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Lead-free double perovskite materials have attracted lots of interest because they can be doped with
luminescence activators to modify their optical characteristics and improve photoluminescence
performances. Herein, a solvothermal method was utilized to synthesize single Cr¥*-doped Cs,NalnClg
phosphors. Under 292 nm excitation, Cr*-doped Cs,NalnClg microparticles exhibited a strong broad
near-infrared emission with a good photoluminescence quantum yield of 42.9%. The prepared sample
exhibited a prominent peak at 960 nm and a full width at half maximum of 138 nm, which can be

Received 4th December 2023, attributed to the spin-allowed transition (*T, — *A,) of Cr®* ions. Additionally, the emission band of Cr**

Accepted 19th February 2024 displayed a noticeable red shift as temperature increased owing to the variations in the strength of the
crystal field. The thermometry based on the bandwidth and band-shift modes showed good sensitivities

of 0.337 nm K™! and 0.272 nm K~ respectively. Finally, the security ink was made for information
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1. Introduction

Metal halide perovskites have exhibited remarkable potential
for numerous applications, including solar cells," light-emitting
diodes,” photodetectors,® and more, owing to their exceptional
optoelectronic properties.* CsPbBr; is a representative Pb-based
perovskite that has garnered significant interest due to its high
quantum yield.>® However, the widespread commercialization of
these substances has been impeded because of their instability
and toxicity.” To address this, researchers have explored various
strategies to replace lead with non-toxic or low-toxic elements.®
Among these methods, using a monovalent metal cation (B*) and
a trivalent metal cation (B**) simultaneously for the heterovalent
replacement of Pb>" ions stands out as one of the most efficient
approaches.”’® In this instance, the double perovskite is repre-
sented by A,B(I)B(I)X, (A = Cs™; B(I) = Ag", Na'; B(II) = In**, Sb**,
Bi*"; X = Cl7, Br") with a distinctive structure and superior
performance, which can be distinguished by a three-dimen-
sional framework consisting of vicissitudinary corner-sharing
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octahedra [B"X] and [B**X,].""""* Although the optical properties
of those lead-free metal halide perovskite hosts is significantly
inferior to that of Pb-based materials, there are more methods to
modify the composition and spectrum by involving ion doping
and alloying."® Recently, Cs,NaInCls with excellent moisture,
light, and thermal stabilities has attracted plenty of attention as
one of the direct band gap double perovskites.'* Zeng et al.
incorporated Sb** ions into Cs,NaInClg to adjust the band struc-
ture for obtaining efficient blue light."” Nie et al. used Er’* and
Ho®" ion co-doped Cs,NaInClg:Sb** to achieve adjustable white
light emission.’® As we know, the near-infrared (NIR) emission
spectra of common rare earth activated ions Pr’**, Nd**, Tm*"
and Yb*' are too narrow, and the raw materials are
expensive.'” Therefore, incorporating Cr** ions into lead-free
metal halide perovskites is a wise decision because they have
the capability to generate a broad range of emissions, span-
ning from 650 to 1350 nm when situated within a crystal field
of weak octahedral coordination.'®'® Meanwhile, the selective
capturing of invisible NIR light information encryption modes
was expected to enable greater security levels and has wide-
spread usage in daily life.

Temperature, as a fundamental physical quantity, plays an
important role in our daily lives.”® Therefore, temperature
measurement technology has received significant attention
and been developed.*' Optical temperature measurement is a
non-contact, fast, and accurate method for measuring tempera-
ture, which has plenty of applications in industries, healthcare,
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and environmental sectors, providing us with an efficient and
convenient means of temperature monitoring.>>** The utiliza-
tion of the luminescence intensity ratio (LIR) from the 4f-4f
transitions of lanthanide elements is extensively employed as a
widely adopted approach in optical temperature measurement
for temperature sensing.>**’
optical properties, for instance, longer emission lifetimes and
narrower absorption/emission lines.*® However, the utilization
of bandwidth (full width at half maximum (FWHM)) or spectral
position (peak centroid) of emission bands for temperature
sensing has been relatively limited in previous studies.”” Pos-
sible reasons include the minor temperature-induced band
shifts or FWHM variations for 4f-4f transitions.*® To effectively
overcome these limitations, a promising approach involves
harnessing transition metal ions that demonstrate high sensi-
tivity towards local coordination environments and conse-

Lanthanide elements have unique

quently respond to the changes in lattice volume caused by
variations in temperatures.>’

In this study, we successfully synthesized a highly efficient
phosphor that emits NIR light by incorporating Cr** ions into
the Cs,NaInClg double perovskite structure using a conveni-
ent hydrothermal method. Using X-ray diffraction (XRD),
the crystal structure of Cs,NaInClg:Cr** double perovskite
was determined, while morphological characterization was
conducted by scanning electron microscopy (SEM) analysis.
Additionally, X-ray photoelectron spectroscopy (XPS) and
electron paramagnetic resonance (EPR) were performed to
further analyze the electronic and crystal structures. The
Cs,NalInClg:Cr*" double perovskite exhibited broadband NIR
emission (ley, = 960 nm, FWHM = 138 nm) under 292 nm
excitation. Eventually, this material showcased its potential in
NIR information encryption and optical temperature measure-
ment in this work.
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2. Experimental section
2.1 Materials

CsCl (99.9%, Aladdin), NaCl (99.9%, Aladdin), InCl; (99.9%,
Aladdin), CrCl;-6H,0 (analytical pure, Chengdu Kelong Chemical
Reagent Factory, China), hydrochloric acid (HCI, 37%, Chongqing
Chuandong Chemical, China), and ethanol (analytical pure,
Chongging Chuandong Chemical, China) were used. The chemi-
cals are procured commercially and employed without under-
going additional purification.

2.2 Synthesis of Cs,NaInClg:xCr** phosphors

Cs,NaInClg:xCr®* (x = 0, 0.03, 0.06, 0.09, 0.12, and 0.15)
phosphors were synthesized via the solvothermal method.
2 mmol CsCl, 1 mmol NaCl, 1 — x mmol InCl;, and x mmol
CrCl;-6H,0 were dissolved in 12.5 mL of hydrochloric acid and
then transferred into a 50 mL Teflon autoclave. The solution
was heated at 180 °C for 12 h and then cooled to room
temperature at a slow and consistent speed. Finally, the micro-
crystals were collected, washed multiple times with ethanol,
and dried overnight in a vacuum furnace.

2.3 Characterization

The utilized powders were all obtained by grinding in a mortar.
The powder samples were subjected to the XRD (Cu Ko radia-
tion A = 1.54 A) measurements at a constant scanning rate of
2° min~'. The Rietveld refinement was carried out with the
assistance of the universal structure analysis system (Fullprof)
program. The morphology and energy dispersive X-ray spectro-
scopy (EDS) analyses of the as-synthesized phosphor
were performed by SEM. The XPS was performed by Thermo
Scientific K-Alpha. The EPR measurements were carried out
by using a conventional Bruker EMX PLUS spectrometer.
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Fig. 1 (a) XRD patterns and (b) selected diffraction peaks at around 24° of the as-prepared Cs,NalnClg:xCr®* (x = 0, 0.03, 0.06, 0.09, 0.12, and 0.15).
(c) Schematic illustration of the crystal structure of Cs,NalnClg:Cr** double perovskite. Rietveld refinement results of (d) the Cs,NalnClg host and (e) the

Cs,NalnClg:0.09Cr** sample.
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Table 1 Refinements results of Cs,NalnClg:xCr®* (x = 0 and 0.09)

Parameters Cs,NaInClg Cs,NalInClg:0.09Cr**
Radiation type A (A) X-ray, 1.5406 X-ray, 1.5406
2 theta range (degree) 10-80 10-80

Space group Fm3m Fm3m
Crystal system Cubic Cubic
a=b=c(A) 10.53103 10.52582
Volume (A?) 1167.917 1166.186
a=y=p4() 90.0000 90.0000

Ryp 12.0% 10.2%

Rf 9.23% 7.37%

% 4.27 3.17

Ultraviolet-visible (UV-Vis) absorbance spectroscopy was carried
out on a Agilent Carry 5000 spectrophotometer supplied with

View Article Online
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an integrating sphere. In addition, the photoluminescence
excitation (PLE) spectra, photoluminescence (PL) emission
spectra, PL quantum yield (PLQY), and decay lifetime were
measured using a FLS1000 fluorescence spectrophotometer
(Edinburgh Instruments Ltd, UK). Thermogravimetric analysis
(TGA) was performed through a Thermogravimetric Analyzer
TGA STD Q600. Meanwhile, a standard Nikon Z30 camera and a
NIR camera (Basler a2A1280-125um) were employed to acquire
visible and NIR images correspondingly.

2.4 Computational method

We utilized density functional theory (DFT) to perform preli-
minary calculations.*® To account for the exchange-correlation
effects among electrons, we utilized the generalized gradient
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Fig. 2 (a) SEM image and (b) corresponding size distribution histograms of Cs,NalnCl:0.09Cr**. (c)-(h) Layered electronic image and elemental
mapping images of the Cs,NalnClg:0.09Cr** sample. (i) EDS spectrum and (j) EPR spectrum for the Cs,NalnClg:0.09Cr** phosphor.
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approximation (GGA-PBE).>' A plane wave cut-off energy of
500 eV was employed for both structural optimizations and
electronic calculations. The Monkhorst-Pack scheme was uti-
lized to generate k-point meshes for various structures within
the Brillouin zones, with a size of 12 x 12 x 12 for primitive
Cs,NalInCls.

3. Results and discussion

The XRD patterns of the prepared Cs,NaInClg:xCr** (x = 0, 0.03,
0.06, 0.09, 0.12, and 0.15) samples are depicted in Fig. 1a. There
are no observable additional diffraction peaks present in any of
the samples, demonstrating that the doping of Cr** ions has no
significant influence on the crystal structure of Cs,NaInCls.
Simultaneously, it is found that the characteristic diffraction
peak (220) alters monotonically to a higher angle with an

View Article Online
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increase in the Cr*" ion concentration (Fig. 1b). According to
the known Bragg theory, Cr*" (0.615 A, CN = 6) with a smaller
ionic radius replaces In*" (r = 0.81 A, CN = 6) with a larger ionic
radius, resulting in the reduction of cell volume. Meanwhile,
according to previous reports, it is suggested that the Cr** ion
takes up the In’* sites, which balances the charge and follows
the rule of matching ionic radii.*” Therefore, the crystal struc-
ture diagram of Cs,NaInClg:xCr*" is shown in Fig. 1c, illustrat-
ing the face-centered cubic space group (Fm3m) consisting of
corner-connected octahedra [NaClg] and [InCls], with Cs" occu-
pying the outside spaces, which results in a three-dimensional
structure. The Rietveld XRD refinements were conducted using
the structural data for COD no. 4003575 as an original model
for analyzing the cell parameters of the prepared samples, as
illustrated in Fig. 1d and e. The excellent quality of refinement
results (Ry, < 15%, R, < 10%) revealed the single-phase
structure of the as-prepared materials, as shown in Table 1.
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Fig. 3 (a) XPS core-level spectra of the (b) Cs* 3d, (c) Na* 1s, (d) In®* 3d, (e) Cl~ 2p, and (f) Cr** 2p for the Cs,NalnClg:0.09Cr** phosphor.
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Additionally, the decrease in cell volume from 1167.917 to
1166.186 A® demonstrates that Cr** ions have been successfully
acquired into the positions of In** ions.

The morphology of the Cs,NaInClg:0.09Cr** sample, which
exhibited an irregular form with an average diameter of 1.58 +
0.4 um, is displayed in Fig. 2a and b. The Cs, Na, In, Cl, and Cr
were uniformly dispersed over the surface of the sample, as
portrayed in Fig. 2c-h. Moreover, Fig. 2i shows the EDS
spectrum of the Cs,NaInCle:0.09Cr*" phosphor, revealing the
existence of Cs, Na, In, Cl, and Cr peaks. The chemical
environment of the oxidation state of the Cr ion in the host
can be studied by EPR spectroscopy. The EPR spectrum of
Cs,NaInClg:0.09Cr** is presented in Fig. 2j, and the coupling
pattern structure with a distinctive g-factor of 1.98 may demon-
strate the presence of Cr** ions.*?

The XPS analysis was conducted to further investigate the
electronic properties and elemental construction of Cs,Naln-
Cle:0.09Cr**. The obtained results confirmed the presence of all
the basic elements in Cs,NaInCl:0.09Cr*" as illustrated in
Fig. 3a—e. Specifically, the Cs 3d peak exhibited two compo-
nents at the states of 3ds, (738.1 e€V) and 3ds,, (724.1 eV).**
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Similarly, the In 3d core level exhibited two peaks at the
binding energy at 452.8 and 445.2 €V, as specified to the states
of In** 3d;,, and 3ds,.>> A peak at 1071.7 eV was assigned to
Na 1s.%® The Cr 2p spectrum exhibited two separate peaks at
585.2 and 576.4 €V, corresponding to the orbitals of Cr** ions at
the states of 2p;/, and 2p;/,, respectively. The observed binding
energy of the Cr 2p electrons was consistent with previous
research conducted on octahedral Cr** ions.”” The above results
clearly verify the successful preparation of Cs,NaInClg:Cr**
phosphors.

The pristine and Cr** substituted compounds were analyzed
for their electronic band structures using DFT simulation.
Fig. 4a and b display the electronic band structures of
Cs,NalInClg. The Cs,NalInClg exhibits a direct electronic transi-
tion with the calculated band gap (E,) of 3.04 eV, which is
approximately equal to the previously calculated result (E, =
2.96 eV).*® The Cl 3p orbitals are the primary origin of the
valence band maximum, while the conduction band minimum
was predominantly contributed by both the Cl 3p and In 5s
orbitals. From the band structures of Cs,NaInCls:Cr*" as illu-
strated in Fig. 4c, the band gap for Cs,NaInCls host decreases
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Fig. 4 (a) Calculated band structure and (b) density of state of Cs,NalnClg host. (c) Calculated band structure and (d) density of state of Cs,NalnCle:Cr3*.
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Fig. 5 (a) UV-Vis absorbance spectra. (b) PLE and (c) PL spectra of Cs,NalnClg:Cr’* with different Cr* ion concentrations. Inset of (c) shows the
corresponding PL intensity. (d) Luminescence decay curves of the Cs,NalnClg:Cr®* samples measured at room temperature.

from 3.04 to 2.79 eV. Meanwhile, we observe the formation of
Cr 3d states in the proximity of the Fermi energy (Fig. 4d). The
band gap change may be associated with a modification in
strength as well as the nature of the host crystal and the effect
of the energy level of doping ions.>* Even though it is semi-
qualitative in nature, the interpretation at the DFT level of
theory provides crucial details on the placement of the chrome
ion orbitals in the host band gap and provides insights into the
performance of this material as a phosphor.

The PL properties of the synthesized products were subse-
quently investigated. Fig. 5a displays the UV-Vis absorption
spectra of all the Cs,NaInClg:xCr** (x =0, 0.03, 0.06, 0.09, 0.12,
and 0.15) samples. It is unambiguous from the absorption
spectra that there is a peak apparent at around 221 nm, which
belongs to the electron transitions from the host valence band
to its conduction band. Meanwhile, the absorption bands at
285, 552, and 795 nm could be credited to the d-d transitions of
‘A, - *Ty("P), *A; > *Ty(*F) and *A, — “T,(*F) of Cr** ions.*°
Furthermore, Fig. 5b shows the PLE spectra of Cs,NaInClg:
xCr’*. There are three excitation peaks that could be well
matched to the Cr*" absorption bands of the UV-Vis absorption
under the emission wavelength of 960 nm. Specifically, these
three bands were in the violet (about 292 nm), green (around
558 nm), and deep red (around 797 nm) regions. The correla-
tion between concentration of Cr’* ions and the intensity of
PL emission is presented in Fig. 5b and c. The PL emission
intensity exhibits an increased tendency with the increment
of Cr*" ion concentration and the maximum intensity was

4632 | J Mater. Chem. C, 2024,12, 4627-4639

Table 2 Comparison of Aex/Aem, FWHM, Dq/B, and PLQY of
Cs,NalnClg:Cr** with previously reported Cri*-activated broadband NIR
phosphors

Jexlem FWHM PLQY

Sample (nm) (nm) Dg/B (%) Ref.
Sr,InSbOg:Cr* 558/955  — 1.96 14.5 18
Cs,AgInClg:Cr’*/Yb®"  365/1000 188 2.25 45.0 34
Cs,AgInClg:Cr** 353/1010 180 — 22.0 50
Ca,InTaOg:Cr’* 440/880 200 2.26 33.6 55
NaGaP,0,:Cr*" 460/793 115 1.98 56.4 56
KGaP,0,:Cr*" 460/815 127 1.96 74.7 57
SroGa(PO,4),:Cr** 485/850 140 — 66.3 58
Cs,NalInClg:Cr** 292/960 138 2.28 429  This work

obtained at x = 0.09. At this concentration, the PL spectrum
exhibited strong NIR emission centered at 960 nm with the
FWHM of 138 nm assigned to the spin-allowed ‘T, — ‘A,
transition of octahedrally coordinated Cr*" ions.*"**> Meanwhile,
the PL emission spectra do not exhibit noticeable alteration,
which suggests that there is no effect of the Cr** ion concentration
on the crystal field environment.** Additionally, Fig. S1 (ESIt)
illustrates a measured PLQY value of approximately 42.9% for
Cs,NaInClg:0.09Cr**. By comparing some recent reports (Table 2),
it is reasonable to consider that the obtained samples may be
suitable for some optical applications.

The decay curves of Cs,NaInClg:xCr®* were measured at
960 nm emission wavelength and 292 nm excitation wavelength
(Fig. 5d). Furthermore, the average lifetime could be calculated

This journal is © The Royal Society of Chemistry 2024
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of Cs,NalnClg:0.09Cr**. (c) Fitting of the FWHM as a function of temperature. (d) Fitting Arrhenius equation for thermal quenching. (e) Tanabe-Sugano
energy level diagram of Cr** in an octahedral crystal field. (f) Diagram of Cr** configurational coordinates in a weak crystal field.

using the following eqn (1) and (2):**

1(6) = Io + Ay exp(—fi) Ty exp(—é) )

1

Tave = (A1112 + Azrzz)/(Alrl + A,T,) (2)

Here, the intensity at time ¢ and ¢ = 0 is denoted as I(¢) and I,
respectively, and A; and A, are constants. 7; and 7, are the

This journal is © The Royal Society of Chemistry 2024

components of lifespan, and 7, represents the average decay
lifetime. The lifetime values of Cs,NaInClg:xCr’>" (x = 0.03, 0.06,
0.09, 0.12, and 0.15) were calculated to be 49.4, 48.8, 47.9, 47.6,
and 47.0 ps, respectively. The decrease in the decay lifetime is
attributable to the increased occurrence of non-radiative transi-
tions when the Cr*" ion concentration is elevated.*
Temperature-dependent PL spectra of Cs,NaInClg:0.09 Cr**
are seen in Fig. 6a. It is visible that different tempera-
tures result in the measurement of a wide emission band
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corresponding to the *T, — *A, spin-allowed transition of Cr*"*
ions. The peak wavelength of PL spectra was red-shifted as the
temperature was raised from 80 to 440 K, but the PL emission
intensity was declined and the FWHM of the PL spectra was
increased from 95 to 183 nm (Fig. 6b). Typically, by finding the
relationship between FWHM and temperature, the coupling
effect between electrons and phonons can be defined using

eqn (3):*°
FWHM = 2.36V/Shvy [cotn” 3)
2kT

where hv denotes the phonon frequency, T is the Kelvin
temperature, S is the Huang-Rhys parameter, and k (8.629 x
107> eV) is the Boltzmann constant. The above model was
used to fit the collected data (Fig. 6¢c). S was equal to 4.47
and hv was calculated to be 27.6 meV. Generally, stronger
electron-phonon coupling can result in a wider emission band
of Cr*" ions, but it often leads to more severe luminescence
thermal quenching.?” The activation energy (AE) can be calcu-
lated to further assess the thermal quenching mechanism
based on eqn (4):*®

Io

1+ Aexp (_](;ATE) “

I(T) =

where I, represents the initial emission intensity, I(T) refers to
the emission intensity at temperature 7, A is a constant,

(@)
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k stands for the Boltzmann’s constant, and AE is the activa-
tion energy. Fig. 6d illustrates the fitting equation for
thermal quenching, with an estimated activation energy of
0.33 eV.

The PL characteristics of the Cr** ions are highly dependent
on the crystal environment because they have the 3d* configu-
ration, in which the 3d electrons are not protected from their
surroundings by outer-filled shells. Due to the lower crystal
field stabilization energy of an octahedron compared to a
tetrahedron in coordination, the Cr** ion prefers to occupy
one in a crystal material.* When Cr** ions are positioned in the
core of coordinated octahedra, the effect of the host lattice on
the luminescence properties of Cr** ions may be represented by
the parameters of Dg and B, which are ascertained by using the
subsequent eqn (5)-(7):*°

10Dq = E(*T,) = E(*A, — 'Ty) (5)
Dg  15(x —38)
B x2—10x ()

_E('TY) —E(*Ty)  E(*Ay —*T)) — E(*A; — 'T)) .
T Dq - Dq )

where Dq is the intensity of the crystal field and B is the Racah
parameter. The value of x is derived from the energy variations
between the “T;(*F) and “T,(*F) transitions gained from the PLE
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Fig. 7 (a) FWHM emission band and (b) sensitivity as a function of temperature for the Cs,NalnCle:0.09Cr**. (c) Band centroid emission band and (d)

sensitivity as a function of temperature for the Cs,NalnClg:0.09Cr*.

4634 | J Mater. Chem. C, 2024,12, 4627-4639

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3tc04453j

Published on 20 February 2024. Downloaded on 6/2/2025 4:32:41 AM.

Journal of Materials Chemistry C

spectra. The crystal field parameters, Dg and B, are predicted to
be 1254.7 cm™ ! and 550.5 cm ™', respectively. Eventually, Dg/B
was calculated as 2.28 for Cs,NaInCls:Cr*", which is consistent
with the “T, — *A, transition related in the weak crystal field
(Dg/B < 2.3) (Fig. 6e). The luminescence behavior may also be
explained using the configurational coordinate model. Under
the excitation of UV radiation, electrons are excited to the
excited state from the ground state, as seen in Fig. 6f. The
majority of electrons at room temperature return to the ground
state via radiation. However, when the temperature increases,
more electrons return to the ground state along the path of
non-radiation from the crossing point. The PL intensity
decreases as the temperature rises because more energy is lost
through non-radiative transfer.*® In this work, when the tem-
perature increased from 80 to 440 K for the Cs,NalInClg:Cr**
phosphors, the dominant emission line of the NIR emission
moved from 918 to 976 nm, because the crystal lattice grew and
the lattice vibration became stronger as the temperature
increased, resulting in the weak crystal field.® According to
the Tanabe-Sugano energy level diagram for Cr** ions in the

View Article Online
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octahedral symmetry, the crystal field weakens, causing the
emission spectra to red shift.>

To assess the possible application in optical thermometers,
the thermometric performance was evaluated by implementing
the bandwidth (FWHM) and band shift of the ‘T, — “A,
emission band of Cr** ions. Noteworthy is the fact that at
350 K, the FWHM and band centroid deviated from their
temperature dependence, implying that the working tempera-
ture range was selected to be 80-350 K. The band-shift and
FWHM parameters were both related to temperature and
effectively fitted to polynomial formulas, with R> = 0.998 and
0.997, respectively (Fig. 7a and c). In Table S1 (ESIf), the
relevant fitting parameters are presented. The determined
temperature are sensitivity values for the bandwidth (d(FWHM)/
d7) as a relation of temperature are exhibited in Fig. 7b, revealing
the maximal rate of the band broadening was 0.337 nm K ' at
208 K. The sensitivity values based on the band-shift (d(Acentroid)/
dT) were also calculated (Fig. 7d), showing that the maximal rate
of the band-shifting was 0.272 nm K™ * at 213 K. Furthermore, the
obtained sample has better sensitivity than previously discovered
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(a) XRD patterns and (b) PL emission spectra of Cs,NalnCle:0.09Cr** over an aging time for 1 month. (c) Photographs taken in daylight with a

xcitation light is turned off and on.
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Fig. 9 Information encryption method. The “888" pattern is noticeable in daylight. Under 310 nm excitation, the visible light camera captures the light
emitted by the blue phosphor, showing a “357" pattern; the near-infrared camera captures the near-infrared light emitted by Cs,NalnClg:Cr**, showing

the pattern of “963".

lanthanide-based luminous thermometers with the aid of the
FWHM and emission band-shift.”">*

Along with the aforementioned optical properties, ensuring
long-term stability in both the perovskite structure and its
optical characteristics is essential for practical applications.
To assess the resilience of the sample towards chemical
and thermal stabilities, Cs,NaInCls:Cr** was aged at room
temperature for one month, after which the samples were
retested. The obtained results demonstrate negligible changes
in XRD patterns after this duration of aging (Fig. 8a). Further-
more, even after this period, the integrated PL intensity of
Cs,NaInClg:Cr** remained at 83% of its initial value (Fig. 8b).
In addition, the thermal stability test of Cs,NaInCle:Cr** was
performed by TGA. The TGA curve of the Cs,NaInClg:Cr*" was
measured from 25 to 800 °C (Fig. S2, ESIT). The results imply
that the sample demonstrates exceptional thermal stability, as
there is no weight fluctuation shift below 580 °C. Compared
with organic-inorganic hybrid materials, Cs,NaInClg:Cr** has
higher stability against high temperatures.

Eventually, the security ink based on the Cs,NaInClg:Cr**
powder was fabricated, and a screen printing technique was
further utilized to produce intricate patterns. The luminescence
patterns with NIR emission are displayed in Fig. 8c. Furthermore,
we designed an information encryption mode using the material
in conjunction with commercial blue phosphor (Fig. 9). In visible
light, the “888” pattern was displayed. Under 310 nm excitation,
the “357” pattern was displayed, indicating the emanated light
from the blue phosphor, which reveals the first encryption
mode. Simultaneously, using the NIR camera, the “963”
pattern shows a second encryption mode that is impercepti-
ble to the human eye. The NIR optical properties of the
material improve the security of the information encryption,
exhibiting unique advantages in the fields of anti-
counterfeiting and information encryption.

4636 | J Mater. Chem. C, 2024, 12, 4627-4639

4. Conclusions

In conclusion, this work successfully synthesizes Cs,NaInClg:Cr**
double perovskite using the solvothermal method, and its struc-
tures, optical properties, luminescence mechanism, and applica-
tions were studied. Cs,NaInCls:Cr’" phosphors exhibit a broad
range of NIR emission of 800-1300 nm upon excitation at
292 nm. The temperature-dependent PL emission spectra were
analyzed to investigate the sensing sensitivity in both bandwidth
and band-shift thermometry modes, achieving high sensitivity
values of 0.337 nm K ' for bandwidth thermometry and
0.272 nm K ' for band-shift thermometry. Additionally, the
material can be used to create patterns that demonstrate its
potential for NIR information encryption applications.
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