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A dual emission sensing film has been prepared for colorimetric temperature sensing using CsPbBr; per-
ovskite nanocrystals (CsPbBr; NCs) and manganese doped potassium fluorosilicate (K,SiFg:Mn**, KSF) en-
capsulated in polystyrene by a microencapsulation strategy. The CsPbBr3;-KSF-PS film shows good temper-
ature sensing response from 30 °C to 70 °C, with a relative temperature sensitivity (S;) up to 10.31% °C-!
at 45 °C. Meanwhile, the film maintains more than 95% intensity after 6 heating-cooling cycles and keeps
its fluorescence characteristics after 3 months. The film can be used to monitor temperature change by
naked eye under a UV lamp. In particular, the temperature discoloration point of the sensing film can be
controlled by the ratio change of CsPbBr3:KSF to expand its applications. The study of the CsPbBr3;-KSF-PS
sensing mechanism in this work is helpful to provide effective strategies for the design of reliable, high
sensitivity and stable temperature sensing system using CsPbBr; NCs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As one of the earliest developed and most frequently used sen-
sors, temperature sensors have been applied in scientific research,
industrial and agricultural production, life medical care and diag-
nosis [1,2]. Currently, the mainstream temperature sensors include
contact thermocouples and non-contact infrared modes. In partic-
ular, optical based non-contact thermometers have attracted im-
mense intention [3] because of its characteristics of fast-response
and real-time temperature sensing. At present, the optical temper-
ature sensors have been developed by using various luminescent
materials such as rare earth phosphors [4-7], metal-organic frame-
work (MOF) [8], and quantum dots (QDs) [9]. However, the relative
temperature sensitivity (S;) of these thermal probes, which is the
most critical parameter for evaluating the sensing performance of
an optical thermometer, remains no more than 2% for per kelvin
[10]. It is still necessary and urgent to develop feasible strategies
or novel thermal probes for the sensitivity enhancement.

Several sensing modes such as fluorescence intensity [11], emis-
sion spectral shift [12], fluorescence lifetime [13] or fluorescence
intensity ratio (FIR) [14,15] could be employed for optical sen-
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sors. Among them, FIR is a superior technique for the optical tem-
perature sensing. Compared with the single-emission fluorescence
probe, the double-emission mode has the advantages of high pre-
cision, high sensitivity and visualization due to its self-calibration
and color changeable features [16], which is convenient for on-site
sensing applications. Generally, the photoluminescence (PL) color
change is easier to be recognized by human eyes than those based
on the single emission intensity change, which is conducive to the
practical application of visualization. Although there have been re-
ports on the two-dimensional thermal imaging using a reversible
colorimetric temperature nanosensor by encapsulating two color
luminescence dyes [15,17], it is still unsatisfactory to accurately
identify the color change of the luminescent composite materials
with blue-emission since the human eyes are sensitive to red and
green lights.

All-inorganic CsPbX3 perovskite nanocrystals (CsPbX3; NCs,
X = (I, Br7, I7) have attracted tremendous research inter-
ests in the fields of solar cells [18], light-emitting diodes (LEDs)
[19], photoelectric detectors [20], temperature sensing [14,21], etc.
Recently, because of their excellent optical properties, such as
high photoluminescence quantum yield (PLQY, nearly 100%), nar-
row full width at half maximum (FWHM), high defect tolerance,
tunable band gap throughout the visible spectrum by halogen
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Fig. 1. (a) Fluorescence spectra of CsPbBr; films and (b) CsPbBr3-KSF films at 30 °C, 50 °C and 70 °C. (c) Schematic diagram of in-situ grown CsPbBr3-KSF-PS film synthesis.
(d) SEM images of CsPbBr;-KSF films. (e) XRD patterns of CsPbBr3-KSF films, CsPbBr; NCs and KSF powder.

composition or dimension manipulation, etc. [22-24]. The green or
red emitting emissive CsPbX3 NCs can be easily synthesized for
high-efficient colorimetric sensing using the emission-tunable
property. In addition, the narrow FWHM of CsPbX3 NCs is in fa-
vor of introducing additional phosphors for FIR sensing. In con-
trast with traditional quantum dots, CsPbX3; perovskite NCs have
extraordinary defect-tolerant properties [22]. Recently, several
strategies for in-situ confined growth of ligand-free and highly
stable CsPbX; NCs in mesoporous silicon templates [23,25], glass
[26] or polymer matrix [27] have been developed. Generally, the
preparation of mesoporous silica templates for the confined forma-
tion of CsPbX3 NCs is time-consuming, and the synthesis of glass
stabilized CsPbX3 NCs should be operated at high temperature. In
order to realize the facile synthesis, the simple and room temper-
ature [28] in-situ growth of CsPbX3 NCs in polymer matrix is suit-
able choice to construct an optical temperature sensing film with
high stability.

Herein, CsPbBrs NCs with green emission were selected as the
temperature responsive material, and K,SiFg with bright red emis-
sion was selected as the reference material for the construction of
FIR temperature sensing film. The as prepared film shows good sta-
bility and high sensitivity towards the temperature change.

As the report, CsPbX3 NCs show a great linear relationship with
the temperature change [29]. Compared with those of CsPbX3 NCs,
CsPbBr; NCs has a large quenching degree and the best thermal
stability, which can provide durable green light with strong PL and
high color purity. As an all-inorganic perovskite, the poor water re-
sistance of CsPbBr; NCs greatly impedes their applications. In this
work, CsPbBr; NCs are directly grown in the PS layer to form a
uniform temperature sensing film. As shown in Fig. S1 (Support-
ing information), the in-situ grown CsPbBr; NCs presented obvi-
ous difference PL responses towards the temperature change, and
a good linear relationship between the PL intensity and the tem-
perature change could be found. Due to the dense PS film and its
good hydrophobicity, CsPbBr; NCs are isolated from the external
environment in the PS film, and the sensing film reveals excellent
anti-water characteristics.

In the preparation of the temperature sensing film, KSF, a kind
of commercialized phosphor used in LED industry, was selected
as a reference probe since it is of high stable quality and giving
bright red light with narrow half peak width (Fig. S1). In order to
compare the sensing characteristics of the CsPbBr3-KSF-PS film, a
film without KSF was prepared using the same method. PL spec-
tra of two films at 30 °C, 50 °C and 70 °C were collected under
the same test conditions. As shown in Fig. 1b, the PL intensity of
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CsPbBr3-PS film was decreased by 64% when the temperature in-
creased from 30 °C to 70 °C. Comparatively, the CsPbBr3-KSF-PS
film presented greater quenching degree with the same tempera-
ture change (Fig. 1c). Under the excitation of 365 nm, the color
changed from bright green to dark gradually for the CsPbBr3-PS
film with the temperature increase, while more significant color
change from green to yellow and finally to red could be observed
for the CsPbBr3-KSF-PS film. Obviously, the addition of KSF into the
CsPbBr3-PS film resulted in higher sensitivity and color discrimina-
tion. Since the PL intensity of the introduced red-emitting KSF was
basically unchanged during the temperature sensing, the thermal
quenching of CsPbBrs3 caused its green PL intensity decrease. The
combination of these two factors made a significant color change
of the CsPbBr3-KSF-PS film.

As illustrated in Fig. 1c, the CsPbBr3-KSF-PS film was prepared
using the swelling-deswelling microencapsulation strategy devel-
oped by Shin-Tson Wu et al. [25]. In this study, the KSF-PS film
was fabricated prior to the in-situ growth of CsPbBr; NCs. Com-
pared with the flat surface of pristine PS film, the surface of KSF-
PS film shows apparent humped particles (Fig. S2 in Supporting
information) due to the addition of KSF phosphors. After the spin-
coating of CsPbBr3 precursor solution on KSF-PS film, the solvent
(DMF) causes the swelling of PS, then the CsPbBr3 precursor solu-
tion penetrates into the PS. With the subsequent vacuum drying,
the evaporation of DMF generates a myriad of nano-/micro-pores
as shown in Fig. 1d, providing excellent templates for the in-situ
space confinement of CsPbBr; NCs. The XRD pattern of CsPbBr3-
KSF-PS film shows the diffraction peaks at 15.081°, 21.498° and
30.378° belonging to the crystal plane of (001), (110) and (002) for
the orthorhombic CsPbBr3 (Fig. 1e) (black line, pentacle), while the
existence of diffraction peaks of KSF (Fig. 1e) (blue line, triangle)
further confirms the KSF phosphors has been embedded into the
PS matrix. The result confirms the formation of CsPbBrz NCs in the
film.

The as-prepared CsPbBr3-KSF-PS film shows a PL peak of
CsPbBrs NCs at 523 nm with a narrow half peak width (17 nm)
and the PL peak of KSF centered at 631 nm (Fig. 2a). With the tem-
perature increased from 30 °C to 70 °C, the KSF PL intensity kept
constant almost. The PL intensity (I) remained over 95% of its orig-
inal intensity (I,) (Fig. S1). However, the PL intensity of CsPbBrs
NCs at 523 nm emission substantially decreased by 86.9% under
the same temperature increase process. Based on the fluorescence
characteristics, a FIR mode could be constituted for self-calibration
temperature sensing using CsPbBr; NCs and KSF phosphors. The
PL intensity of CsPbBr; NCs as a temperature function can be
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Fig. 2. (a) Fluorescence spectra of the film with different temperature. (b) The linear relationship between the logarithm of FIR and the temperature. (c) FIR-Time diagram
at different temperatures. (d) The images of membrane under the excitation of 365 nm. (e) The color gamut map (CIE 1931) corresponding to the spectrum, the temperature

discoloration points are 45 °C and 55 °C respectively.

described by the following equation (Eq. 1) [30]:
Io

KT) = 1 + Aexp~Ev/(ksT)

(1)
where I(T) and Iy are the PL intensities at temperature T and tem-
perature close to 0 K (in absolute temperature), respectively. A is
a pre-exponential factor, kg is the Boltzmann constant and E, is
the exciton binding energy. For the FIR system, the temperature-
dependent FIR value can be described as follows (Eq. 2),

AE
~ keT

where Isy3 and Ig3; are the emission intensities of the CsPbBr; NCs
and KSF, respectively. B and C are constants determined by the in-
trinsic properties of the material, and AE is the thermal quench-
ing activation energy for the CsPbBr3-KSF film. Herein, as the tem-
perature increases, the logarithm value of FIR for the CsPbBrs-
KSF-PS film shows a great linear relationship with the tempera-
ture (Fig. 2b), and the result can be well fitted by the equation:
y = 0.01742x — 0.2046 (x is temperature, y is In(FIR)) with a corre-
lation coefficient of 0.998. The relative temperature sensitivity (S;)
of the film can be expressed by the following equation (Eq. 3):

FIR = 1523 =B+ Cexp
Ig31

(2)

Cxexp (—£E)
B+ Cxexp (—,é—’;')

)xlOO:

(3)

The maximal S; value for the CsPbBr;-KSF-PS film is 6.30% K1
at 318 K, which is two times higher than that of CsPbBrs-PS film
(the S; value for the CsPbBr3-PS film is 2.61% K1 at 318 K), and
is much higher than most reported data (Table S1 in Supporting
information). As shown in Fig. 2c, the resolution of the film is es-
timated to be 0.2 °C.

The high sensitivity of CsPbBr3-KSF-PS film to temperature
change also endows it with good potential for colorimetric tem-
perature sensing. The PL color of the film (Fig. 2d) shows obvious
change from green to yellowish brown then to red as the tempera-
ture increases from 30 °C to 70 °C, which can be readily recognized
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by naked eyes under an excitation of 365 nm UV light. The Com-
mission International Ed’Eclairage 1931 (CIE 1931) diagram (Fig. 2e)
clearly illustrates the change of PL color from green at 30 °C to
yellow at 45 °C. The PL color turns to orange at 55 °C, then to
red at higher temperature. In addition, the color transition of the
film can be regulated by the mass ratio of CsPbBr3:KSF, which is
beneficial to the temperature sensing requirements in different sit-
uations. As discussed before, in Fig. 2e, apparent PL color change
occurred at 45 °C (from green to yellow) and 55 °C (from yellow to
red) when the mass ratio of CsPbBr3:KSF was 3:8, which provides
two visual signal for the detection system using one film. When
the ratio of CsPbBr3:KSF was 2:7 (Fig. S3 in Supporting informa-
tion), apparent PL color change occurred at 40 °C (from green to
yellow) and 50 °C (from yellow to red). Similarly, apparent PL color
changed at different temperature can be achieved by controlling
the mass ratio of CsPbBr3:KSF equaled to 6:7 and 5:2. By calcula-
tion, the maximal S; value for the CsPbBr3-KSF-PS film is 10.31%
K-1 at 318 K with the mass ratio of CsPbBr3:KSF equaled to 5:2.
The results demonstrate that the CsPbBr3-KSF-PS film can meet
the demand for the colorimetric temperature sensing in different
scenes.

The thermal stability of the CsPbBr3-KSF-PS sensing film was
tested by heating up to a higher temperature and then cooling
back to room temperature while monitoring the PL spectra. As
shown in Fig. 3a, the film maintained acceptable thermal stability
and repeatability during 6 heating-cooling cycles (from 30 °C to 70
°C), and still retained 95% of initial intensity when the temperature
was back to room temperature. In addition, in the test of long-term
stability for the CsPbBr3-KSF-PS sensing film, the film was expo-
sure to ambient air at room temperature for 3 months, and the flu-
orescence spectra at different temperature were collected (Fig. 3b).
The FIR of the film remained its initial value basically, indicating
no obvious degradation occurred.

In order to explore the sensing mechanism of the CsPbBr;-KSF-
PS film with the higher temperature sensitivity, the time-resolved
PL spectra of the film at different temperatures were collected.
With the increase of temperature, the PL lifetime of the sens-
ing film decreased significantly (Fig. 4a), and the PL lifetime at
70 °C was less than 60% of that at 30 °C (Table S2 in Supporting
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Fig. 4. (a) The fluorescence lifetime of the film at different temperatures. (b) The linear relationship between the lifetime and the temperature of the film.

information). There is a good linear relationship between PL life-
time and temperature (Fig. 4b), and the correlation coefficient is
0.98. The reduced PL lifetime indicates the increase of trapping
which is consistent with the previous reports [26]. According to
the previous reports, the reversible PL loss at elevated temperature
is probably caused by halide vacancies related to thermal-assisted
trapping. As the temperature increases, the optical phonon vibra-
tion frequency increases, and the carrier-phonon coupling is more
likely to occur, which can be interpreted by the increase of the
ratio of short-lived component t; from 21.6% at 30 °C to 36.7%
at 70 °C.

In summary, we successfully prepared a dual emission sens-
ing film of CsPbBrz NCs and KSF encapsulated in polystyrene to
construct a reversible visual temperature sensing system. The as-
prepared CsPbBr3-KSF-PS film shows a great temperature sensing
performance in the temperature range from 30 °C to 70 °C with a
relative temperature sensitivity (S;) up to 10.31% °C-1 at 45 °C and
a temperature resolution of about 0.2 °C. The temperature change
can be identified by the naked eye. The temperature discoloration
point of the sensing film could be adjusted by changing the ratio
of CsPbBr3:KSF to adapt the different temperature sensing range,
which provides an essential strategy for highly sensitive temper-
ature sensing using CsPbBr; NCs in biological fermentation and
other fields.
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