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CsPbBr3; perovskite quantum dots grown within
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All-inorganic cesium lead halide (CsPbXs, X = Cl, Br and |) perovskite quantum dots (QDs) have received
enormous research interest because of their exceptional optoelectronic properties, but their low chemi-
cal stability under ambient conditions from inevitable defects restricts their practical applications. In an
effort to enhance the stability of QDs, in this study, novel functional nanocomposites were fabricated by
encapsulating perovskite QDs with zeolite X doped with iron ions. Focusing on the as-obtained nano-
composites labeled with QDs@Fe/X-n, doping a reasonable amount of Fe** ions can tremendously
improve the order of perovskite lattices and reduce the halide vacancies. The results of stability improve-
ment in nanocomposites with an optimal Fe** load (QDs@Fe/X-3) are presented. After storage in air for
100 days, the emission-peak position of the composites can remain almost unchanged, and the photo-
luminescence (PL) intensity can reach ~98% of the original intensity. Additionally, the PL intensity of
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QDs@Fe/X-3 can decrease immediately when exposing it to a NHs atmosphere at room temperature. The
PL intensity can be linearly varied with a change in the NHz concentration. The original value of the PL
can be rapidly recovered by separating the sample from the NHsz environment. This work enables the
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Introduction

All-inorganic cesium lead halide (CsPbX;, X = Cl, Br and I) per-
ovskite quantum dots (QDs) have attracted much attention in
recent years due to their unique optoelectronic properties.'™
Their high photoluminescence quantum yields (PLQYs)
(>90%), wide-range of colours, tunable bandgaps and narrow
emission-bands make them excellent materials for next-gene-
ration optoelectronic devices. Up to now, the power conversion
efficiency of perovskite solar cells (PSCs) has been improved to
25.7%,° owing to their wide light-absorption range, high
carrier mobility and long electron-hole diffusion lengths.”®
Inspired by the achievements made in solar cells, cesium lead
halide perovskites as the newcomers have been employed in
the fields of light-emitting diodes, solar cells, anticounterfeit
inks, and lasers.” >

Owing to the increasing release of volatile ammonia from
the chemical, pharmaceutical and agricultural industries,
detection of ammonia has been extensively researched.'*'*
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QDs@Fe/X composite to be an ideal active material for ammonia sensing.

Various materials have been devoted to fabricating ammonia
gas sensors, such as quantum dots, MOFs, and stimuli-respon-

which have demonstrated excellent
response.'>™"” However, the poor gas sensitivity and selectivity
and low yields limit their practical applications. Recently, fluo-
rescence perovskite-based sensors have achieved a superior
response to NH; gas,'®*° indicating fluorescence perovskite to
be a potent material for fabricating highly sensitive gas
sensors for ammonia. Generally speaking, a neat perovskite
phase can easily bear the defect originating from some
elements being removed from the crystal surface during
annealing, such as Pb and X vacancy defects, reducing its per-
formance and stability (vulnerable to various aging stresses
such as oxygen, moisture and ultraviolet (UV) irradiation).>'%?
After surface encapsulation/modification or UV filtration, the
lifetime of perovskite can be prolonged by a temporary
separation.>** Porous zeolite is an ideal candidate for encap-
sulating and stabilizing perovskite QDs due to its regularly
arranged pores and channels.>**® Perovskite QDs embedded
in zeolite can remain much more stable than the neat QDs
under atmospheric moisture. Sun et al. reported a two-step
synthesis of CsPbX; QDs embedded in zeolite Y.>* The results
showed that the stability of the QDs embedded in zeolite Y is
improved compared to that of the neat QDs under ambient
conditions. On this basis, Kim further found that zeolite X is a
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better host, because it has a higher Al content in its framework
(more extra framework cations may stabilize the QD guests).*°

Moreover, doping metal ions is an effective strategy for
reducing defects. A small number of di- or tri-valent metal
cations can favour the nucleation of perovskite grains, the
reduction of grain boundary defects, a decrease in trap-state
density, an increase in the charge-carrier lifetime and an improve-
ment of perovskite’s properties.**> For examples, Liu et al.
revealed that Mn”>* can be easily inserted into the interstices of
octahedral [Pblg]*” to restrain the formation of vacancy defects to
favour perovskite crystallization. Eventually, the efficiency of PSCs
by excessively doping Mnl, (1%) reaches 19.09%, which is
superior to that of methylamine plumbum iodine (MAPbL;)-
based devices (17.68%).' Zhou et al discovered that Eu’",
Y*" and Fe’* have a positive impact on the power conversion
efficiency (PCE) and device stability of PSCs.*>

Inspired by metal ion doping and surface coating for
improving the stability, we would like to propose multiple pro-
tection strategies that show that encapsulating perovskite
within a metal ion-doped zeolite can effectively suppress the
photo-induced regrowth and deterioration for an improvement
of long-term storage stability of CsPbBr; perovskite QDs. In
this work, we have introduced CsPbBr; QDs into iron-doped
zeolite X (labelled with QDs@Fe/X) to achieve uniform QD dis-
persion, and tunable photoluminescence (PL) properties are
induced via controlling the Fe dosage. The defect character-
istics of QDs@Fe/X samples with different Fe contents were
studied via time-resolved photoluminescence (TRPL) spectra
and decay lifetime tests. Interestingly, the QDs@Fe/X nano-
composites can rapidly respond to ammonia gas with reversi-
bility at room temperature. This finding is very encouraging
for developing perovskite sensors using NHj-responsive
QDs@Fe/X matter in the future.

Experimental
Preparation of QDs@Fe/X

The synthesis of Fe/X with different Fe dosages, the prepa-
ration of QDs@Fe/X, and the study of NH; exposure are clari-
fied as follows. A general route for preparing QDs@Fe/X com-
posites is presented in Scheme 1, involving two separate pro-
cesses, namely, crystallization under hydrothermal conditions
for obtaining Fe-loaded zeolites X (Fe/X) and the in situ growth
of CsPbBr; QDs inside Fe/X.

The Fe/X-n (n = 1, 2, 3 and 4) samples with different Fe
dosages were synthesized by a molar ratio of n(Al,O;): n(SiO,):
n(Na,O) : n(H,0) : n(Fe(NO;);-9H,0) = 1:3.2:7.36:441.6:x (x =
3.27 x 1073, 4.96 x 1072, 2.20 x 1072 and 3.97 x 1072, respectively,
and doping dosages of the metal were confirmed by adopting
inductively coupled plasma (ICP) mass spectrometry). The
mixture was vigorously stirred for 0.5 h for homogenization (800
rpm), followed by ageing for 8 h at room temperature. Finally, the
solid was obtained by filtration and washed thoroughly several
times with deionized water until the pH value reached 8-9, fol-
lowed by drying at 105 °C and then milling.
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QDs@Fe/X PbBr:

Scheme 1 Schematic illustration of preparation of QDs@Fe/X-n
composites.

The QDs in Fe/X-n solution were prepared by the procedures
reported by Sun® et al. First, Cs'-Fe/X (Fe/X with Cs* via
partial exchange) was prepared. Second, PbBr, solution was
prepared. Finally, ODE (5.0 mL) and Cs'-Fe/X (0.5 g) were
blended, transferred into a three-neck flask (100 mL), and
vacuum degassed for 30 min at 120 °C. Then, the temperature
was increased to 150 °C under N, protection, followed by injec-
tion of the PbBr, solution. The mixture was stirred for 15 min
and then cooled to room temperature. Ultimately, the product
was washed (with n-hexane first followed by using isopropanol)
and further centrifuged. The product was dried at 60 °C for
12 h. The resulting composites were labeled with QDs@Fe/X-n
(n=1, 2, 3 and 4 respectively). Various n values reflect different
Fe dosages during preparation.

NH; exposure study

The experimental setup of the NH; exposure study was
designed according to the previous studies.’*** NH; response
experiments were performed in a sealed reaction tube (10 mL).
A UV lamp (365 nm wavelength) was used as the optical exci-
tation source to focus on samples. The various concentrations
of NH; gases were obtained by diluting pure NH; gas with a
certain amount of N, gas. Then the QDs@Fe/X-3 sample
(0.02 g) was exposed to various concentrations (0-10 mL) of
dry NH; gases with a syringe. The reaction tube had been evac-
uated in advance. Finally, the steady-state PL spectra were
determined. During testing, dry NH; gas and air were injected
alternately into the reaction tube with a syringe. The response,
reversibility and stability of the samples were investigated in a
“pure NH;-air” cycle.

Results and discussion
Characterization of perovskite-bearing composites

The morphologies of the QDs@Fe/X-n samples are analysed
here. Fig. 1a shows the SEM image of QDs@Fe/X-3. Many

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 SEM (a) and high-resolution TEM (b) images of QDs@Fe/X-3 and
SEM image (c) along with elemental mapping profiles (d-j) of Si, O, Al,
Cs, Pb, Br and Fe of the surveyed area of QDs@Fe/X-3.

cubic CsPbBr; QDs were evenly distributed at the Fe/X surface.
The QDs@Fe/X-3 can have the most QDs distributed at the
Fe/X surface with an increase in the Fe dosage (Fig. S17). Fig. 1b
shows a high-resolution TEM image of QDs@Fe/X-3. The gap
between two adjacent fringes can reach 1.4 nm, corresponding
to the distance between the two adjacent (1 1 1) lattice planes
in faujasite (JCPDF #00-012-0228). Fringes with a gap of
0.23 nm can match (2 1 1) with the lattice planes in the
CsPbBr; crystal.>® All these results suggest that the CsPbBr;
QDs were dispersed evenly on or within the zeolite crystal.
Furthermore, by EDX, elemental mapping images can indicate
uniform distributions of Si, O, Al, Cs, Pb, Br and Fe (Fig. 1dj),
confirming a successful growth of CsPbBr; QDs within Fe/X.
The crystal structures of QDs@Fe/X-n and Fe/X samples
were determined by the PXRD method as shown in Fig. 2a and
b. In Fig. 2a, compared with Fe/X (in blue), QDs@Fe/X-3 (in
red) exhibits both the primary Fe/X diffraction peaks and an
additional new peak (12.3°), originating from partial Cs"
exchange into Fe/X (well matched with the reported Cs'-Fe/
X),***%3¢ Moreover, the intensity of characteristic peak (6.1°)
reduces significantly, which is clarified as follows. During Cs"
exchange, the framework of Al might be slightly deprived due
to a low hydrothermal stability of zeolite X, leading to damage
to the framework structure of zeolite X and decreased crystalli-
nity.”” Besides, in Fig. S2,T a successful Cs* exchange can be
verified based on a slight movement of all characteristic diffr-
action peaks to lower angles. A Cs" ion (a radius of 167 pm)
has a larger covalent radius than a Na' ion (a radius of 102
pm), resulting in an increase in lattice spacing. These peak
variations further confirm the formation of QDs within zeolite.
In Fig. 2b, XRD peaks from CsPbBr; (JCPDS #00-018-0364)
QDs cannot be observed in QDs@Fe/X-n. The volume of crystal
domains of the embedded QDs should be a few nm® at most,
and thus the QDs diffraction signals are weaker than the
micrometre-sized zeolite host. Furthermore, with an increase
in the Fe dosage, the peaks from iron species cannot be

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 PXRD patterns of Fe/X, QDs/X and QDs@Fe/X-n (a and b), XPS
results of Fe/X and QDs@Fe/X-3 (c), and Br 3d XPS core-level spectra of
QDs/X and QDs@Fe/X-3 (d).

detected in QDs/Fe@X-n, ascribed to a rather low iron content
(highly scattered iron species).

Additionally, XPS technology (Fig. 2c) was utilized to verify
the elemental composition of QDs@Fe/X-3 compared to that
of Fe/X. Peaks of Fe/X from Al 2s, O 1s and Si 2p are observed
ascribed to zeolite X.*® Additional peaks of QDs@Fe/X-3 from
Cs 3d, Pb 4f and Br 3d can confirm the presence of
CsPbBr;.”***° The iron content is too low to be detected.
Besides, XPS core-level spectra (Fig. 2d) are shown for verifying
the chemical states of Br 3d affected by Fe®".

Br~ in CsPbBr; QDs can be in two classes of chemical
environments, namely, the higher band energy regions and
the lower band energy regions (assigned to Pb-Br and Cs-Br
complexes, respectively).*"*> Compared to QDs/X, QDs@Fe/X-3
can have number-stable Cs-Br complexes, number-decreased
Pb-Br species and number-increased Fe-Br species. A trans-
formation from Pb-Br species to Fe-Br species is caused by
the fact that a small number of trivalent iron ions can be
easily embedded in the interstices of the perovskite via chemi-
cal bonding with Br~ ions to reduce bromine vacancy
defects.” In total, after incorporating Fe*" ions into CsPbBr;
QDs, the number of Br™ ions can remarkably increase.

Optical properties of the as-fabricated perovskite-bearing
composites

Optical properties of QDs/X and QDs@Fe/X-n nanocomposites
with different Fe-dosages are given in Fig. 3a. With an increas-
ing Fe dosage, the PL intensity of the samples increased first
and then decreased (the strongest PL intensity in QDs@Fe/
X-3). In Fig. 3b, compared to QDs/X, a blue shift of PL emis-
sion wavelengths was observed in all QDs@Fe/X-n samples
(the largest blue shift was in QDs@Fe/X-3 - emission wave-
length from 535.3 nm to 522.7 nm under 365 nm UV
irradiation). This is ascribed to the in situ passivation and the
quantum confinement effect of CsPbBr; QDs via Fe** and
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Fig. 3 PL spectra before (a) and after (b) normalization of QDs/X and
QDs@Fe/X-n (insets in (b) are real photographs of the samples under
365 nm UV irradiation), and PL decay results (c) of QDs/X and QDs@Fe/
X-n.

zeolite-X, respectively.**> On the basis of Kubelka-Munk
theory,’™** the higher the corresponding band gap energy
level is and the shorter the emission wavelength is, the stron-
ger the PL intensity is. Therefore, with an increasing Fe**
dosage, the emission peak can show a slight blue shift (basically
consistent with an increase in the PL intensity). Theoretically, the
improved PLQY is associated with the improved short-range order
and the reduced halide vacancies in lattices.*® On the one hand, a
small quantity of Fe®* can aggregate near octahedral [PbBre]*~ by
chemical bonding with surrounding [PbBre]'", triggering the
ordered arrangement and reducing the number of Pb** vacancies
to improve the order of perovskite lattices.”” On the other hand,
Fe®" can prevent ions from escaping and reduce bromine vacancy
defects (Fig. 2d). Consequently, a small quantity of Fe*" can favour
an improvement in the stability of the perovskite structure.
However, an overload of Fe’* may cause the interstitial impurity
defects to result in the decreased PLQY in QDs@Fe/X-4.

TRPL (Fig. 3c) tests were further conducted to study the
defect effect of QDs/X and QDs@Fe/X-n. These decay data were
fitted using a two-exponential decay model,*® and the parameters
are listed in Table S1.f There are two parts in PL decay curves
(71 and A; represent the decay time and percentage of intrinsic
radiative recombination, respectively; 7, and A4, represent the
decay time and percentage of nonradiative recombination,
respectively).**>® The two radiative times, namely, z; and z,, may
stem from structural defects of vacancies and surface states,
respectively. 7., refers to the weighted-average PL decay time. The
QDs@Fe/X-3 sample can have the maximum percentage of radia-
tive recombination and the minimum percentage of nonradiative
recombination (an average lifetime of 38.39 ns), which is much
longer than other hybrid halide perovskites. This indicates that
the QDs@Fe/X-3 specimen has a higher ratio of exciton recombi-
nation and less transition at defect states. Herein, self-passivation
plays an important role in surface nonradiative recombination.
The results suggest that Fe** doping with zeolite can suppress the
defect recombination to extend the carrier lifetime of perovskites.
Nonetheless, excess Fe*" ions may increase the trap states and act
as additional radiative relaxation channels, leading to the

. iativ P
decrease in radiative decay rates and charge-carrier
lifetime. #4152 This agrees well with the conclusions drawn in
Fig. 3a and b.
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Fig. 4 Relative PLQYs (a) of QDs and QDs@Fe/X-3 under air exposure
for 100 days (insets in (a) are real photographs of the samples under
365 nm irradiation), and NHs-TPD curves of Fe/X and QDs@Fe/X-3 (b).

To study the environmental stability, the QDs@Fe/X-3
sample was exposed to ambient air for 100 days. In Fig. 4a,
after 100 days of air exposure, the cyan brightness of QDs@Fe/
X-3 is well maintained and the relative PLQY only drops by
2%, showing a high stability. By inference, this high stability
may not be totally due to zeolite encapsulation. Thus, we
measured the acidity of the samples (Fig. 4b). An obvious
decrease in acid strength in zeolite X after the QD formation
(2.941 mmol g~ for Fe/X; 0.904 mmol g~ for QDs@Fe/X-3) is
verified, attributed to a partial deprivation of the framework of
Al during the QD formation (resulting in the reduced acid den-
sities). Furthermore, the Brunauer-Emmett-Teller (BET)
results demonstrated the significant decrease in the surface
area (891.0 to 166.1 m”> g~') and pore volume (0.299 to
0.051 cm® g ') of Fe/X after QD growth, implying that the orig-
inal zeolite framework structures were filled and collapsed
after the formation of quantum dots (Table S27). This is basi-
cally consistent with the XRD results.

Moreover, Fe/X itself is dominated by Lewis acid®” and has no
strong acid sites. However, QDs@Fe/X-3 has strong acid sites after
introducing QDs with a decrease in Lewis acid and an increase in
Bronsted acid. This may be caused by the fact that CsPbBr; QDs
are confined in the interrupted nano-spaces of zeolite-X, where
there are extensive dangling functional groups including AlI-OH
and Si-OH. Complex hydrogen bonds can be formed between the
zeolite framework and perovskite halide anions.** This causes the
electrons of silicon hydroxyl and aluminium hydroxyl groups to
move into the cage (increasing the electron cloud density in the
cage, making the hydroxyl group behave like a strong Brensted
acid). These strong interactions not only enhance the cohesion of
the perovskite with zeolite-X, but also passivate imperfections
and defects of the perovskite.

All results together demonstrate that embedding CsPbBr;
QDs in Fe-doped zeolite X can obtain the ultra-stable perovs-
kite/zeolite composite, thanks to encapsulation and in situ
passivation.

Construction of a gas sensor using QDs@Fe/X

The superior long-term storage stability of QDs@Fe/X-3 in an
air environment has prompted us to verify its applicability in
an alkaline-gas sensor. The proof-of-concept experimental
setup was designed (Fig. 5a). In detail, UV radiation (365 nm)

This journal is © The Royal Society of Chemistry 2023
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was used as the photoexcitation source to focus on a sample.
Fluorescence emission spectra of the samples were recorded.
QDs@Fe/X-3 was exposed to various concentrations of dry NH;
gases using a syringe, and the response/recovery properties
were recorded at room temperature. According to Fig. 5b, after
exposure to NHj;, QDs@Fe/X-3 can emit strong blue-light
under 365 nm UV radiation, and then it can be restored to the
original state after NH; removal.

To confirm the change in luminescence properties by
observation with the naked-eye, PL spectra of the composites
in the presence of NH;/air gases were achieved (Fig. 5c). After
exposure to NH; gas, the cyan-emission peak at 522.7 nm can
disappear (black line) and a broad emission band from 450 to
513 nm can be seen (red line). When air was introduced, the
characteristic cyan emission peak reappeared (a small blue
shift; gray line), and the PL intensity of the sample basically
remained unchanged. This indicates a superior stability and
reversibility of this perovskite sample. Later, we investigated
the transient response of QDs@Fe/X-3 via an exposure to
different concentrations of NH; gases (0-10 mL/10 mL), as
shown in Fig. 5d. The PL intensity of QDs@Fe/X-3 quickly
decreased with an increase in the NH; concentration. Fig. 5e
reveals a linear response of the sample PL intensity with
respect to the NH; concentration varying from 0 mL to 10 mL
based on the following fitting equation: ¥ = —71929X +
1231473 (R* = 0.954). The aforementioned results can suggest
that the QDs@Fe/X-3 composite has a fast response, good

(@) 4
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Fig. 5 Schematic of the experimental setup for NH3 sensing (a); photo-
graphs of response-recovery cycles of the dynamic passivation of
QDs@Fe/X-3 (b); PL emission spectra of pristine QDs@Fe/X-3 (black
line), QDs@Fe/X-3 in the presence of NHz (QDs@Fe/X-3 + NHs, red line),
and QDs@Fe/X-3 under air exposure (QDs@Fe/X-3 + air, gray line) (c);
PL spectra of QDs@Fe/X-3 exposed to various concentrations of NH3
gases (d); linear relationship between response and NH3z concentration
(e).
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reversibility and high stability under NH; exposure, which
enables the QDs@Fe/X-n materials to become promising can-
didates for the construction of state-of-the-art gas sensors.

Conclusions

We have successfully prepared QDs@Fe/X-n nanocomposites by
in situ growth of CsPbBr; QDs embedded in iron ion-doped
zeolite X. An efficient fluorescence quenching of CsPbBr; QDs,
combined with time-resolved photoluminescence lifetime and
stability test results, can confirm that embedding CsPbBr; QDs in
Fe-doped zeolite X via encapsulation and in situ passivation is a
workable strategy for the stabilization of QDs. Adopting an
optimal Fe*" dosage, after 100 days of storage in air, the position
of the PL emission peak of the QDs@Fe/X-3 composite can be
highly maintained, and the PL intensity can reach ~98% of the
original value. Simultaneously, QDs@Fe/X-n composites can
exhibit a fast response, good reversibility and high stability in the
presence of NH; gas. We believe that the present work will enable
practical applications of perovskite QDs/zeolite nanocomposite
materials in gas sensors in the near future.
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