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Recently, the detection and quantification of humidity has attracted
great interest, but for fluorescence sensing of humidity, it is still a
challenge to achieve high-performance. Here, we report an ultra-
sensitive and high-performing luminescence humidity sensor based
on perovskite/zeolite composite, Cs;PbBrg/FAU-Y. The zeolite
FAU-Y acts as a support for dispersing amorphous Cs;PbBrg nano-
particles (11 + 2 nm), which rapidly undergo a moisture-mediated
transformation into a highly luminescent CsPbBr; perovskite, due
to the hydrophilic nature of the zeolite substrate. The composite
exhibits strong fluorescence response ((I-1p)/lp) (992 for 98% RH,
91.7 for 7% RH), good linearity, low detection limit (0.56% RH), while
producing highly reproducible and stable optical signals. Test paper
embedded with the moisture sensitive composite yields a simple
and reliable naked-eye method for detecting moisture exposure
within anhydrous products and dry storage environments. This
work showcases a unique concept to develop turn-on humidity
sensors based on the bright metal halide perovskite luminescence,
thus promoting innovative practical applications outside their typi-
cal scope of applications such as solar cells, photodetectors, or
light emitting diodes (LEDs).

Humidity sensing plays an important role in monitoring moist-
ure exposure during anhydrous processes and product storage."
Traditional methods for the determination of humidity are based
on changes in the electrical properties of various materials such
as ceramics, organic polymers, and semiconductive metal
oxides.’ However, these methods rely on electronics for moisture
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detection. Changes in optical properties have been considered a
reliable and simple alternative owing to their high sensitivity and
intuitive visual response.”” Thus, recent research has focussed
on developing fluorescent and colorimetric sensors.”> Compared
to colorimetric sensors, fluorescent sensors are generally more
sensitive.®> Within the class of fluorescent sensors, turn-on sen-
sors can reach higher responses and are more reliable than turn-
off sensors, which are limited by the maximum quenching value
(<1) and competition of photobleaching.*®> Until now, many
optical humidity sensors have been reported such as organic
fluorescent molecules, graphene composites, photonic crystals,
zeolites, and metal-organic frameworks.>® Nevertheless, current
optical humidity sensing materials have several disadvantages
including high cost, weak luminescence, slow responsivity, and
low sensitivity.>>%”

Metal halide perovskites (MHPs) are highly promising semi-
conductors that adopt a general formula of ABX; (A = CH;NH;",
Cs’, or CH(NH),"; B = Pb*", Sn®*"; X = Cl~, Br, I ). MHPs have
already been applied to various optoelectronic devices due to
their outstanding optoelectronic characteristics.* "' MHPs have
also been employed for humidity sensing but mostly based on
changes in electronic properties.”>>" Until now, luminescence
moisture sensors based on MHPs are still in infancy.'* For
example, organic-inorganic MHP-based fluorescent humidity
sensors not only show poor performance at low relative humid-
ity (RH), but also degrade in moisture-rich environments."*>*
Even the luminescence turn-off sensor based on highly emis-
sive CH3;NH;PbBr; shows poor humidity sensitivity and, due to
the instability under moisture conditions, the sensor is not
reliable for longer periods.** Recently CsPbBr; loaded in zeolite
EMT (EMT-CsPbBr;) was reported for humidity detection,
however, the reported response and sensitivity are still low.>*

Over the past few years, all-inorganic CsPbX; (X = Cl, Br, I)
have drawn much attention because of their high chemical and
thermal stability.>>* Interestingly, a related class of non-
luminescent materials, Cs,PbXs share structural similarity e.g.,
the presence of [PbXs]*~ octahedral unit, and can be converted
into CsPbX; and CsX in the presence of polar molecules such as
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water.2> %9

Taking into consideration that non-luminescent
Cs4PbBrg could transform to stable and bright green-emitting
CsPbBr; when exposed to water, Cs,PbBrg could be an ideal
candidate for developing turn-on fluorescent humidity sensors
based on MHPs. To design an ultrasensitive humidity sensor,
our strategy is to increase the contact between water and the
water-sensitive Cs,PbBrs by depositing small nanocrystals on a
hygroscopic substrate material. Within this scenario, zeolite
FAU-Y is ideal for promoting Cs,PbBrs to CsPbBr; transforma-
tion because it is strongly hydrophilic and has a relatively large
water adsorption capacity within its porous network, even at low
partial pressures. In this work, we synthesized Cs,PbBrys/FAU-Y,
with amorphous Cs,PbBrg nanoparticles (NPs) well-dispersed
on the surface of hydrophilic zeolite FAU-Y, and then investigate
the fluorescence enhancement induced by humidity. The
fluorescence intensity rapidly increased when Cs,PbBrs/FAU-Y
was exposed to humidity in a wide range of 7% to 98% RH. Our
material achieved the highest fluorescence response value to
date, which is at least 50-fold higher than other MHP based
fluorescent humidity sensors (Table S2, ESIt).>*?**3° The sensi-
tivity of our sensor is 11.8/RH% at high levels of RH (17-98%)
and 12.6/RH% for low RH (<17%), while achieving very low
limit of detection (0.56% RH). Furthermore, a fluorescent
turn-on test paper of this composite material provides a simple
and reliable naked-eye humidity detection method even for
low RH 7%.

To generate well-dispersed Cs,PbBrs nanoparticles on the
FAU-Y surface, we developed an in situ growth method (Fig. 1a).
First, FAU-Y zeolite was exchanged with a concentrated

+ Na'
Cs*
Pb?
Br

A HO

C
0
t ® Cs,PbBr,

w CsPbBr.

3

'
®
‘

Moisture

| |
'¢
'0
o

Visible |
L

» o2
B

Fig. 1 Development of a metal halide perovskite-based turn-on humidity
sensor starting from a non-luminescent precursor Cs4PbBrg. (a) Schematic
illustration of the in situ growth method of Cs4PbBre/FAU-Y composite
and the conversion of non-luminescent Cs4PbBrg into the green-
fluorescent CsPbBrs in the presence of moisture. The in situ growth of
Cs4PbBrg involves the introduction of Cs™ in the FAU-Y via ion-exchange
followed by the addition of PbBr, leading to Cs4PbBrg formation (details
see Fig. S1 and Experimental section, ESI1). The transformation of Cs4PbBrg
to the CsPbBrsz occurs in presence of moisture and the process is
enhanced by the presence of FAU-Y. Photographs of the synthesized
Cs4PbBrg/FAU-Y composite powder under visible light and UV light at
366 nm before (b) and after (c) exposure to air.
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aqueous CsBr solution. In this step, Na' of FAU-Y was partly
exchanged by Cs" to produce Cs'/Na'-FAU-Y with a molar ratio
of Cs*/Na" = 4.93; as determined by atomic absorption spectro-
scopy (AAS) (Table S1, ESIf). Actually, part of Cs* was found
adsorbed on the FAU-Y surface. Indeed, an excess amount of
CsBr was used for the exchange in order to yield a stoichio-
metric amount for the subsequent synthesis of Cs,PbBr¢. Thus,
considering the amount of adsorbed Cs', we calculated the Cs'/
Na" exchange efficiency to be 67.9% (details on the calculations
can be found in ESIt). Then, the dry Cs'/Na‘’-FAU-Y was
introduced into a PbBr, solution, with a stoichiometric ratio
of Cs* to Pb>" is 5.60: 1. During this step, some Cs" is released
from Cs'/Na'-FAU-Y. These Cs" ions are necessary for the in situ
formation of well-dispersed Cs,PbBr, nanoparticles anchored
on zeolite FAU-Y. The details of the synthesis method are
provided in ESI{ and Fig. S1. Care needs to be taken to perform
the synthesis in complete absence of water. The obtained
Cs,PbBrs/FAU-Y white composite, which is non-luminescent,
converts rapidly to a bright yellow material under ambient
conditions and displays a strong green luminescence under
366 nm UV illumination (Fig. 1b and c).

Detailed structural and compositional characterizations
were carried out at different stages of Cs,PbBrs/FAU-Y compo-
site formation to understand the underlying processes. The
positions of the Bragg peaks (k! planes) are identified using
the Le Bail method which are depicted in Fig. 2a. The XRD data
of the pristine FAU-Y and Cs'/Na‘-FAU-Y can be fitted using
same space group Fd3m which clearly indicate the incorpora-
tion of Cs" in the position of Na*. Compared to the pristine
FAU-Y, we identify some modification in the intensity of the
diffraction peaks of the Cs’/Na‘-FAU-Y XRD data. Moreover, all
the Bragg peaks of Cs,PbBrs/FAU-Y before exposure to air are
also described by a single Fd3m space group, signifying the
amorphous nature of Cs,PbBrs. The UV-Vis absorption spec-
trum of the pristine Cs,PbBr¢/FAU-Y in dry toluene solution, on
the other hand, shows a sharp absorption peak at 314 nm,
indicating the presence of Cs,PbBrs in the composite
(Fig. 2b).>**! The Cs:Pb molar ratio as calculated by AAS was
found to be 6.50:1, which is in agreement with its CsBr-rich
nature (Table S1, ESIf). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) further support the amorphous nature of the
Cs,PbBrs NPs. As shown in Fig. 3a, b, and Fig. S4, (ESIY),
Cs,PbBrs NPs with an average size of 11 + 2 nm, are formed
on the surface of the zeolite. Closer inspections of the Cs,PbBrg
NPs were carried out using HRTEM that show the absence of
diffraction peaks in the electron diffraction (Fig. 3c (inset)). The
measurement indicates the amorphous nature of Cs,PbBrs NPs
which is quite different from previously reported crystalline
Cs,PbBrg NPs.>®

After exposure to moist air, a bright yellow material is
formed and the XRD pattern of the composite contains the
characteristic peaks of both the Cs*/Na'-FAU-Y and the ortho-
rhombic phase of CsPbBr; (Fig. 2a). No reflections from CsBr
were found in the XRD pattern, suggesting no crystalline CsBr
product was formed during moisture exposure.”® The UV-Vis

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Le-Bail fitted XRD patterns of pristine FAU-Y, Cs*/Na*-FAU-Y,
Cs4PbBrg/FAU-Y composite before and after exposure to air. Open black
circles represent the experimental data, and the continuous red lines
represent the calculated pattern. Vertical green and blue lines indicate
the Bragg positions for all the samples. For Cs4PbBre/FAU-Y composite
after exposure to air, green Bragg peaks are attributed to the Cs*/Na™*-
FAU-Y phase and the blue Bragg peaks are appearing due to the ortho-
rhombic phase of CsPbBrs. (b) Absorption spectra of Cs4PbBrg/FAU-Y
before and after exposure to air and pristine FAU-Y in the toluene solution.
(c) Br 3d core level XPS spectra (black open circles) along with the fitting
(red solid lines) of Cs4PbBrg/FAUY before and after exposure to air for 2 h.
Brown lines represent the Shirley background. The blue line signifies one
spin—orbit doublet and the green one indicates another spin—orbit
doublet.

Fig. 3 (a and b) TEM images of Cs4PbBre/FAU-Y composite. (c and d)
HRTEM images of Cs4PbBrg/FAU-Y composite before and after short
exposure to air. The black dots are perovskite particles. The insets of
(c and d) are the electron diffraction diagrams of perovskite particles,
respectively.

absorption spectrum of Cs,PbBrs/FAU-Y after exposure to air
also shows the characteristic absorption peak of CsPbBr;

This journal is © The Royal Society of Chemistry 2022
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(Fig. 2b).>>?' Several clear diffraction spots are visible in
HRTEM image that can be attributed to orthorhombic CsPbBr;
in line with the bulk powder XRD experiments (Fig. 3d). The
HRTEM also reveals the characteristic lattice spacing of about
0.29 nm and 0.31 nm, which corresponds to the d-spacing of
(200) and (122) lattice planes of orthorhombic CsPbBr;, respec-
tively. This observation was confirmed by performing HRTEM
of Cs,PbBrys/FAU-Y that was wetted with a trace of water (Fig. S5,
ESIT). Furthermore, X-ray photoelectron spectroscopy (XPS) was
also carried out before and after exposure to air to understand
the bonding environment (Fig. 2c and Fig. S6, S7, ESIt). As
shown in Fig. 2¢, prior to air exposure, the Br 3d peak of
Cs,PbBrs/FAU-Y composite has been fitted by a single spin-
orbit doublet (two convolutions of a Lorentzian and a Gaussian
peak: 2L*G) (gap between ds,, and ds;, ~ 1.07 eV; and ratio of
ds), and dz;, ~1.5), while after exposure, it has been fitted using
two spin-orbit doublet (blue and green), indicating two differ-
ent environments of Br ions. The blue doublet peak can be
related to the Br~ in CsPbBr;, while the green doublet peak
most likely belong to the Br~ of CsBr.>> All the results indicate
an in situ growth of amorphous Cs,PbBrs on the FAU-Y surface,
which is quite different from the recent report where CsPbBr;
nanocrystals are formed inside the pores of zeolite EMT.*
Before exposure to moisture, Cs,PbBr¢/FAU-Y in hexane
solution has almost no visible emission like pure Cs,PbBrg
NPs (Fig. S8, ESIt). Indeed, it is only after exposure to humidity
that the MHP precursor transforms to form the crystalline and
highly luminescent CsPbBr; and CsBr. Therefore, the transfor-
mation process can be summarized as follows:

H20¢)
Cs4PbBrg —— CsPbBr3 + 3CsBr

The Cs,PbBrg can be regarded as a CsBr-rich structure with
high ion-diffusion property.>> Owing to the high solubility of
CsBr in water and the hygroscopicity of FAU-Y, the Cs,PbBr,
could easily convert to CsPbBr; under ambient conditions. This
moisture-triggered conversion results in a largely improved
humidity sensitivity compared to other MHP-based humidity
sensors.”>*?

The humidity sensing ability of Cs,PbBrs/FAU-Y composite
was studied systematically. The response (R) is a significant
parameter for a sensor, which is defined as R = (I—I,)/I,,>*>*
where I is the photoluminescence (PL) intensity of the sensor at
different RH conditions, while I, is the value of the dry sensor.
The sensitivity (S) is defined as S = AR/ARH, which is the slope
of the calibration curve.*"*®

Fast response to humidity changes is a key aspect for
detecting moisture leaks. Here, we evaluated the time depen-
dent response of Cs,PbBrs/FAU-Y upon exposure to different
RH. The response values were calculated at 523 nm PL emis-
sion. The pristine Cs,PbBrs/FAU-Y is almost non-luminescent
but shows an ultralow emission peak at around 523 nm, which
might be due to trace CsPbBr; formed during synthesis process
(inset of Fig. S12c, ESIf). As shown in Fig. 4a, the response
increases rapidly and reaches to the maximum value of 992
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Fig. 4 (a) Response changes of Cs4PbBrg/FAU-Y composite upon expo-
sure to different RH conditions. Linear curve between the response and RH
of Cs4PbBrg/FAU-Y composite after 120 s exposure (b) and 300 s exposure
(c). The insets of (b) and (c) show humidity dependent emission spectra of
Cs4PbBrg/FAU-Y composite after exposure at different RHs for 120 s and
300 s, respectively. (d) Photographs of Cs4PbBrg/FAU-Y-based test papers
for visible fluorescent detection of humidity. Unused test paper and test
paper after exposure to air (35% RH) for 30 s, 60 's, 90 s, 120 s, 150 s, and
180 s under 366 nm UV light. (e) Unused test paper and test paper after
exposure to 7% RH moisture condition for 30 min and 120 min under
366 nm UV light.

after 120 s at RH of 98%. When the RH is 45%, the response is
fast for the first minute, after which it increases slowly. This is
due to the gradual conversion of the Cs,PbBr, precursor, which
is also supported by the time-dependent reflectance results
(Fig. S9, ESIT). When the RH decreases to 7%, the response is
slower but still reaches a high value of 91.7 after 300 s.

The humidity dependent photoluminescence of the
Cs,PbBr/FAU-Y composite was also investigated. As shown in
Fig. 4b, the responsivity of the composite is linear (S = 11.8/
RH%, R> = 0.987) in the RH range 17% to 98% (exposure time of
120 s) (Fig. 4c). The increasing PL intensity is accompanied by a
slight red-shift in the emission maximum from 521 nm to
525 nm which is related to the increasing size of the green-
emitting CsPbBr; NPs with higher RH. For lower humidity
range (<17%), the response was measured after an exposure
time of 300 s. The corresponding response curve (Fig. 4c)
reflects a highly linear relationship between fluorescence
response and RHs with a sensitivity of 12.6/RH% and R> =
0.990. The limit of detection (LOD) of the sensor is calculated to
be as low as 0.56% RH according to the 3¢/S, where ¢ is the
standard deviation of the blank signal (n = 20), and S is the
slope of the linearity (sensitivity). Overall, our sensor possesses
high humidity responses and sensitivities at both high (992 for
98% RH, 11.8/RH%) and low RH (91.7 for 7% RH, 12.6/RH%)
range, which is at least 50-fold response and 60-fold sensitivity
superior than other MHP based fluorescent humidity sensors
(CH3;NH;PbBr; and EMT-CsPbBr;) (Table S2, ESIT).*>?***° Com-
pared to other humidity sensors, Cs,PbBrs/FAU-Y fluorescence
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turn-on sensor shows much higher sensitivity or a lower LOD
(Table S2, ESIt).”'¢?*3%3671% pyurthermore, the converted
CsPbBr; shows good moisture stability at both low and high
RH testing conditions. It maintains a bright luminescence even
after storing for 1 week at 45% RH (Fig. S10, ESIt). However,
XRD pattern shows additional peaks originating from the
CsPb,Br; (Fig. S11, ESIf) which is a partial dissolution product
of CsPbBr;. This partial dissolution at the surface and the
formation of a CsPb,Br;5 shell layer has been reported to protect
the green-emitting CsPbBr; which might explain the excellent
fluorescence stability of our sensor.>®*"*> Although the humid-
ity sensor showed good stability in high RH conditions, the
water-induced decomposition of MHPs still occurs after immer-
sion in liquid water.

To examine the reproducibility of the Cs,PbBrs/FAU-Y sensor,
the relationship between fluorescence response and RH of differ-
ent synthesis batches was examined. Compared to the above
calibration curve, the humidity dependence equations based on
the product of different batches show similar values of S (11.9/
RH% for high RH range, 12.4/RH% for low RH range) and LOD
(0.57% RH) (Fig. S12, ESIt). The results confirm that our humidity
sensor possesses good repeatability and reliability.

To investigate the importance of the Cs,PbBrs nanoparticle
size and the use of a hygroscopic support, FAU-Y, the response
of Cs,PbBrg/FAU-Y was compared to pure Cs,PbBrs NPs,
Cs4PbBrg large particles (LPs), and Cs,PbBr,/SiO,; the detailed
characterization of these materials can be found in ESI}
(Fig. S13-S16). As shown in Fig. 5, the fluorescence intensity
of Cs,PbBrs NPs (23 + 2 nm) has a very slow, but measurable
response after exposure to 45% RH for 20 h which is orders of
magnitude slower than when deposited on the zeolite support. The
Cs,PbBrg LPs (700 £ 300 nm) even show almost no fluorescence
response after such a long exposure. Clearly, small Cs,PbBrs NPs
are essential to improve the transformation dynamics into
CsPbBr;. To further clarify the role of the hygroscopic support,
Cs,PbBrs/FAU-Y was compared to Cs,PbBrs/SiO,. While the
fluorescence response for the former rapidly increases after
humidity exposure and possesses a high response: R = 1038 after
30 min, Cs,PbBrs NPs on the nonporous SiO, shows much slower
response: R = 14 after 60 min. Particularly notable is the excellent
response value of 1038 of Cs,PbBrs/FAU-Y composite, representing
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Fig. 5 Response changes of Cs4PbBrg/FAU-Y, Cs4PbBre/SiO,, Cs4PbBrg
NPs, and Cs4PbBre LPs upon exposure to 45% RH condition.
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56-fold improvement over the highest response value for humidity
fluorescent sensing to date (~18 of EMT-CsPbBr;) (Table S2,
ESIT).2*6222330 Hence, the excellent sensing performance of
Cs,PbBr¢/FAU-Y can be attributed to the synergistic effect of (1)
the nanosized Cs,PbBrg that promote rapid transformation to
bright green-emissive CsPbBr3;, and (2) the hygroscopic 3D porous
support material that enhance the conversion speed.

In view of the merits of our composite material, it holds
great promise for practical applications such as detecting
moisture leaks. A fluorescence test paper was prepared by impreg-
nating a Whatman filter paper with a size of about 1 x 2 ecm” in
80 mg of Cs,PbBrs/FAU-Y suspended in 1 mL of extra dry hexane
suspension and subsequent drying it. When the test paper was
exposed to 35% RH, a green fluorescence can be easily observed
within 30 s by naked eye under 366 nm UV light irradiation and
the test paper became completely luminescent in 2 minutes
(Fig. 4d). The test process can be appreciated from the video
provided in the ESIt (Video S1). In addition, the test paper was also
used in dry conditions (7% RH) where a visual response appears
after 30 min (Fig. 4e). Compared to the turn-off CH;NH;PbBr;
based sensing film, which shows no change at RH of 7% for 1 h,
our fluorescence test paper is an outstanding probe for moisture
leaks of anhydrous and ultra-dry condition.”” It is worth noting
that the change in color of our test paper, from white to yellow, can
also be observed by the naked eye under visible light. The test
paper is single-use, allowing to keep the signal of a possible
moisture leakage accident and could provide higher protection
to water-sensitive materials. All the results highlight the perfor-
mance of low-cost Cs,PbBrs/FAU-Y test paper as a moisture leak
Sensor.

Conclusions

In summary, we introduced hygroscopic FAU-Y to promote the
transformation from Cs,PbBrg to CsPbBr; to make a sensitive
humidity sensor. Our strategy prevents the water-induced fluores-
cence quenching of perovskites. In contrast, a fluorescence
enhancement sensor with good luminescence stability was devel-
oped. Moreover, our composite humidity sensor, consisting of the
MHP precursor, shows at least 50-fold improved response and 60-
fold higher sensitivity than previous works that used water-
induced property changes of the MHP. The advantages of
Cs4PbBrs/FAU-Y include (i) low cost, (ii) ultrahigh responsivity
(the highest fluorescence response value of 1038 to date), (iii) wide
linear range (7-98% RH), (iv) high sensitivity (11.8/RH% for high
RH and 12.6/RH% for low RH), (v) low limit of detection (0.56%
RH), (vi) good reproducibility and moisture stability. This work
provides a unique idea to develop MHPs luminescent humidity
sensors, which can also prompt researchers to pay attention to the
fluorescence sensing properties of MHPs.
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