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Humidity Assisted Selective lon Exclusion in 0D Mixed
Halide Perovskite Related Structures for Multimode

Anti-counterfeiting

Sumit Kumar Sharma, Monika Salesh, Abinash Tiwari, Sushobhita Chawla,
Nitin Pathoor, Sanika S Padelkar, Aftab Alam, Arindam Chowdhury,

Balasubramaniam Kavaipatti, and Aswani Yella*

Developing materials that are capable of switching the luminescence in
response to a stimuli in solid-state are highly desirable for advanced
anticounterfieting applications. Herein, we report 0D mixed halide
perovskite-related structures (0D-MHs) that undergo reversible phase
transformation in the presence of humidity, which results in the rapid and
reversible luminescence color switching from green to red. It is found that
selective ion exclusion takes place in the presence of humidity, which results
in the formation of either iodide-rich 3D perovskite or bromide-rich 3D
perovskite. lodide-rich 3D perovskite is obtained under high humid conditions
with surrounding humidity greater than 60%RH, and bromide-rich 3D
perovskite is obtained under low humid conditions with humidity less than
30%RH. This is attributed to the exclusion of MABr owing to its higher
solubility in water at room temperature. As long as the reservoir of MAX is
present, the decomposition of the 3D- perovskite does not occur, and the
reversible transformation and multicolor tunable luminescence is observed.
Furthermore, flexible, free-standing films using a composite of PVDF and 0D
MH is created which are stable in water and can be used for
anti-counterfeiting purposes. The free-standing film remains stable even after
a year under ambient room conditions, and the reversible phase

1. Introduction

Counterfeiting is a worldwide issue
amongst national and financial safeties(’”’]
To tackle such issues, anti-counterfeiting
applications have been used. Such anti-
counterfeiting technologies have developed
as a growing application due to their high
security codes through information storage
and encryption of codes.>*/ Nowadays,
fluorescent materials have served as better
anti-counterfeiting material due to their
photoemission, which can be easily de-
tected through the human eye.67911:13.15-17]
Promising prospects have been shown
by smart luminescent materials having
multistage emissions due to its high
response toward external stimuli when
compared to the traditional materials
with single emission.'®25] Such stimuli-
responsive smart materials allow us to
showcase advanced multi-photoemission
modes which are tough to duplicate.

Metal halide Perovskites (MH) are

transformation still takes place. known for their high and intense
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photo-emission.[2%°] And their emission can be irreversibly
tuned by changing their composition.[?*33] It can also be tuned
irreversibly by alloying and doping of different metal cations and
organic molecules.?*31 However, this tuned irreversible emis-
sion is not desirable as it not possible to develop complicated
anti-counterfeiting devices. Although there are some reports of
switchable on-off emission and reversible emission in the case of
MHs, with the help of external stimuli such as heat, light, water
and organic solvents etcl“**3] but they exhibit only single-mode
emission.

Halide perovskites can be easily formed due to their low for-
mation energy, but this low formation energy plays a detrimental
role in their stability, and can easily decompose in the presence
of external stimuli.l**/] However, this external stimulus-assisted
decomposition can help these materials to generate other phases
which are difficult to achieve normally.¥’->!l This provides an al-
ternate route to tune the properties of these materials. But in
most of the cases these transformations are also irreversible in
nature. However, low-dimensional perovskites have shown good
stability along with promising optoelectronic properties such as
high photoemission and reversibly tunable structural and opti-
cal properties.’>*!l Dimensionality in MH depends on the de-
gree of connection between BX, octahedra. 3D perovskite has
cubo-octohedral ABX, crystal structure in which BX, octahedra
are (B = Pb?*, Sn?*, X = I, Br~ and CI~) corner shared in all
3D and form an inorganic framework which holds A site cations
(methylammonium, formamidinium, Cs*). While 0D perovskite
has A,BX; and A,BX,.2H, O type crystal structure in which BX,
octahedra are separated by A cation in all 3D.I°! All inorganic
Cs,PbX, 0D perovskite has been comprehensively studied in
past few years.’>62-%4] Response of Cs,PbX, toward different
chemical and physical stimuli has also been studied widely and
has been reported for anti-counterfeiting applications.[®>-%] How-
ever, there is not much literature present on methylammonium
(MA) and formamidinium (FA) based organic—inorganic hybrid
0D perovskites. Unlike Cs,Pbl, 0D perovskite, MA,PbI;.2H,0O
based 0D perovskite hold water molecule to stabilize the crystal in
0D structure. Water molecules in these perovskites are connected
to PbX; octrahera and MA cation through weak hydrogen bond-
ing, which can easily dissociate by external stimuli such as heat
and moisture, and has been reported for switchable solar cells
and self-powered humidity sensing applications.>¢->8061] Mix-
ing iodide and bromide ions in the perovskite structure typically
allows for the band gap tuning, but with the 3D mixed halide per-
ovskites compositional instability is a major issue.l*®7% This com-
positional instability, called as halide ion segregation, results in
the formation of regions with iodide-rich 3D perovskite and some
regions with bromide-rich 3D perovskite in the presence of light.
So far, not much has been reported with the mixed halide per-
ovskites in the case of lower-dimensional perovskite structures.

Herein, we have studied the effect of humidity on 0—D mixed
halide MA,PbI;Br;.2H,O perovskite related structure, and we
have elucidated its reversible transformation from bromine-
rich hybrid phase to iodine-rich 3D phase by controlled hydra-
tion. This 0D—MH film reversibly switches its color between
green, transparent, yellow, red, and brown depending on the
surrounding humidity. This humidity-assisted reversible change
in its optical appearance is driven through the connection be-
tween PbX, octahedra, subsequently affecting its dimensionality
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(Scheme 1). Owing to the reversible dimensionality and compo-
sitional changes, a tunable multimode emission can be success-
fully achieved. Finally, we have demonstrated its possible appli-
cation in multi stage anti-counterfeiting application. This work
will provide a valuable insight to develop smart devices which
can change their electronic behavior solely by the application of
external stimuli.

2. Results and Discussion

In order to explore the mixed halide 0D-MH, thin films of
MA,PbI;Br;.2H, O is fabricated by dissolving MAI, MABE, octyl
ammonium bromide, Pbl, and PbBr, in 2:2:0.025:0.5:0.5 molar
ratio in DMF at room temperature. Then this solution was spin-
coated on mesoporous Al,O, coated glass substrate and subse-
quently heated at 70° C for 20 min. All these processes were
done under ambient atmosphere at #40% RH. The optical ap-
pearance of the film at 60° C is yellow in color (figure 1a bottom
right). However, just after cooling down to room temperature, the
film turned out to be transparent. It is noteworthy that this trans-
parency is maintained between 40 to 50% RH window. Interest-
ingly after reducing the humidity to 30% RH, the film changed to
green color, that further gets more dark by reducing the humidity
to 10% RH at room temperature. Increasing the humidity to 60%
RH, resulted in the transformation from green to transparent to
light brown in color. Further increase in the humidity to 90% RH
results in darker film. To check if the transformation from green
to transparent to dark brown is reversible, we reduced the hu-
midity to 40% RH, and the transformation is found to be com-
pletely reversible as the film changed to transparent color. This
humidity-assisted reversible color transition is shown in video S1
(Supporting Information).

To gain more insight about this reversible change in color from
green to transparent and to dark brown, UV-vis spectroscopy
measurements were carried out on the 0D-MH film under dif-
ferent humid conditions. Nitrogen was used as a carrier gas to
modulate the humidity during the measurement. Figure 1b,c
shows the humidity-dependent absorption spectra and band gap
calculated from the absorption edge (from UV-Vis measure-
ments) for 0D-MH thin film. At 40% RH, the absorption spec-
trum (figure 1b; Figure S1, Supporting Information) reveals a
sharp drop in the absorption in the visible region with an ab-
sorption edge at 410 nm exhibiting a band gap of 3.03 eV. Upon
reducing the humidity to 10% RH, a red shift in the absorption
spectrum is observed which also results in band gap reduction
to 2.3 eV. As expected from optical appearance, the absorption
spectrum at higher humidity (above 60% RH) has drastically red
shifted to longer wavelength with absorption edge at 734 nm at
80% RH leading to a band gap of 1.69 eV. The observed absorp-
tion edge at 80 %RH is red shifted in comparison to mixed halide
3D perovskite MAPDI, ¢Br, s as shown in the Figure S2 (Support-
ing Information).

The most exciting feature of this transformation is the com-
plete reversibility of the band gap of this material depending on
its surrounding humidity. As the humidity is reduced to 40%
RH, the absorption edge shifted back to 410 nm reversibly for
many humidity cycles. Each humidity cycle comprises of rising
the humidity from 40% RH to 80% RH and reducing it back
to 40% RH. Figure 1d shows the wavelength of the absorption
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Scheme 1. Reversible transformation from bromine-rich hybrid phase to iodine-rich 3D phase by controlled hydration (top), and the emission can be
tuned with the humidity (bottom). The excitation wavelength for all the cases shown in the scheme is 370 nm.

edge over 20 cycles between 40% and 80% RH suggesting an
overall smooth, reversible transformation with humidity. Inter-
estingly, when the 0D-MH film is subjected to higher temper-
ature at 60 °C, yellow colored film is observed as can be seen
from the optical image in figure la (bottom right). UV-Vis ab-
sorption spectra is recorded for the 0D-MH film at room tem-
perature and 60 °C and the data obtained is shown in the
figure S3 (Supporting Information). From the UV-Vis data, the
change in the absorption edge and the corresponding band gap
is found to be reversible even with the heat as the stimulus,
making the system both as humidochromic and thermochromic
material.

To delve deeper into the observed optical change, we carried
out the X-ray diffraction (XRD) measurements with varying hu-
midity on the 0-D MH film. Figure 2a shows the XRD patterns
obtained at different humidity from 10%RH to 50%RH. The film
exhibits a 0—D structure at 40%-50% RH window, can be iden-
tified by the characteristic reflection at 12.3° corresponding to
(011) plane. However, at lower humidity of 20%RH, along with
the reflections from the 0D perovskite phase, the reflection at
14.6° gets intensified. These new reflections can be assigned to
(001) plane of 3D perovskite (MAPbX;) phase indicating the pres-
ence of 3D perovskite within the 0D-MH film. The crystal stabil-
ity of 0D-MH is also dependent on the presence of two water of
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Figure 1. a) Photographs of the 0D-MH films with different appearance depending on the surrounding humidity, b) Humidity-dependent UV-Vis ab-
sorption spectrum for 0D-MH film c) Bandgap variation as a function of different humidity d) Reversible change in absorption onset values for 20 cycles

between 40% and 80% RH.
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Figure 2. XRD patterns of 0D-MH film at different humidity from a) 10% RH to 50% RH b) and 50% RH to 80% RH b). c) The characteristic peak of (001)
plane at different humidities. d) Determination of halide content in converted 3D perovskite phase where point 1,2,3, and 4 represent the phases at 10%
RH, 60% RH, 70% RH and 80% RH respectively, €) Represents the different bromide concentration (%) at different humidity window (10%-80% RH).
Further confirming the presence of more iodide ion in the converted 3D phase at higher humidity and more bromide ions at lower humidity as depicted

in the histogram.

crystallization within the structure. These water molecules are
connected to the system through weak H-bond and can be eas-
ily broken by reducing humidity in the surrounding atmosphere.
Lack of water at lower humidity facilitates the coupling of PbX
octahedra within the 0D MH resulting in the formation of 3D
perovskite along with 0D MH,’] which can also be observed
through the red shift in the absorption spectrum at lower humid-
ity as seen in the figure 1b.

figure 2b shows the diffraction patterns obtained with increas-
ing humidity from 50%RH to 80%RH. Increasing the humidity
to 60%RH resulted in the formation of 3D perovskite indicated
by the reflection at 14.3° corresponding to the (001) plane. Fur-
ther increase above 60%RH resulted in the formation of phase-
pure 3D perovskite as shown in the figure 2b. All reflections re-
lated to the 0-D perovskite phase completely vanished at 80%
RH resulting in the formation of a pure 3-D perovskite. This di-
mensionality increment at higher humidity is facilitated by the
dissolution of the excess MAX presented in the 0D-MH system.
Consequently, initially isolated PbX, octahedron get rearranged
and coupled into 3D network, resulting in the formation of 3D
perovskite.[57:60] The process is illustrated through the follow-
ing reaction

MA,PbX,.2H,0 = MAPbX, + 3MAX + 2H,0 (where X = I, Br) (1)

Since the 0D perovskite is a mixed halide (iodide and bromide)
perovskite, exclusion of MABr or MAI can take place with the
humidity. Now the system can have three different options for
the exclusion, which makes it challenging.

To understand whether the MABr or MAI exclusion takes place
with different humidity, the reflection corresponding to (001)
plane of MAPDX; obtained at different humidity is compared
with the characteristic (001) reflection corresponding to regular
3-D MAPbBr; and MAPbI, perovskites (figure S4; figure 2¢, Sup-
porting Information). Figure S4 (Supporting Information) shows
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the XRD pattern of the 0D-MH film at 5%RH and is compared
with the standard 3D MAPbI, and MAPbBTr, patterns. Itis clearly
visible that the (001) reflection resides at a higher angle when
compared to MAPDI; perovskites and close to the characteristic
peak of MAPDBr, perovskite. This suggests that the formation
of 3D perovskite at low humidity is mainly dominated by the
corner sharing of PbBr, octrahedra resulting in the formation
of bromide rich 3D perovskite. figure 2c compares the position
of the (001) reflection at 10%, 20%, 60% and 80%RH. Interest-
ingly, at 60% RH the (001) reflection is shifted to a lower diffrac-
tion angle (14.3° at 60%RH), which further shifted to lower an-
gle (14.1 at 80% RH) upon increasing the humidity to 80% RH
(Figure 2c). When compared to the conventional 3D MAPbI, and
MAPDI, ;Br, s perovskites, the characteristic perovskite peak at
14.1° at 80% RH resides close to the MAPbI, phase as shown in
the Figure S5 (Supporting Information), indicating the presence
of more iodide ions in the crystallized 3D perovskite.

As the optical properties and band gap of perovskites is highly
dependent on the type of halide present in the system. Hence,
the actual estimation of halide concentration present in the con-
verted 3D part at different humidity is essential. Halide concen-
tration can be obtained through the band gap energy of per-
ovskite due to its linear correlation with the halide present in
the system.[*2711 We have established a regression equation (Y
= 0.0074*X + 1.560) by considering the bromide content of
MAPDbI, as 0% with a band gap of 1.55 eV and as 100% in case
of MAPbBr,; with a band gap of 2.3 eV. Subsequently, the band
gap value of 0D-MH at different humidity were used to obtain
the halide composition of the converted 3D phase by using the
same regression equation. For instance, the bromide content in
converted 3D phase at 80% RH turn out to be ~#18% and can
be expressed as MAPD(Ig,Br,5); further confirming superior
doping of iodide ions in converted 3D phase in water-rich condi-
tions (figure 2d). While in the case of lower humidity (10% RH),
elevated concentration of bromide ion of roughly 96% confirms

© 2025 Wiley-VCH GmbH
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the presence of more bromide ions in the partially converted 3D
phase which can be expressed as MAPb(I, (,Br,o);. Here the
phases at 40% and 50% RH has been excluded for this calcu-
lation as material exists in pure 0D phase at these humidity as
confirmed by XRD. Furthermore, for better understanding the
calculated ionic concentration of 3D phase has been presented by
histogram (figure 2e) against the surrounding humidity, indicat-
ing the humidity-dependent selective ion migration of iodide and
bromide ions. Moreover, to validate the calculated halide ratios at
higher humidity for MAPD(I, ¢, Br, 15); phase, MAPD(I,¢,Br, 15);
3D MH were synthesized by maintaining the stoichiometric ratio
of I/Br to 82%/18%. Then the absorption spectra of this thin film
was compared with the forementioned phase at 80% RH (Figure
S6, Supporting Information). A very slight difference in the ab-
sorption edge was observed which further confirms the forma-
tion of MAPD(I, g,Br, 4) ; perovskite at higher humidity. We also
carried out the XRD studies on 0D-MH films with the temper-
ature as the stimulus, and figure S7 (Supporting Information)
shows the patterns obtained at 25 °C, 60 °C and after cooling back
to 25 °C. It is clear that at 60 °C, the 0D-MHs convert to a mixed
0D and 3D perovskite system, with the 3D perovskite being rich
in Bromide content, similar to the low humid conditions. This
transformation can be represented in the following way.

aMA,Pbl;Br; + (1 — a) MAPb(IyBry),,x <<y

<40% RH (>60% RH)
———MA,PBl,Br; ———— MAPB(I;Bry),,x <<y ()

Excess MABr and MAI present in the system excludes out of
the 0D MH system, depending on the surrounding humidity sub-
sequently facilitating the formation of 3D MH ((MAPb(IyBr, y)5).
The formation of the iodide-rich and bromide-rich 3D per-
ovskites are high and low humidity could be due to the differ-
ence in the solubility of MABr and MAIL. MABr has comparatively
higher water solubility than MAI which leads to more dissolution
of MABYr, leaving excess MAI at higher humidity to take part in
3D MH formation, resulting in the formation of iodide-rich 3D
perovskite. In order to support this plausible explanation, we have
fabricated the thin films of pure iodide-based MA,PbI, and bro-
mide based MA,PbBr, perovskite. Subsequently XRD was per-
formed on these films to understand their humidity assisted 0D
to 3D conversion. As shown in the figure S8 (Supporting In-
formation), this humidity-assisted 0D to 3D transformation take
place at 60% RH in case of MA,PbBr, perovskite while in case of
MA,Pbl, perovskite, this transformation happened at 70% RH
clearly indicating the shift in transition humidity point. This mis-
match in transition humidity point could be associated with the
different solubility of MABr and MAI salt in water. This means
that MABr can easily absorb the water at lower humidity and
comes out of the system. Similarly, in case of 0D-MH, dissolu-
tion of MABr takes place at 60% RH leaving more iodide ions
in the system for the formation of iodide-rich 3D perovskite at
higher humidity.

To understand the phase purity of 0D MHs as a function
of relative humidity, Rietveld refinements were carried out on
the XRD patterns. The crystal structures of MA,PblI.2H,0 and
MA,PbBr,.2H,0 have been reported previously.””] Based on
this, we varied the occupancy and Pb—Br/Pb—I bond lengths
to find suitable lattice parameters and bond lengths for a sin-
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gle 0D-MA,PbI,Br, phase. However, we found that between 40—
50%RH in the case of the mixed halide 0D MH, halide segrega-
tion takes place and splits equally into 0D MA,PbBr,.2H,0O and
0D MA,PbI;.2H,0. We also observe some texturing or preferen-
tial orientation in these films. Figure S9 (Supporting Informa-
tion) provides a refinement of the films prepared at different rel-
ative humidity. The unrefined less intense peaks (in the range of
16° — 17°) probably belong to 0D perovskite phase, as these re-
flections are not present in the 80%RH case. If these reflec-
tions arise from any decomposition products like Pb(OH)X,
then these should be dominant at 80%RH when the MAX is
solvated in the presence of humidity, which is not the case.
Hence, these reflections could be attributed to the mixed halide
MA,Pbl;Br;.2H,O phase which cannot be refined in the ab-
sence of a pure PXRD or SCXRD. Figure S10 (Supporting In-
formation) shows the simulated pattern for the mixed halide
MA,Pbl;Br;.2H, 0 using the crystalmaker software. The calcu-
lated ratio of the weight percentages for the observed two phases
is MA,PbI,.2H,0:MA,PbBr.2H,0 is ~1:1. For other humidity
conditions the phase fraction of the 0D and 3D structures ob-
tained after refinement has been summarized in the Table 1 given
below. Table S1 (Supporting Information) of the supporting in-
formation shows the crystallographic parameters estimated from
the Rietveld refinement of the 0D-MH samples with different hu-
midity conditions, along with phase quantification.

Humidity treatment does not show any adverse effect on the
local chemical environment and morphology of the film as con-
firmed by the XPS and SEM analysis. Figure S11 (Supporting In-
formation) shows the XPS spectra of as prepared and humidity-
treated (20 cycles) OD-MH films. No change has been observed
in binding energy for all elements even after several cycles of
humidity treatment. To know the effect of the moisture treat-
ment on the morphology of the film, we have carried out the
scanning electron microscopy imaging on the 0-D perovskite film
with and without humidity treatment. Figure S12a,b (Supporting
Information) shows the SEM images of as prepared MA, Pbl,Br,
perovskite film and after treating the same film with 80% RH,
respectively. A slight improvement in the surface coverage after
humidity treatment is observed from SEM images.

In order to further decipher the 0D MHs optical properties,
steady state photoluminescence (PL) spectra under different hu-
mid environment were carried out (figure 3a; Figure S13, Sup-
porting Information). At 40% RH, 0-D perovskite shows a weak
emission centered at 540 nm, and this emission is highly Stokes-
shifted compared to UV absorption edge at 40% RH. An increase
in humidity to 60% RH leads to a red shift in the spectra with a
standard Gaussian peak centered at 630 nm, which gets further
red-shifted to 740 nm at 80% RH. However, emission intensity at
higher humidity (80% RH) is less in comparison to emission at
60%RH. The red shift in the emission observed at 60% and 80%
RH can be attributed to the formation of the iodide-rich 3D per-
ovskite as the humidity is increased from 40% to 60% and then to
80% humidity. At high humid conditions, complete phase change
from 0D MHs to 3D perovskite is observed, and we attribute the
increase in the PL from 40% to 60% to the increase in the fraction
of 3D perovskite in the film. At 40% RH, from XRD measure-
ments, only 0D phase is present whereas at 60% RH, 48% of 0D
is converted to 3D perovskite phase. Reduction in the humidity
to 20% RH and below resulted in PL at 550 nm with increased PL
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Table 1. Phase fraction of the 0D MHs and 3D perovskite obtained from the Rietveld refinement of the XRD patterns at different humidity.

0D oD 3D 3D
% RH MA,PbBr¢.2H,0 (%) MA,Pblg.2H,0 (%) MAPbBr, (%) MAPbI; (%)
80 - - - 100
60 52.1 - - 479
40 58 42 - -
10 32 61 7 -

intensity compared to 40%RH. Also the PL observed at 10%RH
is very broad, ranging from 500 to 650 nm. The broad emission
could be attributed to two factors, the presence of self-trapped ex-
citons (STEs) arising from the octahedral distortions or due to the
presence of mixed halides with differing halide compositions.
To see if the broad emission observed at low humid conditions
is due to the self-trapped excitons (STEs) arising from the oc-
tahedral distortions, we also carried out ab-initio density func-
tional theory calculations on MA,PDbI;Br; structure with vari-
ous coverage of relative humidity (RH) viz., 20% RH, 40% RH
60% RH, and 80% RH. Figure S14 (Supporting Information)
shows the optimized structures at different humidity. Based on
the simulated intra-octahedral distortion factors (Table S2), 0D
MA,PbI;Br; with 20% RH and 60% RH have a potential likeli-
hood of exhibiting wider FWHMSs and hence presence of STEs,
we calculated the imaginary part of the dielectric function to cap-
ture the exciton states, including both singlet and triplet excitonic
states. Figure S15 (Supporting Information) depicts the imag-
inary part of the dielectric function simulated for MA,PbI,Br,
(20% RH), MA,PbI,Br, (40% RH), and MA,PbI,Br, (60% RH)
optimized structures. However, no STE emission states were

CIE 1931

detected for any of these cases despite of strong octahedral
distortion.

From the experiments, the emission mainly arises from the
3D structure, as no significant emission is observed at 40% RH
where only 0D-MH phase exists. Figure S16 (Supporting Infor-
mation) shows the Gaussian fitting of the PL spectra obtained
at 10% and 60% RH. It can be seen that the PL spectra can be
fitted using two Gaussians centred at 550 nm and 605 nm, with
the 550 nm one being more intense. The FWHM of the corre-
sponding peaks centered at 550 nm and 605 nm is 44 and 72 nm,
respectively. From the XRD refinement, 3D phase in the low
humidity case corresponds to MAPDBr; occurring in the space
group, Pm3m with perfect octahedral symmetry and has no oc-
tahedral distortion. Hence, the broad emission seen at low hu-
midity could not be attributed to STEs arising from the distor-
tion in the octahedra. So, we attribute the intense emission cen-
tered at 550 nm with an FWHM of 44 nm to that of the cu-
bic MAPDBr; perovskite, and the emission centered at 605 nm
with an FWHM of 72 nm is attributed to the formation of mixed
halide 3D perovskite, albeit in quantity undetectable by XRD.
The FWHM of the high humid phase has a single gaussian PL
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Figure 3. a) Normalized PL spectra of 0D-MH at different humidity levels, suggesting drastic red shift in emission wavelength. b) Initial green emission
at lower humidity RH tuned to red emission at 60% RH as confirmed by the CIE plot. c) This tuned red emission at 60% RH again blue shifted to
green emission by reducing the surrounding humidity to 20% RH as confirmed by the PL spectra.d) optical images of 0D MH thin film showing intense
emission under 370 nm UV light at different humidity. Initial yellowish green emission at lower humidity reversibly changed to green at 30% RH and red
emission at 60% RH. e) reversibility of PL emission between 10% RH and 60% RH for 10 cycles and stable PL intensity at corresponding humidity.
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Figure 4. a) Pseudo true color PL images of microcrystals of 0D-MH at different humidity b,c) Humidity-dependent PL spectra of two representative
individual crystals. d) PL intensity and peak position as a function of the RH for MC-4 and MC5.

centered at 630 nm with a FWHM of 53 nm at 60% RH. This is
comparable to the tetragonal MAPDI, phase reported in the liter-
ature, even though the high humidity 3D phase crystallized in the
orthorhombic space group, Fmmm (a phase with distorted octa-
hedra). To further confirm that the broad emission is not a result
of STEs, we carried out the photoluminescence lifetime measure-
ments at 10%, 60% and 80% RH, and the average PL lifetime
values are 2, 13, and 0.4 ns, respectively (Figure S17, Supporting
Information). These lifetime values are very short in comparison
to typical STE emissions.

This shift in green to red emission under different humidity
can be distinctly visible and can be seen through figure 3b—d. CIE
color space plot is shown in the figure 3b to highlight the better
color variation representation of the emissions for mixed halide
perovskite at different ranges of humidity. The color space coordi-
nates at 20%RH were (0.39, 0.58), showing green emission, and
with the higher humidity, the coordinates shifted to (0.63, 0.36),
indicating red emission. Complete reversible fluorescence shift
from red to green is noticed under decreasing the humidity level
from 80%RH to 40%RH. Figure 3¢ shows the shiftin the PL spec-
tra observed during one humidity cycle. These swift changes in
emission can be visually seen under 370 nm of UV light as shown
in Figure 3d. Even after 10 complete cycles of hydration and de-
hydration, there is not much change observed in the emission
peak wavelength and intensity as shown in the Figure 3e, which
suggests a remarkable emission tunability and stability. To the

Small 2025, 21, €12073
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best of our knowledge, this kind of reversibility in colors from
green to red emission in A, PbX perovskite has not been reported
previously.

To gain more insight into this observed humidity-driven re-
versible green to red emission, and check whether such behav-
iors are uniformly observed for all the crystals, we performed
spectrally resolved PL microscopy on individual crystals. A series
of PL images of the same crystals were collected via two detec-
tion channels at various ambient humidity (RH) to visualize the
color of emission as a function of RH, as presented in Figure 4a.
These pseudocolor PL images show spatially segregated crystals
whose emission color is green at low RH. As the ambient humid-
ity increases (till 40%), we observed a slight blue shift, the rate
of which can vary slightly over different crystals. The color, how-
ever, stabilizes back to green when the RH reaches ~50%. Upon
an increase in the moisture in the local atmosphere, we observed
a red shift beyond 50% RH, the rate of which further shoots up
while moving from 60% to 70% RH. It is noted that the emis-
sivity of the MCs reduce significantly when the RH is increased
beyond 70%. Interestingly, this rapid spectral shift with humid-
ity is accompanied with a change in the shape of these crystals,
which was observed previously for the pure bromide counterpart
of this material.l>®] Further, these color changes are found to be
reversible -the decrease in RH showed blue-shift in emission
wavelength, and the process of reversal from red to green emis-
sion was stabilized at 50% RH, which was found to be reversible
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Figure 5. a) Optical images of MA,PblyBrg.y.2H,O perovskite films over varying humidity collected at different halide compositions (I/Br ratio).

over multiple cycles (Figure S18, Supporting Information). It
should be noted that, while decreasing the RH, assessing the
level of moisture adsorbed on (or interact with) the crystals be-
comes challenging. We purged dry nitrogen over half an hour
before the recovery of yellowish-green emission from these crys-
tals. The average PL spectra from two different crystals are shown
in Figure 4b,c, which provides an accurate spectral response of
the emission of these crystals based on the humidity of the atmo-
sphere. The relative PL intensities and peak positions of MC-4
and MC-5 (Figure 4d) reversibly change in spectral position as
mentioned earlier, and the associated emission intensity maxi-
mize between 560-70% RH. The formation of iodide-rich nano-
domains can result in an effective migration of charge carriers
into this smaller band-gap domains can explain the collective
spectral shift. There exists a behavioral heterogeneity among the
two representative crystals, in terms of the rate of color change,
however, the general trend mentioned above is found to be con-
sistent in all the studied samples.

A wide range of color tunability in response to humidity and
heat can also be achieved by changing the ratio of halide within
a film. Figure 5 shows the optical images from the respective
perovskite films coated on alumina to get a wide range of color
through varying the I/Br ratio. The XRD for all the respective
films at 40%RH are shown in Figure S19 (Supporting Informa-
tion). The shift in characteristic peak of 0D perovskite between
11° — 12° 26 value to higher values with an increase in bromine
concentration portrays an effective participation of Br~ ion in
0D perovskite phase formation. Based on these optical affirma-
tions, the single source material shows a dynamic multicolor
window ranging from 10%-90% RH and also for 60 °C, cover-
ing a wide range of color gamut that can be detected visually for
advanced anti-counterfeiting devices. Additionally, the emission
from these materials can also be modified or tuned with different
RH windows as well as different I/Br ratios. Moreover, these dif-
ferent color emission patterns from a single material can provide
a building block for multistage anti-counterfeiting and security
applications.

Small 2025, 21, 12073
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Inspired through all the dynamic emission from this sin-
gle component, this material has the potential for multistage
anti-counterfeiting or ultrahigh-sensitivity applications of spe-
cific wavelength. So, to see the 0D MHs potential in multicolor
luminescence anti-counterfeiting, we designed the flower pat-
tern created by laser engraving an acrylic sheet and spin coating
the 0D-MH perovskite solution on top of it followed by anneal-
ing at 70 °C. These carved structure presents multi-level of se-
curity under different conditions. Figure 6a (top row) shows the
samples placed under visible light at different %RH particularly,
10% RH, 30%RH, 45% RH and 65% RH which showed a gra-
dation of yellow to transparent to light red under visible light.
Now under the realm of excitation with 370 nm, the codes ap-
pear to be yellow, green and bright red respectively (figure 6a
bottom row). It is also noteworthy that amongst two successive
emissions, there can be intermediate emissions in between these
phases. All these emissions are visually detected rather than us-
age of any radiation detection sensors or any such security instru-
ment. The reversibility of the encryption and decryption process
is also a critical parameter for information security applications.
To evaluate this, 20 cycles of varying humidity was carried out
for the OD MH films, and as shown in the Figure S20 (support-
ing information), PL intensity is maintained as the initial value
even after 20 consecutive switching cycles. Also, the FWHM
of the film for the flower pattern remains nearly unchanged
even after 20 humidity cycles. So, this shows that the 0D MHs
can be effectively applied for the information encryption and
decryption.

To further increase the complexity of security in a system
against counterfeiting, we developed a cherry pattern whose
leaves constitute MA,PbBr, while its fruit constitutes to that of
MA,PbI;Br; 0D MH. These patterns shown in Figure 6b, also
presents a localized dual emission representing MA, PbBr, hav-
ing green emission at lower humidity and the other part having a
greenish yellow emission, while the fruit shows red emission on
exposure to high humidity of 60 RH% under UV light. But apart
from PL quenching there is no emission transformation noticed

© 2025 Wiley-VCH GmbH
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Figure 6. a) (top row) 0D-MH coated flower pattern at different humidity in visible light and (bottom row) respective optical images in 370 nm UV light
showing multimode emission. b) (top row) showing the cherry pattern at different humidity, where stems were made using 0D MA,PbBrg perovskite
and fruit was created by using 0D-MH, and (bottom row) respective images in 370 nm UV light.

for the leaves having MA, PbBr, as there is no iodide ions present
in the system to tune the emission.

Developing and maintaining the multimode emission of a per-
ovskite composite free-standing film in a polymer matrix remains
challenging for flexible anti-counterfeiting applications. The lim-
itations are caused due to the hindrance of external stimuli when
incorporated with polymers. Thus, to further elucidate such flex-
ible multimode anti-counterfeiting applications in a wider field,
we have fabricated a flexible 0D-MH and PVDF composite film
in a weight ratio of 1:20. These fabricated free-standing films
appeared yellow in color when treated under 40% RH humid-
ity (figure 7 top row) and exhibited a bright green emission un-
der 370 nm excitation (figure 7 bottom row). Additionally, a lo-
calized high humidity was provided to an area of 0.5 cm in di-
ameter through a pipe carrying water vapor. The as treated area
appears to give a localized red emission while the other part of
the film appears having green emission, depicting a lower hu-
midity phase. Further to check the effect of higher humidity on a
larger scale area, the entire film was submerged in water for 10
s. Video S2 (Supporting Information) shows the film under UV
light. A strong red emission appeared throughout the film, even
after completely merging in the water. And when the film was
taken out of water, the portrayed red emission gradually switches
back to the original green emissive state. To check the long-term
stability of this 0D MH and polymer composite in harsh condi-
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tions, we soaked the film for 10 min in water. And it showed a
stable red emission as can be seen in Figure S21 (Supporting
Information). Upon taking it out of water, it switched back to a
green emissive state. Later the same film was stored under am-
bient conditions for ~6 months, and found that the switchable
green to red emissive state was still intact, portraying its long-
term stability (Figure S22, Supporting Information). Video S3
(Supporting Information) shows the cyclability of the thin film
0D MHP coated on the glass.

3. Conclusion

In conclusion, we have shown that 0D MHs undergo humidity-
mediated selective ion exclusion which results in the formation
of either iodide-rich 3D perovskite or bromide-rich 3D perovskite.
Iodide-rich 3D perovskite is obtained under high humid condi-
tions with surrounding humidity greater than 60%RH. Bromide
rich 3D perovskite is obtained under low humid conditions with
humidity less than 30%RH. This is attributed to the exclusion of
MABr owing to its higher solubility in water at room tempera-
ture. This selective exclusion of MABr at high humid conditions
resulted in the red shifted absorption and a corresponding de-
crease in the band gap. Under low humid conditions also, red
shifted absorption is observed which resulted in the transforma-
tion from 0D perovskite to bromide rich 3D perovskite. Owing
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Figure 7. (top row) Flexible 0D-MH and PVDF composite free-standing film in visible light and (bottom row) and under 370 nm UV light.

to the change in the band gap, multicolor tunable luminescence
was observed at different humid conditions which is reversible
as well. We have further shown that this humidity-mediated fluo-
rescence from a single component material offers a simple, prac-
tical yet compatible multistage anti-counterfeiting for informa-
tion security applications. A robust composite of PVDF and 0D
MH was also developed as flexible free-standing films for anti-
counterfeiting applications based on the 0D MH emissive hy-
drochromic smart materials.
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Supporting Information is available from the Wiley Online Library or from
the author.
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