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Polymeric ionic liquid-based formulations for the
fabrication of highly stable perovskite nanocrystal
composites for photocatalytic applicationst
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Halide perovskite nanocrystals (PNCs) have emerged as potential visible-light photocatalysts because of
their outstanding intrinsic properties, including high absorption coefficient and tolerance to defects,
which reduces non-radiative recombination, and high oxidizing/reducing power coming from their tune-
able band structure. Nevertheless, their sensitivity to humidity, light, heat and water represents a great
challenge that limits their applications in solar driven photocatalytic applications. Herein, we demonstrate
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the synergistic potential of embedding PNCs into polymeric ionic liquids (PILs@PS) to fabricate suitable
composites for photodegradation of organic dyes. In this context, the stability of the PNCs after polymeric
encapsulation was enhanced, showing better light, moisture, water and thermal stability compared to

rsc.li/nanoscale pristine PNCs for around 200 days.
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Introduction

The chemical industry is responsible for the production of
chemicals and materials underpinning modern societies.
Nevertheless, it is also a major polluter, which needs to be
addresses to become a sustainable manufacturing industry.
Within this remit, organic dye emissions are a major cause of
pollution in the environment."” Photocatalytic degradation is
a promising route to convert organic waste into harmless sub-
stances. The photocatalytic activity is determined by the cata-
lyst’s capacity to form electron-hole pairs, which produces free
radicals capable of undergoing secondary reactions. Most
investigations have focused on the use of TiO, as photocatalyst
because its high photocatalytic performance, low cost, chemi-
cal stability and non-toxicity.>> Nevertheless, it can only
absorb UV light (1 < 387 nm) due to its wide band gap (3.2 eV)
and high recombination of electron-hole pairs, thus only
3-5% of solar light is used.®® Therefore, to maximize the util-
ization of sunlight, it is critical to employ an adequate material
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capable of absorbing the whole spectrum of visible light in
order to improve solar conversion efficiency. Several visible-
light catalysts have been used such as organic conjugated poly-
mers,'® inorganic semiconductors,' and transition metal
complexes.'> However, those materials are difficult to prepare
and expensive. Halide perovskite nanocrystals (PNCs) have
appeared as promising photocatalysts in the entire UV-visible-
NIR region. They can be synthesized by facile and low-cost
methods with precise control over their size and composition,
offering high photoluminescence quantum yields (PLQY) up
to 100%, high absorption coefficient, tolerance to defects, nar-
rowband emission, tuneable band gap and good light-trapping
ability."*"** To date, the photocatalytic activity of all-inorganic
perovskites has covered a broad range of applications: CO,
reduction,”®?* hydrogen production,”® organic chemical
reactions>®~ or pollutant degradation.**®

The most extensively PNCs studied have been inorganic
CsPbX; PNCs, where X represents a halogen anion, I", Br~, CI™
or a combination of them. Nevertheless, the relatively low
stability of PNCs to light, heat, oxygen and water limit their
use in large-scale applications.*’*° Currently, extensive
research has been conducted to overcome the chemical and
physical issues, mostly due to their ionic nature and low
melting temperatures. For example, embedding them into
glass by the melt-quenching method and subsequent crystalli-
zation process has been a solution, but some aggregation and
clustering issues appeared.’”*' Another way to enhance the
stability of PNCs is to encapsulate them within a stable sol or
polymer.*”** Incorporating PNCs into macroscale polymer
matrices to form thin films has been demonstrated to be an

This journal is © The Royal Society of Chemistry 2023
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efficient methodology to protect semiconductor devices
against environmental degradation.”” Some recent reports
show the benefits of encapsulating hydrophobic PNCs into
water-repelling hydrophobic bulk polymers, enhancing light
stability and retention of quantum yield upon water exposure
by preventing access of water to the PNCs surface.’®™*® The
polymeric matrix employed has a direct influence on the level
of encapsulation achieved. However, some drawbacks includ-
ing easy leakage of PNCs from the polymer microspheres or
uneven distribution can arise because PNCs are only physically
bounded to the polymer.*>*° In this regard, direct polymeriz-
ation of monomers in the presence of PNCs can be a fast and
effective way to solve the above-mentioned problems. The
in situ encapsulation can be carried out by functionalizing and
polymerizing the PNCs ligands,®® the perovskite itself’>”* or
by adding a monomer."*** This is still an underexplored field
since most of the methods involve polar reaction medium and
relatively high polymerization temperature (above 60 °C).>>>°
Additionally, there is an actual interest to find polymeric
matrices with tailored hydrophobicity and with improved
ligand-polymer interactions.*’

Recent works have demonstrated that polymerizable ionic
liquids (PILs) are ideal materials to stabilize molecular and
nanostructured materials as a result of their ionic and supra-
molecular interactions. PILs are high-molecular-mass com-
pounds containing monomer units of typical ionic liquids (IL),
that combine attractive IL properties with polymer features.””
Another unique characteristic of PILs is that the physico-
chemical properties of the polymers can be controlled by chan-
ging the corresponding ions. Hence, PILs have found a broad
range of uses in multiple fields, such as electrochemical
energy materials, optoelectronic, stimuli-responsive, antimi-
crobials among others.”®*® Several articles have reported the
use of PILs/ILs together with PNCs in order to improve the
applicability of their systems, for instance as gating
material for electronic applications,®® as hole/electron trans-
port material in perovskite solar cells,®®® as candidate for
absorbing CO,,**® as perovskite/ionic liquid interfaces for
transient opto-electronic conversion in photovoltaic devices.*®
However, in those examples PILs are not used to stabilize per-
ovskite. Xia et al. has shown the advantages of protecting
hybrid perovskites from decomposition in humid environ-
ments with in situ ionic liquid polymerization.®” Furthermore,
the development of these polymers can be especially designed
to be printed by additive manufacturing techniques, thus
being of huge interest since traditional polymerisation tech-
niques limit the geometries that can be potentially generated.
This sophisticated technology enables to directly transfer the
unique properties of molecular materials to macroscopic func-
tional devices, rapidly closing the loop between design, manu-
facture and application at a relatively low cost.®®*”7! Although
organic room-temperature phosphorescent luminogens’> and
fluorescent quantum dots’® have been added as additives into
3D printing materials, perovskites are not as common yet
because of its instability, and there are just a few examples
reported.”*”””
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Therefore, combinations based on PILs can represent a
great chance to design photoactive 3D printed devices for
photocatalysis, optoelectronic, conductive, electrochemical
and redox applications amongst others. To the best of our
knowledge, the development of advanced formulations stabi-
lizing photoluminescence (PL) all-inorganic perovskites with
polymerizable ionic liquid especially designed for additive
manufacturing has not been widely exploited yet.

Here, we have developed for the first-time a novel photo-
catalytic material capable to adsorb and degrade methyl red
(MR) as a target molecule. The monomeric ionic liquid [2-
(acryloyloxy)ethyl Jtrimethyl-ammonium  bis(trifluoromethyl-
sulfonyl)imide (AcrEMA-TFSI) was able to effectively stabilize
all-inorganic PNCs based on CsPbX; structure (X = Br, and
Cl: Br combinations) by in situ photopolymerization forming
insoluble and hydrophobic cross-linked films. These solid
films showed impressive quantum yields and photo-
luminescence with enhanced water, air, light and heat resis-
tance. The synergistic union between AcrEMA-TFSI and PNCs
is attributed to the strong coordination interactions between
Pb ions on the surface of PNCs and the carbonyl groups
(C=0) from AcrEMA-TFSI promoting a surface passivation in
the photomaterial. Moreover, these PNCs were specifically for-
mulated to be 3D-printed in tailored geometries, thus directly
translating the perovskite properties to the additively manufac-
tured objects.

Experimental
General experimental information

Unless otherwise stated, all reagents were purchased from
Sigma-Aldrich and used without further purification. Lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, 99%) was purchased
from IOLITEC GmbH and used as received.

UV-vis spectra were collected using a Jasco V-780 UV-vis
spectrophotometer. "H NMR spectra and *C NMR spectra
were recorded on a Bruker ASCEND™ 400 (400 MHz) spectro-
meter at ambient temperature. FT-IR spectroscopy was
measured using a FT/IR-6200 from Jasco, equipped with an
ATR accessory (ATR Pro One, Jasco). The spectra were recorded
with a resolution of 4 cm™ in the wavelength range between
650 and 4000 cm ' averaging 16 scans for each spectrum.
Thermal gravimetric analysis was performed on TGA-DSC3
analyzer from Mettler Toledo. Samples for TGA analysis were
heated in an inert atmosphere up to 800 °C with a heating rate
of 10 °C min~". Additionally, a fluorometer and an absolute-
PLQY were used to measure the photoluminescence of the
samples. Photoluminescence (PL) spectra of the CsPbBr;-
based films were recorded on a HORIBA photoluminescence
spectrometer from 450 to 575 nm with an integration time of
1 nm s " under an excitation wavelength of 420 nm. While
photoluminescence (PL) spectra of the materials containing
CsPbX; structure with X = Cl: Br combinations were recorded
from 395 to 500 nm with an integration time of 1 nm s
under an excitation wavelength of 380 nm.
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Synthesis of ionic liquids

Full synthesis details and characterisation data are given at the
end of the ESL.}

Preparation of the polymerized films

All the films were prepared with the corresponding molar con-
centrations of [2-(acryloyloxy)ethyl]trimethyl-ammonium bis
(trifluoromethylsulfonyl)imide (AcrEMA-TFSI, 100-0 mol%),
butyl acrylate (BA, 0-95 mol%) and 1,4-butanediol diacrylate
(BDA, 0; 5 mol%), depending on the formulation used and
mixed with 1 wt% of diphenyl(2,4,6-trimethylbenzoyl)phos-
phine oxide (TPO) and 2 wt% of PNCs. The liquid mixture was
illuminated upon UV light during 20 minutes at 40 °C. After
that time, solid films were obtained with a tailored geometry.
The films were characterised by FT-IR, DSC-TGA and UV-Vis
(see ESI, Fig. S1-S9+).

3D-printing process

The printing process was done by a masked stereolithography
printer using UV light for photopolymerizing (Elegoo Mars 2
Pro). The Elegoo Mars 2 Pro printer was equipped with a 2560
x 1620 mono liquid crystal display (LCD) and an LED light
source illuminating at 405 nm. The CAD files were designed
and converted to STL-type files using SolidWorks CAD soft-
ware. The fabrication process began by slicing the 3D CAD
model into individual 2D images for projecting onto the
photocurable liquid. The slicer software employed was
ChituBox. The printing parameters were adjusted for the for-
mulation regardless of the presence of perovskite nanocrystals,
as their aggregation did not significantly affect the printing
conditions. The exposure time of light for the layers were 6
seconds, and 8 seconds for the bottom layers (i.e., the first 6
layers attached to the platform; all layers had 0.1 mm of thick-
ness). The light power was fixed at 40 W. This light power
refers to the power of the UV lamp that is used to cure the
resin during the 3D printing process. The UV light is respon-
sible for hardening the resin in the thin layers that are de-
posited on the printing platform, thus forming the printed
object. Then, the part was washed in hexane during 5 minutes
to remove any excess of unreacted monomers and post-cured
using an UV light for 20 min at 40 °C.

Stability tests of the PNCs

Four different studies were performed to compare the stability
of pristine CsPbBr; with PNCs encapsulated with polymeric
ionic liquids using the above-mentioned formulations. For the
test in the dark the samples were covered with aluminium and
kept in a drawer. Simultaneously, for the air stability test, the
samples were left on the laboratory bench open to atmospheric
conditions (air, light and humidity). The aqueous stability
tests were done immersing the samples in deionised water in a
closed 5 mL vial and stored under day light conditions. The
temperature stability experiments were conducted in open
5 mL vials placed in an oven at 70 °C without light irradiation.
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XPS analysis

Surface chemical composition and electronic state of the
materials were determined by X-ray photoelectron spec-
troscopy (XPS, ESCA-2R, Scienta-Omicron). Spectra were
recorded using monochromatic Al Ko = 1486.6 eV. The follow-
ing sequence of spectra were recorded: survey spectra, C 1s, Cs
3d, Pb 4f, Br 3d, O 1s, N 1s, F 1s, S 2p and C 1s again to verify
the stability of the charge as the function of time. The survey
and high-resolution spectra were recorded at a pass energy of
150 and 20 eV, respectively. Binding energy scale was refer-
enced to adventitious carbon (284.8 eV). CasaXPS processing
software (Casa software Ltd) was used to analyze the data and
the quantitative analysis was made using sensitivity factors
provided by the manufacturer.

Set-up for the photodegradation experiments

A 30 pM solution of methyl red (MR) in hexane was prepared
and introduced into fluorescent cuvettes together with the
corresponding film. All the solution were prepared under
aerobic conditions. The system was properly closed to avoid
the evaporation of hexane. Then, the cuvettes were kept under
visible light during 1-22 hours using a xenon lamp at 100 mW
em ™. An UV filter was employed to avoid the effect of UV light
for degrading the dyes. The UV-Vis absorbance of the methyl
red was measured at different times to study the kinetics of
the degradation reaction. All the experiments were repeated at
least twice. For the recycle test, the films were removed from
the solution and used in the next cycle with a new MR solution
without any additional treatment.

Results and discussion

The  polymerizations of [2-(acryloyloxy)ethyl]trimethyl-
ammonium (AcrEMA) salts using different anions (Cl7, I,
N(CN),™, BF,~, TFSI) were performed mixing a cross-linker
(1,4-butanediol diacrylate (BDA), 5 mol%) and a photoinitiator
(diphenyl(2,4,6-trimethylbenzoyl)phosphine ~ oxide  (TPO),
1 wt%). Only two of the monomers produced consistent films,
and only one of them (AcrEMA-TFSI) was able to stabilize the
perovskite into the monomer and after polymerization without
quenching the PNCs (further details in the ESI, Table S27).
According to the literature, butyl acrylate (BA) is commonly
used to increase the flexibility of polymeric matrices, since it
reduces the glass transition temperature (7T,) of the
material.”®® Thus, different formulations using AcrEMA-TFSI
(100-0 mol%) and butyl acrylate (BA, 0-95 mol%) were pre-
pared in order to obtain adequate mechanical and optical pro-
perties for the desired application, see Fig. 1A. Additionally,
different perovskites (PS) have been evaluated with the set of
formulations (PILX@PSY), where PILX is referring to the used
formulation (X = A-H), see Fig. 1B, and PSY, the perovskite (Y =
1-3): CsPbBr; (PS1), CsPbCl, 5Br; 5 (PS2) and CsPbCl, ,5Brg. 75
(PS3). All the combinations were efficient matrices for stabiliz-
ing the PNCs, see Fig. 1B and D. A-1 was sticky and fragile,
which shows that the cross-linker (BDA) was necessary to

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) Components used in the polymerization reaction; (B) different formulations prepared for encapsulating CsPbBrz PNCs; (C) printed logo of

INAM using B-1 formulation (up) and without CsPbBrs PNCs (down) under UV light; (D) photoluminescence spectra of the formulations with
CsPbBrs; (E) normalized photoluminescence spectra using different PNCs: CsPbBr3 (PS1), CsPbCly 5Bry 5 (PS2) and CsPbCl, 25Brg 75 (PS3).

obtain resistant films. On the other hand, the neutral polymer
butyl acrylate needed 5 mol% of cross-linker to obtain a film
and still, that formulation (H-1) formed the most fragile and
brittle films. That is why A-1 and H-1 even being fluorescent are
not considered in this study. Interestingly, the fluorescence of
the films decreases with increasing mol% of BA, and above
15 mol% of additive (BA) the films were not fluorescent (E-1, F-
1, G-1). For these reasons, the films B-1, C-1, D-1 were selected
to the following experiments. In all samples, the amount of per-
ovskite used was 2 wt% with respect to the weight of the formu-
lation, since it was shown to be the optimum concentration
with a PLQY around 45%. Lower concentrations reported poorer
PL, see Fig. S10,} while using higher concentrations (5 wt%) the
PLQY was notably decreased to 26%.

The optimized formulations were able to be 3D printed,
thus transferring the PL properties of the perovskite to the
printed solid, as shows Fig. 1C. In addition, the absorption

This journal is © The Royal Society of Chemistry 2023

wavelength of the perovskite was modified changing the
halides, obtaining films with different colours (see Fig. S117):
CsPbCl, 5Br; 5 (PS2) and CsPbCl, »5Br, 55 (PS3) (Fig. 1E). At this
point, the mixture of PNCs and PILs is suitable to fabricate
highly emitting 3D solids which improved intrinsic properties
(as we will show below).

The different PNCs were stabilized into the formulation B
keeping the PL properties over time for more than one year in
the dark, see Fig. S12,T pointing the interest of the system for
anticounterfeiting applications. In particular, CsPbBr; (PS1)
stability was further evaluated using all the different formu-
lations. In Fig. S13,f it can be observed the high PLQY
achieved using A, B and C formulations, however A formu-
lation was not further studied since the material was fragile.
According to the results, B-1 and C-1 films stored under
aerobic atmosphere in the dark, at room temperature with a
relative humidity of 60% kept almost constant PLQY, around

Nanoscale, 2023, 15, 4962-4971 | 4965
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50%, during more than one year, see Fig. 2A. In this context,
those two formulations were employed to study the stability of
the PNCs at different conditions: exposed to air and light at
25 °C, see Fig. 2B, immersed in liquid water and stored under
day light conditions at 25 °C, see Fig. 2C, and at 70 °C without
light irradiation, see Fig. 2D.

Under extreme conditions, pristine PNCs lost more than
90% of their PLQY in less than 5 days, and upon immersion in
water, the PNCs degraded within minutes. However, when they
were encapsulated PNCs (B-1), stored under ambient con-
ditions (oxygen, light and humidity) and exposed to 70 °C,
they only exhibited a decrease of the PLQY around 15% after
the first 40 days. In both cases, the PLQY was measured for
more than 200 days, reporting still some photoluminescence.
In an aqueous environment, B-1 formulation was able to
stabilize CsPbBr;, and their PLQY was stable for almost 150
days. The high stabilization observed with B formulation was
obtained due to the material’s hydrophobicity as TFSI is a
hydrophobic anion.** In addition, the films were not hygro-
scopic and did not present porosity, as shown by SEM and pro-
filometry analyses (Fig. S147).

XPS analyses were performed to elucidate the influence of
B-1 on the composition and chemical environment of the
PNCs. The presence of Cs, Pb, Br, N, in addition to the co-exist-
ence of F and S from the AcrEMA-TFSI monomer was observed
in the XPS spectra, see Fig. S15A.1 The corresponding chemi-
cal composition of the PNCs in absence and presence of B is

A
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summarized in Table S3.T Fig. 3A exhibits the high-resolution
(HR) XPS Cs 3d spectra of the samples, where a characteristic
doublet located at ~725/738 eV was observed. This doublet rep-
resents the Cs 3ds,, and Cs 3d;, core levels, indicating as
expected the presence of Cs* in the CsPbBrj lattice.®* Then, we
acquired a HR-XPS Br 3d spectra of PNCs with and without the
monomer, and we observed a doublet located at ~68/69 eV, see
Fig. 3B. These peaks, attributed to the Br 3ds, and Br 3ds,
core levels, are representative of the formation of Pb-Br bonds
coming from the [PbBr,] octahedra contained into the PNCs.*’
Fig. 3C shows the HR-XPS Pb 4f spectra of the samples, observ-
ing the characteristic Pb 4f;,, and Pb 4fs, core levels ~138/143
eV, respectively.®® These signals correspond to the presence of
Pb>" contained into the PNC lattice. Last, Fig. 3D displays the
HR-XPS N 1s spectra of the pristine and modified PNCs with
monomer, noting some differences in the chemical contri-
butions from the main N 1s signal. In the case of pristine
PNCs, two signals are evidenced ~400 and 402 eV, ascribed to
C-NH, and C-NH;' species, respectively. These species are
attributed to the attached oleylammonium cations covering
the PNCs surface.®” Interestingly, after the addition of the poly-
meric formulation, the abovementioned signals were displaced
to 399 and 403 eV, respectively. We attributed these peaks to
the emergence of C-N and S-N coming from the AcrEMA
cation and TFSI anion, respectively. The shift of the character-
istic bands from the Pb indicates that PNCs are covered and
stabilised by the monomer.

B
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& 30 \
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Fig. 2 Spectra of PLQY for different formulations (B-1 and C-1) compared with pure CsPbBr3-NCs being stored (A) in a drawer in the dark at 25 °C;
(B) opened vial (expose to atmospheric air); (C) closed vial in liquid water at 25 °C, and (D) opened vial inside an oven at temperature (70 °C) without

light irradiation.
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Fig. 3 HR-XPS (A) Cs 3d; (B) Br 3d; (C) Pb 4f; and (D) N 1s spectra for pristine CsPbBrz PNCs and B-1 samples.

The stoichiometry of the pristine PNCs, see Table S3,f are
far from the typical Cs: Pb: Br molar ratio = 1:1: 3, suggesting
that the material shows a high density of surface defects. This
is probably due to the PNC synthesis and purification method-
ologies.?® However, after encapsulating the PNCs with the PIL
formulation, the Cs" deficiency is compensated, while the Br
content is lower. Furthermore, it was observed that the stability
of the PNCs is extended in the presence of the PILs, see Fig. 2.
We attributed this improvement to the incorporation of fluo-
rine and sulfur species coming from the monomeric ionic
liquid, replacing/filling halide sites in the PNCs. We identified
the presence of C-F (689 eV), and SO, bonds (doublet at 169/
170 eV), respectively, from the bis(trifluoromethanesulfonyl)
imide ion (TFSI) through HR-XPS F 1s and S 2p spectra
obtained from the PNCs-PIL combination, see Fig. S15B and
15C.7 *° In this context, this species could mediate the PNCs
surface complexation through the sulfonyl/fluoride-metal
surface interaction. This hypothesis is reinforced by the shift
of BEs of the Cs 3d, Br 3d and Pb 4f doublets to higher values.
This suggests the introduction of a more electronegative
element into the perovskite structure, like F or O atoms from
TFSI. In this way, we can conclude that PILs can favor the
surface defect passivation of PNCs, which is a key factor to
promote a long-term stability and good optical properties such
as PLQY, into the PIL matrix under ambient conditions and
high relative humidity.

The resultant B-1 film was tested for the photodegradation
of organic dyes. In this experiment PILs might act as good
stabilizers and also as adsorbent materials. As a proof of
concept, the bifunctional smart films were employed to separ-

This journal is © The Royal Society of Chemistry 2023

ate and photodegrade methyl red (MR) as a benchmark dye.
Control experiments in aqueous solution showed no activity.
Therefore, the experiment consisted in introducing the opti-
mized B-1 film into a 30 uM solution of MR in an organic
solvent like hexane, illuminating the sample with 1 sun of
visible light, using an UV filter. MR dye solution showed two
absorption bands with a A, at 450 nm, responsible for the
yellowish colour. According to the literature, the visible
absorption bands are attributed to the n — =* transition
associated to the chromophoric -N=N- group found in azo
dyes, while the UV bands are attributed to the benzene rings,
see Fig. 4A.°”°" During the photodegradation, both bands
decreased, indicating that the decomposition of MR involved
the cleavage of benzene rings and the chromophore groups.
After 22 h of reaction, the decolorization is nearly completed
when B-1 is into the solution, see Fig. 4A. The control experi-
ment (blank) was performed under same conditions without
introducing the composite film, see Fig. S16A.7 The effect of
the film B without PNCs was also evaluated, see Fig. S16B.7}
Fig. 4D shows that the kinetics of the three samples fits well to
a pseudo-first order model. The rate constant related to the B-
1 experiment is the highest one (K = 0.06 h™") compared to B
(Ks = 0.02 h™") and to the blank (K, = 0.01 h™"). The irradiating
light has also an effect on the MR degradation, as can be seen
in the blank sample, although it is almost negligible compared
to the photodegradation promoted by the PNCs. Differences
between the MR concentration using B and the blank can be
attributed to the adsorption of MR onto the surface of the
film. The decolorization of MR is notable after comparing the
initial colour, dark yellow (Fig. 4B-1) and the final colour,

Nanoscale, 2023, 15, 4962-4971 | 4967
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(A) The absorption spectra of MR during the photocatalytic degradation using B-1 film for 22 h under visible light irradiation; (B) (1) initial

colour of MR solution; (2) MR solution colour after 22 h with a B-1 film; (3) MR solution colour after 22 h with a B film; (C) normalised concentration
of dye remaining in solution after 6 h and 22 h for the blank, B and B-1 films as photocatalysts for 3 cycles; (D) the logarithm of the ratio between
the concentration after photocatalytic degradation and the initial concentration of the dye showing the kinetics of the blank, using a B film and a B-
1 film; (E) (1) initial colour of B-1 film; (2) B-1 film after 22 h into MR solution; (3) B film after 22 h into MR solution; (F) film B-1 after the third cycle,

under UV light.

almost transparent, after 22 h of reaction by using the film B-1
(Fig. 4B-2). In contrast, when B was employed, the solution
remained yellowish (Fig. 4B-3). The colour of the films also
changed after the experiments. B-1 depicts a dark yellow colour
both at the beginning (Fig. 4E-1) and after 22 h of MR degra-
dation (Fig. 4E-2). The film B, without PNCs, ended reddish due
to the adsorption of MR in the film, see Fig. 4E-3. This fact
suggests that the photodegradation in case of B-1 was com-
pleted and no MR was left either in solution or adsorbed to the
surface. The total degradation of MR was also confirmed by
ESI-MS, where the peak related to MR completely disappeared,
see Fig. S17.1 Nevertheless, the polymer matrix of B and B-1 was
not degraded during the photocatalysis reaction, as it can be
observed from the FT-IR spectra shown in Fig. S18.}

The films were recycled without any further treatment for
three times with new MR solution, see Fig. 4C. Clearly, the experi-
ment with B-1 was the most effective system over the three cycles
assayed. Here, the number of cycles is defined as number of
photocatalytic reactions conducted by the same composite. After
22 h, in the third cycle, the degradation is far from completing
so B-1 film presents a reddish appearance (Fig. S19, left),
similar to B film (Fig. S19, right). But there are still PNCs
remaining in the interior of the film after the third cycle as
shows Fig. 4F, and more details in Fig. S20.7 Therefore, embed-
ding the perovskite into a polymeric matrix allows to recycle it for
several reactions, different from the material without encapsula-
tion, which is deactivated after the first cycle, see Fig. S21.}

Similarly to the well-known semiconductor based-photoca-
talysts, PNCs can absorb visible-light photons to promote the
generation of electron-hole pairs, which are the key factor to

4968 | Nanoscale, 2023, 15, 4962-4971
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trigger oxidation-reduction reactions, respectively.
order to determine whether the photodegradation in our
system took place by the electrons or the holes, a hole scaven-
ger (MeOH, 1 mM) was introduced. In presence of this
alcohol, the kinetics of MR photodegradation slowed down,
becoming very similar to that of the film without PNCs
(Fig. S221). This suggests that the film B-1 with a hole scaven-
ger was acting only as an adsorbent material with lower photo-
catalytic activity. Therefore, the experiment confirms that the
photoexcited holes generated in CsPbBr; PNCs upon illumina-
tion are responsible of the decomposition of the dye. We can
suggest that the photogenerated holes in the PNCs can
migrate to the surface film to be in contact with MR and carry
out the oxidation of the dye. Here, the luminescent composite
shows a decrease of PLQY from 40% to 15%. However, the film
is still photoluminescent, so the photoexcited holes come
from the PNCs remaining in the core of the film. This explains
why the efficiency of the system is reduced and needs longer
times for degrading MR, in the posterior cycles, see Fig. 4C. In
conclusion, the advanced material B-1 is acting as a bifunc-
tional advanced film capable to adsorb and, simultaneously,
to photodegrade organic dyes.

Conclusions

In this work, we have embedded perovskite nanocrystals in
polymeric ionic liquid matrices exploiting their well-estab-
lished ability to stabilize molecular and nanostructured
materials. A variety of PNCs were evaluated and effectively

This journal is © The Royal Society of Chemistry 2023
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encapsulated. The ionic and supramolecular interactions of
PILs with the PNCs ions enable the stabilization the nanocrys-
tals before and after the polymerization. We have optimized a
3D printable formulation that stabilizes PS1 under different
conditions (air, light, oxygen, humidity, temperature and
water) observing a significant increase in stability compared to
the PNCs in solution. Furthermore, it has been demonstrated
the possibility to embed PNCs into PILs to form solid photoca-
talysts capable to adsorb and degrade organic dyes. We have
successfully used the B-1 films to increase the rate of
decomposition of methyl red under visible light irradiation.
The film was recycled for three cycles, with higher activity than
the control experiment. The mechanism of photodegradation
proposed through photoexcited holes, since a hole scavenger
reduced the photodegradation to the level of the control
experiment. Although future works should be focused to opti-
mize the reaction conditions for improving the chemical stabi-
lity of the composites (for instance, facilitate the electron-hole
separation), these 3D-printed materials are good candidates to
conduct efficient photocatalytic reactions. These findings rep-
resent a novel and promising future path in the implemen-
tation of solid photoactive perovskite nanocrystal materials
based on 3D printing PILs.
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