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Ultra-stable CsPbBr3-embedded polymer films for
spectrally tunable X-ray nuclear batteries and
flexible radiation imaging applications†

Dongdong Liang,a Zhiheng Xu, *ab Dandan Yang, *c Zhibin Xu,a Weitong Yina

and Xiaobin Tang*ab

Luminescence instability in service environments has limited the widespread use of halide perovskite

materials, especially for X-ray energy conversion and detection/imaging. This work proposed a method

for improving luminescence stability through polymer encapsulation, which is more convenient than

compositional engineering and surface modulation. Meanwhile, the differences in the luminescence

intensities of composite films synthesized by encapsulation of different polymer matrices and their

luminescence stability under various harsh X-ray irradiation conditions were systematically investigated.

The applications of the developed CsPbBr3-embedded polymer films with excellent luminescence

performance and high service stability in X-ray radiation energy utilization and detection/imaging were

discussed. The results show that CsPbBr3-embedded PS films can meet the spectral modulation

requirements of radioluminescent materials for nuclear batteries and can also fulfill the needs of flexible

X-ray imaging with a high spatial resolution.

1. Introduction

X-rays, which are electromagnetic waves with extremely high
frequency, short wavelength, and high energy, play an important
role in the fields of medical diagnosis, industrial flaw detection,
safety inspection, and energy conversion.1–4 In recent years, X-rays
have been widely used in nuclear battery performance analysis
and radiation detection/imaging due to their high energy and
strong penetration characteristics.5–8 Radioluminescent (RL)
materials, which can convert high-energy photons of X-rays into
low-energy photons, thereby realizing energy conversion and
facilitating detection, play a crucial role in X-ray nuclear batteries
and radiation imaging.9–14 However, conventional high perfor-
mance inorganic fluorescent materials, such as CsI:Tl, NaI:Tl,
BGO, and LYSO, usually find it difficult to regulate luminescence
and require high-temperature calcination and synthesis and it is

difficult to prepare these materials with a large area and flexibility,
thus limiting their applications.15–19 Halide perovskites have
attracted significant research interest due to their solution-
based synthesis, tunable emission spectra, and high lumines-
cence efficiency, thus providing an economical and convenient
option for X-ray energy conversion and imaging.20–27

The stability problems of halide perovskites seriously hinder
their performance in practical applications, despite their excel-
lent optical properties.28–31 Wang et al. proposed that introdu-
cing FA at the A site of the halide perovskite structure could
stabilize the nanocrystals.32 Tan et al. reported that replacing
OA/OLA ligands with octylphosphonic acid (OPA) dramatically
improves the stability of CsPbX3.33 Wang et al. demonstrated
that trioctylphosphine can effectively recover the luminescence
emission of aged inorganic lead halide perovskite quantum dots
and improve their long-term storage stability.34 Yang et al.
reported an armor-like passivation strategy to enhance the com-
prehensive stability of CsPbBr3 quantum dots.35 Unfortunately,
such compositional engineering and surface modulation methods
are limited by the complexity of ion doping and ligand selection.36

Recently, the polymer matrix encapsulation strategy has been
demonstrated to be an effective and convenient method to
improve the luminescence stability of halide perovskites.37–40

Liu et al. prepared a perovskite–polymer composite luminescent
elastomer with excellent stability against all harsh aqueous
environments.41 Teng et al. reported a PDCPD@PNC composite
luminescent material, which exhibited long-term stability in water

a Department of Nuclear Science and Technology, Nanjing University of Aeronautics

and Astronautics, Nanjing 211106, China. E-mail: xuzhiheng@nuaa.edu.cn,

tangxiaobin@nuaa.edu.cn
b Key Laboratory of Nuclear Technology Application and Radiation Protection in

Aerospace, Ministry of Industry and Information Technology, Nanjing 211106,

China
c Institute of Innovation Materials and Energy, School of Chemistry and Chemical

Engineering, Yangzhou University, Yangzhou, 225002, China.

E-mail: dandanyang@yzu.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc02477j

Received 13th June 2024,
Accepted 9th September 2024

DOI: 10.1039/d4tc02477j

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 1
0 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
by

 N
an

jin
g 

U
ni

ve
rs

ity
 o

f 
A

er
on

au
tic

s 
an

d 
A

st
ro

na
ut

ic
s 

on
 9

/2
8/

20
24

 3
:3

2:
08

 A
M

. 

View Article Online
View Journal

https://orcid.org/0000-0002-9229-8558
https://orcid.org/0000-0003-1949-7080
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc02477j&domain=pdf&date_stamp=2024-09-19
https://doi.org/10.1039/d4tc02477j
https://doi.org/10.1039/d4tc02477j
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc02477j
https://pubs.rsc.org/en/journals/journal/TC


J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2024

and strongly acidic and alkaline solutions.42 However, research on
matrix encapsulation to enhance the stability of halide perovskites
is relatively limited and mainly focuses on improving the lumi-
nescent stability of perovskites in aqueous environments. The
improvement in the luminescence stability of composite films
under harsh X-ray irradiation conditions and at high and low
temperatures is still not reported, which poses a challenge for the
use of halide perovskite-embedded polymer films in X-ray energy
conversion and imaging applications.

In this work, we have investigated the luminescence stability
of CsPbBr3-embedded polymer films from multiple perspectives. In
particular, CsPbBr3-embedded polystyrene films exhibit excellent
luminescence stability under irradiation, at high and low tempera-
tures, and in aqueous environments; they can still retain 79.15% of
RL intensity under equivalent continuous irradiation for 10 years,
show very small fluctuations in RL intensity at a 100 K temperature
difference (233–333 K), and exhibit long-term stability in the water
environment. Meanwhile, the proposed thin-film preparation
scheme has strong competitive advantages of achieving a wide
wavelength range adjustment and good radiation imaging char-
acteristics, which are suitable for X-ray energy conversion for power
generation and detection analysis.

2. Materials and methods
2.1 Materials

Cesium acetate (CsAc, AR, 99%), lead bromide (PbBr2, AR,
99%), lead chloride (PbCl2, AR, 99.5%), lead iodide (PbI2,
98%), and the ethylene-vinyl acetate (EVA) copolymer were
purchased from Macklin. Propanol (1-PrOH, AR, 99%),
n-hexane (Hex, AR, 97%), n-octanoic acid (OcAc, AR, 99%), n-
octylamine (OcAm, AR, 99%), polystyrene (PS), and polymethyl
methacrylate (PMMA) were purchased from Aladdin. Polydi-
methylsiloxane (PDMS) was purchased from Dow Corning.
Toluene (TOL) was purchased from Nanjing Reagent. All che-
micals were used without any further purification.

2.2 Synthesis of CsPbBr3 nanowires

Firstly, the Cs precursor and the PbBr2 precursor were synthe-
sized. The Cs precursor solution was synthesized by dissolving
128 mg of CsAc in a mixed solution containing 12 mL of 1-PrOH
and 24 mL of hexane under stirring at room temperature. The
PbBr2 precursor solution was prepared by dissolving 980 mg of
PbBr2 in a mixed solution containing 1.8 mL of 1-PrOH, 1.8 mL
of OcAc, and 1.8 mL of OcAm under vigorous stirring at 90 1C.
Then, the hot PbBr2 precursor solution was quickly injected
into the Cs precursor solution, and the solution turned green
within a few seconds. Finally, the CsPbBr3 nanowires (NWs)
were obtained by centrifuging at 4000 rpm for 3 min.

2.3 Preparation of CsPbBr3-embedded polymer films

A typical preparation procedure was carried out according to
the following steps: firstly, CsPbBr3 NWs (100 mg) and the
polymer (1 g) were dissolved in 4 mL of toluene under stirring.
Subsequently, the uniform mixed solution was spin-coated

onto a quartz glass substrate at 600 rpm for 60 s. Thirdly, the
samples were cured at 45 1C for 6 hours in a vacuum environ-
ment. Finally, the films were easily obtained by separating
them from the glass base.

2.4 Anion exchange reaction

CsPbBr3 NWs (60 mg) were firstly dispersed in 1.2 mL of toluene
before exchanging Br� anions with Cl� or I�. Then, 50–300 mL of
PbCl2 or PbI2 precursor solution (137 mg mL�1 or 230 mg mL�1

PbCl2 or PbI2 dissolved in a mixed solution of 1-PrOH, OcAc, and
OcAm with the same volume ratio) were directly added to the
CsPbBr3 NW solution. The synthesis method is the same as that
of the PbBr2 precursor solution. After anion exchange reaction,
CsPbBr3�xClx or CsPbBr3�xIx was obtained by centrifuging the
solution multiple times.

2.5 Measurements and characterization

X-ray diffraction was performed using an Empyrean X-ray diffract-
ometer. PL and RL spectra of CsPbBr3 NWs and CsPbBr3-
embedded polymer films were acquired using an Agilent Cary
Eclipse spectrometer. SEM images were obtained by using a
LYRA3 GMU scanning electron microscope. The XPS test was
performed on an ESCALAB Xi +. Temperature-dependent photo-
luminescence spectra of these films were measured using an
FLS1000 spectrometer. The long-term equivalent irradiation
experiment was conducted at the irradiation centre of the Nanjing
University of Aeronautics and Astronautics. The electrical proper-
ties of the radioluminescent nuclear batteries were evaluated
using the Keithley 2636A source meter. X-ray energy spectra were
obtained using the HPGe detector (ORTEC GL0110P). X-ray
imaging images were obtained by using an electron-multiplying
charge-coupled device (EMCCD) camera (Andor iXon Ultra 888)
equipped with a Canon EF 24–70 mm f/2.8L II USM zoom lens.
ImageJ was used to analyze the quality of X-ray imaging images.

3. Results and discussion
3.1 Characterization of CsPbBr3-embedded polymer films

The CsPbBr3 NWs were synthesized via a modified co-
precipitation method and can be obtained by single-step injection
at room temperature.43,44 The preparation process of CsPbBr3-
embedded polymer films is shown in Fig. 1a. Compared to the
solution, the thin-films of RL materials are more competitive due
to the absence of the layered aggregation phenomenon (Fig. S1,
ESI†). However, the directly prepared CsPbBr3 NW film is not
suitable for practical X-ray applications, as the unevenness of the
film surface seriously affects the uniformity of luminescence (Fig.
S2, ESI†). At the same time, the film is very unstable in the water
environment and generally loses its luminescence after being
immersed in the water environment for about 1.5 hours (Fig.
S3, ESI†). To solve the problem mentioned above, we selected four
kinds of polymers to embed CsPbBr3 NWs (Fig. 1b), such as
polystyrene (PS), polymethyl methacrylate (PMMA), polydimethyl-
siloxane (PDMS), and the ethylene-vinyl acetate (EVA) copolymer,
as shown in Fig. S4 (ESI†). Briefly, both the prepared CsPbBr3
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nanowires and high chemically inert and transparent polymer
were mixed and dissolved in toluene to form a homogeneous
solution. Then, the mixture was spin coated on a quartz substrate
followed by thermal annealing at 40 1C for 10 min, resulting in
uniform and transparent composite films.

As shown in Fig. 2a and b, the microscopic morphology
images of CsPbBr3 NWs and CsPbBr3-embedded PS films show
good linearity and homogeneity, respectively, and the NWs are
well-coated with the polymer without the agglomeration phe-
nomenon. In terms of luminescence, all of these films emit
green light under UV and X-ray radiation. Interestingly, the
CsPbBr3-embedded PS film has the highest luminescence
intensity when the amount of materials is the same (Fig. 2c
and d). As shown in Fig. 2e, all CsPbBr3-embedded polymer
films show the characteristic diffraction peaks of CsPbBr3 NWs
at two theta values of 21.51 (010) and 30.51 (210), which indicate
that the proposed polymer matrix encapsulation strategy does
not completely destroy the structure of CsPbBr3 NWs.

However, the PDMS-based film shows the lowest intensity of
diffraction peaks for CsPbBr3 NWs among the four types of
polymer-based films, which is due to the weakened crystal-
lization of perovskite nanowires in the PDMS-based film rela-
tive to other polymers. Meanwhile, the UV-visible absorption
test indicates that the EVA-based film, similar to the PDMS-
based film, does not show obvious characteristic absorption of
CsPbBr3 NWs (Fig. 2f). We attribute this finding to the fact that
such water-based polar polymers can destroy the crystal struc-
ture of the perovskite, thus leading to low luminescence when
exposed to UV or X-ray excitation.45,46

To further investigate the intrinsic reasons for the excellent
optical properties of CsPbBr3-embedded PS films, we explored the
interaction between the polymer and the perovskite in the com-
posite films. X-ray photoelectron spectra (XPS) and temperature-
dependent photoluminescence spectra were recorded. Fig. 3a
shows the chemical state of Pb in the four samples. The
CsPbBr3-embedded PS and EVA films show Pb 4f peaks at
144.0 eV and 139.0 eV, respectively, showing a movement to a

high binding energy of 1.1 eV compared with CsPbBr3 NWs,
which is attributed to the fact that the electron absorption
capacity of Pb is less than that of O and the benzene ring, and
the electron cloud density around Pb decreases and shifts to high
binding energy. Similarly, the Pb 4f peaks of the CsPbBr3-
embedded PMMA film shift to a higher binding energy of
0.55 eV. Such coordination interaction can effectively improve
stability.47 However, for CsPbBr3-embedded PDMS films, there is
obviously no Pb 4f peak signal, which may be because the lead
atom is difficult to coordinate with PDMS molecules (Fig. S4,
ESI†). Fig. 3b shows that the PL intensity of CsPbBr3-embedded

Fig. 1 (a) Schematic of the synthetic process of CsPbBr3 NWs embedded in
polymer films stabilized under radiation and in hot, cold, and aqueous
environments. (b) Physical morphology image of CsPbBr3 NWs and
CsPbBr3-embedded polymer films under daylight and 365 nm UV excitation.

Fig. 2 Microscopic morphology images of (a) CsPbBr3 NWs and (b)
CsPbBr3-embedded PS films. (c) Photoluminescence and (d) radiolumi-
nescence spectra of CsPbBr3-embedded polymer films. (e) XRD patterns
of CsPbBr3-embedded polymer films and CsPbBr3 NWs. (f) Absorption
spectra of CsPbBr3-embedded polymer films and CsPbBr3 NWs.

Fig. 3 (a) XPS spectra of Pb 4f of CsPbBr3-embedded polymer films and
CsPbBr3 NWs. (b) Relationship between photoluminescence intensity and
temperature for different CsPbBr3-embedded polymer films.
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PS, PMMA and PDMS films starts to decrease with the increase of
temperature from 273 K to 333 K. According to the Arrhenius
equation (eqn (1)), where I0 represents the PL intensity at 273 K, A
is a constant, and kB is the Boltzmann constant, the calculated
activation energies (DE) of these films are 0.58 eV, 0.42 eV, and
0.46 eV, respectively. The higher activation energy of the CsPbBr3-
embedded PS film means a small proportion of thermally acti-
vated non-radiative recombination, ensuring the high lumines-
cence performance of CsPbBr3 NWs.48 However, for CsPbBr3 NWs
and the embedded EVA film, the PL intensity decreases continu-
ously with the increase of temperature from 233 K to 333 K,
indicating the low thermal stability (Fig. S5 and S6, ESI†).

IðTÞ
I0
¼ 1

1þ A exp � DE
kBT

� � (1)

3.2 Luminescence stability of CsPbBr3-embedded polymer films

The luminescence stability of CsPbBr3-embedded polymer
films is an important factor to consider in the field of X-ray
imaging. Here, we investigated the stability differences of
CsPbBr3-embedded polymer films from multiple perspectives,
including irradiation, high and low temperatures, and aqueous
environments. As shown in Fig. 4a, CsPbBr3-embedded poly-
mer films exhibit good luminescence stability, even after con-
tinuous irradiation with 5.639 mGy s�1 X-rays for 1 hour; there
are no significant changes in luminescence intensity. On this
basis, we established a long-term irradiation equivalence
experiment to further investigate the difference in the lumines-
cence stability of CsPbBr3-embedded polymer films under large
cumulative irradiation. As shown in Fig. 4b, the PS-based film
exhibits excellent radio stability, retaining 79.15% of RL inten-
sity under equivalent continuous irradiation for 10 years. In
view of the excellent radiation resistance of the PS polymer
matrix, when the perovskite matrix is exposed to irradiation,
the irradiation damage effect can be effectively reduced. The
thermal quenching effect inherent in the CsPbBr3 perovskite
will affect its performance in X-ray applications.49,50 Compared
to the bare CsPbBr3 NWs, embedding CsPbBr3 with polymers
can reduce the influence of temperature on their luminescence
intensity (Fig. S5 and S6, ESI†). In particular, the luminescence
intensity of the CsPbBr3-embedded PS film is the least affected,
and it can retain over 51.62% of the maximum luminescence
intensity at 333 K. In addition, as mentioned above, CsPbBr3

NWs are prone to losing luminescent properties in aqueous
environments, and thus here we also explored the lumines-
cence stability of CsPbBr3-embedded polymer films. As shown
in Fig. 4c and d, compared to the brittleness of the PMMA-
based film, the hydrophilicity of the EVA-based film, and the
poor luminescence intensity of the PDMS-based film, the
CsPbBr3-embedded PS film has better luminescence intensity
and stability, and it can retain over 84.72% of the initial
luminescence intensity after immersion in water for 66 days,
and its luminescence stability is better than the reported 15 day
decay to 85% in the literature.51 Obviously, the excellent
stability of CsPbBr3-embedded PS films can be attributed to

the good physical shielding effect of the PS polymer, which
prevents the intrusion of moisture from destroying their struc-
tural integrity. Accordingly, CsPbBr3-embedded PS films exhibit
stronger competitive advantages of excellent luminescence
intensity and stability, when in long-term service under harsh
irradiation conditions and in the water environment.

3.3 Application of CsPbBr3-embedded PS films in
radioluminescent nuclear batteries

We further explored the applications of the developed CsPbBr3-
embedded PS films in X-ray absorption and utilization. Radi-
oluminescent nuclear batteries are an important form of X-ray
energy conversion and utilization technology, and their work-
ing mechanism is shown in Fig. 5a. Briefly, X-ray energy is first
converted into light energy by the fluorescent layer, and then
the light energy is converted into electrical output by the
photovoltaic module.52,53 The fluorescent layer plays a bridging
role, and their luminescence and stability performance directly
determine the overall service performance of the battery.
AlGaInP photovoltaic module based nuclear batteries were
tested for electrical output performance under X-ray excitation.

As shown in Fig. S7 (ESI†) and Fig. 5b, with the increase of
the radiation dose rate, the radioluminescence intensity of
CsPbBr3-embedded PS films enhanced, thereby improving the
electrical output of the battery. In addition, from the working
mechanism of radioluminescent nuclear batteries, it is found
that the electrical output is also influenced by the matching
degree between the radioluminescence spectra of the fluores-
cent material and the response range of photovoltaic modules.
Compared to conventional fluorescent materials with a fixed
bandwidth, CsPbBr3 NWs have the ability to exhibit tunable
emission colors and can achieve efficient coupling between the

Fig. 4 (a) RL intensity of CsPbBr3-embedded polymer films upon expo-
sure to X-ray radiation at 5.639 mGy s�1 for 1 h. (b) Degradation of RL
intensity of CsPbBr3-embedded polymer films under irradiation. (c) Varia-
tion in photoluminescence of CsPbBr3-embedded polymer films in water
under 365 nm excitation. (d) RL intensity evolution of CsPbBr3-embedded
PS films in water over 66 days.
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radioluminescence spectra and the response range of photo-
voltaic modules. As shown in Fig. 5c–e, we use an anion
exchange method to achieve controllable adjustment of the
radioluminescence range of CsPbBr3 NWs, which can more
closely match the response range of the AlGaInP photovoltaic
module. The electrical test results indicate that reasonable
control of the radioluminescence spectra range of the fluores-
cent material can improve the output performance, and the
maximum power of the battery can reach 1.172 mW, with an
energy conversion efficiency of 0.0898%, which is higher than
the reported 0.023% (see the ESI† for further details of energy
conversion efficiency calculation).54 This method is very favor-
able for effectively solving the long-standing dilemma of low
energy conversion efficiency of batteries.

3.4 Application of CsPbBr3-embedded PS films in radiation
imaging

Given the excellent flexibility of CsPbBr3-embedded PS films
with strong luminescence and high stability, the potential for
their application in flexible X-ray imaging was further explored
(Fig. 6a). The dose response analysis of a radioluminescent
material is crucial in X-ray imaging, which is a technique that
uses the dose dependence of RL intensity to generate phase
contrast images.55 As shown in Fig. 6b, the proposed CsPbBr3-
embedded PS films exhibit good dose response, with an X-ray
response threshold dose rate of 100 nGy s�1, which is lower
than that required for conventional computed tomography
(5.5 mGy s�1).56

A pen was selected as the imaging object to conduct a proof-
of-concept imaging experiment (Fig. 6c). The internal contour
of the pen can be clearly observed in Fig. 6d. In order to
quantitatively evaluate the imaging quality, the point spread
function of the intensity profile (the red line in Fig. 6d) was
analyzed. The CsPbBr3-embedded PS film could give a clear
resolution for the pins of the pen with a FWHM of 416 mm
(Fig. 6e), which is better than the reported 504 mm in the
literature.48 The CsPbBr3-embedded PS film can lay a good
foundation for high-resolution flexible X-ray imaging in the
fields of oral cavity, security check, and explosion detection.

4. Conclusions

In conclusion, CsPbBr3-embedded polymer films with ultra-
stability in various environments for applications in X-ray
nuclear batteries and radiation imaging have been realized.
Through investigating the luminescence stability differences of
CsPbBr3-embedded polymer films from multiple perspectives,
we found that CsPbBr3-embedded PS films exhibit excellent
luminescence stability; they can still retain 79.15% of RL
intensity under 10-year equivalent continuous irradiation con-
ditions, exhibit over 51.62% of the maximum luminescence
intensity at 333 K, and retain 84.72% of the initial RL intensity
under water for 66 days. Moreover, the proposed CsPbBr3-
embedded PS film exhibits tunable emission colors and flex-
ibility and can meet the spectral regulation requirements of

Fig. 5 (a) Schematic illustration of a radioluminescent nuclear battery. (b)
I–V curves and the electrical output of a radioluminescent nuclear battery
upon exposure to different X-ray radiation sources. (c) Photography of
anion exchange samples with Cl� or I� under 365 nm excitation. (d) RL
spectra of anion exchange samples with Cl� or I�. (e) Variation of the
maximum output power of the battery based on different anion exchange
sample films over the response interval of the AlGaInP photovoltaic
module.

Fig. 6 (a) The multi-angle bending flexibility of CsPbBr3-embedded PS
films. (b) Dose rate dependence of the RL intensity of CsPbBr3-embedded
PS films. (c) Schematic diagram of flexible X-ray imaging with CsPbBr3-
embedded PS films. The bottom panels show the imaging object selected
(pen) for the experiment. (d) Photography of the pen after X-ray exposure
with CsPbBr3-embedded PS films. (e) Spatial resolution measurement of
X-ray imaging along the red line in panel (d).
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luminescent materials in radioluminescent nuclear batteries
and the requirements of flexible X-ray imaging. Based on this, a
nuclear battery and an X-ray imaging platform were con-
structed to demonstrate the application potential of CsPbBr3-
embedded PS films in X-ray energy conversion and imaging.
This work provides an idea to solve the problems of weak
radioluminescence intensity and poor luminescence stability
of metal halide perovskite materials, which provide technical
support for the development of long-life nuclear batteries and
flexible X-ray imaging systems.
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