, TEM, EDX, DRX which have proved the successful hybridization of
perovskites/polymer composites. Furthermore, the shaped obtained materials exhibited high

rigidity and high thermal stability, investigated respectively by AFM, DMA and ATG methods.

In conclusion, this work proved once again the facility and the pertinence of our new
developed methodology for the synthesis and the characterization of various
photocatalysts/polymer composites by obtaining molded materials assembling at the same
time the high processability of the polymer and the excellent photocatalytic activity of the
photocatalysts. Associating perovskites with polymer by a simple photopolymerization
process could promotes their environmental practical application and therefore their

commercialization.
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