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Hydrophilic perovskite microdisks with excellent
stability and strong fluorescence for recyclable
temperature sensing
Qing Luo, Hui Wang, Xiong Yin* and Leyu Wang*

In recent years, metal halide perovskites have emerged as
a promising new class of semiconductors for solar cells
[1–3], light-emitting diodes (LED) [4–6], temperature
sensors [7], lasers [8] and photodetectors [9], owing to
their excellent optical and electronic properties [10,11],
such as, long charge carrier diffusion length [12], high
extinction coefficients and tunable band gaps [13].
However, the materials suffer from fast degradation due
to their inherent instability [14–17], especially high
sensitivity to oxygen [18], UV light [19,20], heat
[21,22], moisture [23,24] and even some hydrophilic
solvents such as alcohol, which significantly impedes their
further applications [25,26]. Compared with organic-
inorganic hybrid perovskites [27], all-inorganic cesium
lead halide perovskites CsPbX3 (X=Cl, Br, I) are much
stable [28–33], but the stability still needs substantial
improvement to satisfy the needs of practical implica-
tions.
Up to now, the synthesis of perovskite materials is

mainly based on the hot injection in hydrophobic
solvents, such as oleylamine and toluene under inert
atmospheres [34–37]. The mixture solvents usually could
not be recycled and the as-obtained nanocrystals are
highly sensitive to hydrophilic solvents such as ethanol
and N,N-dimethylformamide (DMF) [34]. Therefore, the
large-scale green production of these perovskite materials
with excellent optical merits and good stability faces great
challenges.
Herein, we report a solvothermal method for the large-

scale (1.5 g of product per 40 mL of solvents) synthesis of
Cs4PbBr6 MDs in DMF. Interestingly, the hydrophilic
solvent DMF can be reutilized for tens of times and have
no degradation on the products. The as-obtained
Cs4PbBr6 MDs presented excellent fluorescence and

outstanding stability. In addition, unlike the previously
reported CsPbX3 (X=Cl, Br, I) perovskites, the crystal
structure of these Cs4PbBr6 MDs was well maintained
under various temperatures. The temperature shows a
great influence on the luminescent properties of
luminescent materials. When the temperature increases,
the non-radiation transition will be enhanced, resulting in
the decrease of the intensity of the luminescence, which is
known as thermal quenching [38,39]. The fluorescence of
the Cs4PbBr6 MDs was quenched with the increased
temperature. However, their fluorescence could be well
recovered. In view of the excellent fluorescence and
stability of Cs4PbBr6 MDs, a sensitive fluorescence sensor
of temperature with good recyclability was developed,
which was utilized for the temperature sensor in the range
of 30–200°C.
In the study, we developed a one-pot green wet-

chemistry strategy for large-scale synthesis of Cs4PbBr6
MDs. Briefly, the CsBr and PbBr2 were dissolved in DMF
with polyvinylpyrrolidone (PVP) as the surfactant, and
then the mixture was transferred into a Teflon-lined
autoclave and treated at 150°C for 3 h. Finally, the phase-
pure Cs4PbBr6 MDs with strong green fluorescence and
hydrophilic surface were obtained (Fig. 1a). The X-ray
powder diffraction (XRD) measurement was carried out
to determine the accurate phases of the as-obtained
products. As shown in Fig. 1b, from MD-1 to MD-4, the
molar ratio of CsBr to PbBr2 in the precursors for the
synthesis of samples was 7, 6, 5 and 4, respectively. The
peaks at 29.4°, 42.1° and 52.1° can be indexed to CsBr,
which became weak by decreasing the molar ratio of
CsBr-to-PbBr2. The diffraction peaks of the perovskites
became sharper and much more intense from MD-1 to
MD-4, suggesting the good crystallinity of as-prepared
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samples. All the diffraction peaks of the perovskites were
well assigned to those of Cs4PbBr6 (JCPDS number: 54-
0750). And no impurity peaks were observed in the XRD
patterns of MD-4, which confirms the high purity of the
products when the molar ratio of CsBr-to-PbBr2 was 4:1.
The typical photoluminescence (PL) spectrum (Fig. 1c)
and ultraviolet-visible (UV-vis) absorption spectrum
(Fig. S1) were also obtained. A sharp and symmetric of
PL spectrum located at 521.4 nm with a full width at half
maximum (FWHM) of 20 nm was observed. The insets in
Fig. 1c showed the photographs of Cs4PbBr6 powders
under UV light (left, λex=365 nm) and the products
prepared on a large scale (right, 1.5 g) in one autoclave
(40 mL of DMF). Obviously, the Cs4PbBr6 powders
showed very bright green fluorescence, with a photo-
luminescence quantum yield (PLQY) of 42% (Fig. S2). It
is noteworthy that the solvent (DMF) could be reutilized
for tens of times. There is no difference on the shape and
size of the as-obtained Cs4PbBr6 MDs (Fig. S3). Mean-
while, their fluorescence is also as strong as that of the
Cs4PbBr6 MDs synthesized using fresh DMF, although
the wavelength of fluorescence had a slight fluctuation
(526.8±1.6 nm) (Figs S4–S6).
The typical transmission electron microscopy (TEM)

and scanning electron microscopy (SEM) images of the
as-synthesized Cs4PbBr6 were shown in Fig. 2. As

presented in Fig. 2a and b, the Cs4PbBr6 MDs presented
a disk shape with an average diameter of ~1 μm and
thickness of ~100 nm. Moreover, the energy-dispersive
X-ray (EDX) elemental mapping of Cs, Pb and Br
(Fig. 2c–f) confirmed the existence and uniform
distribution of the elements within the disk. Elemental
ratio of Cs:Pb:Br in an individual disk as obtained from
EDX spectroscopy (Fig. S7) is calculated to be 4.03:1:6.07,
which is in good consistence with the Cs4PbBr6
composition observed from XRD. Consequently, the
Cs4PbBr6 MDs with uniform morphology and high phase
purity were synthesized via this one-pot green strategy.
It is well known the long-term stability of perovskites is

the key issue in perovskite-based devices, considering the
intrinsic degradation under real working conditions,
where the device is operated continuously with light
and heat. Therefore, the thermal stability of these
perovskite MDs was carefully investigated. As shown in
Fig. 3a, the fluorescence of Cs4PbBr6 powders showed a
negligible decrease after heating at 200°C for 2 h and then
naturally cooling to room temperature (30°C), which was
further confirmed by the PL spectra with a PLQY of 38%
(Fig. S8). Meanwhile, no obvious changes were observed
in the color of the perovskite powder under natural light.
On the contrary, the fluorescence of CsPbBr3 QDs,
synthesized using hot injection in hydrophobic solvents,

Figure 1 Scheme for the synthesis process (a), XRD patterns (b) and fluorescence spectrum and photograph (c) of Cs4PbBr6 MDs. (b) From MD-1 to
MD-4, the molar ratio of CsBr-to-PbBr2 in the precursor was 7, 6, 5 and 4, respectively.
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was completely quenched after heating treatment with the
same process (Fig. 3a and Fig. S9), and their color was
evolved into yellow under natural light. To reveal the
reason that Cs4PbBr6 crystals remained the luminescence
property after heating treatment, we investigated the
crystal structure of Cs4PbBr6 powder by means of
temperature-dependent XRD measurement. As shown
in Fig. 3b, the XRD peaks matched well with the Cs4PbBr6

reflections at the temperatures ranging from 30 to 200°C.
A slight shift of peak could be attributed to the lattice
expansion with temperature increment. However, the
crystal structure of CsPbBr3 QDs was completely
destroyed after the heating treatment (Fig. S10). Fig. 3c
shows the temperature-dependent fluorescence spectra at
room temperature and 200°C. More importantly, the
fluorescence intensity of Cs4PbBr6 sample was well
maintained after 20 heating-cooling cycles (Fig. 3d),
implying the excellent thermal stability of as-prepared
Cs4PbBr6 MDs. The results demonstrate that the thermal
responsive fluorescence performance of Cs4PbBr6 powder
could be attributed to thermal quenching instead of the
changes in structure at high temperature [38].
Encouraged by the above-mentioned results, Cs4PbBr6/

polydimethylsiloxane (PDMS) composites were further
fabricated via thermal polymerization and then applied
for temperature sensing. As shown in Fig. 4a, the
composite disk showed uniform bright green lumines-
cence with excellent recovery ability after heating-cooling
cycle between 30 and 200°C. To deeply investigate the
feasibility of this luminescent disk for temperature
sensing, the temperature-dependent PL was carefully
checked. As depicted in Fig. 4b, no obvious red or blue
shift was observed in the fluorescence spectra of the

Figure 2 TEM (a) and SEM (b) images and elemental mapping images
(c) of as-prepared Cs4PbBr6 MDs.

Figure 3 (a) Photographs of Cs4PbBr6 MDs and CsPbBr3 nanocrystals under natural light and UV light before and after heating treatment at 200°C
for 2 h; (b) XRD patterns of the Cs4PbBr6 MDs at various temperatures; (c) Fluorescence spectra and (d) fluorescence intensity evolution of the
Cs4PbBr6 MDs during tens of heating-cooling cycles between 30 and 200°C.
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Cs4PbBr6/PDMS composite at various temperatures.
However, the fluorescence intensity (I) exponentially
decreased with the temperature increment (Fig. 4c).
Interestingly, the natural logarithm of luminescence
intensity (log(I)) and the temperature (T) fell into the
linear plot (R2=0.9980), as indicated in Fig. 4d,
demonstrating that the luminescent Cs4PbBr6/PDMS
composite can be utilized for temperature sensing [39].
In summary, we developed a one-step green strategy for

the large-scale production of pure phase Cs4PbBr6 MDs in
hydrophilic solvent (DMF) with excellent fluorescent
merits and thermal stability. The solvent can be reutilized
for tens of times without degrading the final perovskite
products. These Cs4PbBr6 MDs demonstrated an out-
standing thermal stability, which is in favour of the heat
processing of the perovskite-based devices. Meanwhile,
the samples showed excellent fluorescence recovery after
cooling to room temperature from 200°C. Owing to these
merits, a luminescent sensor using Cs4PbBr6/PDMS
composite was fabricated for the fluorescence sensing of
temperature. Furthermore, the temperature-dependent
XRD results confirmed that the thermal responsive
fluorescence of Cs4PbBr6 MDs stemmed from thermal
quenching instead of structure change at high tempera-
ture. We believe this work will promote tremendous

advances for further developing the large-scale green
synthesis of perovskites and push all-inorganic halide
perovskites to a new stage as a research paradigm in the
field of optoelectronic devices, especially in perovskite-
based temperature sensing, healthy lighting and wide-
colour-gamut displays.
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超稳定强荧光亲水钙钛矿薄片的制备及热传感性能研究
罗清, 王辉, 殷雄*, 汪乐余*

摘要 铯铅卤化物钙钛矿材料因具有优异的光学特性, 近年来受到广泛关注, 但其固有的不稳定性及现有的制备技术阻碍了它们的实际
应用. 本文报道了一种大规模绿色合成亲水钙钛矿Cs4PbBr6薄片的方法. 本方法用N,N-二甲基甲酰胺作为可循环使用的溶剂, 所得到的铯
铅卤化物钙钛矿Cs4PbBr6薄片对光、热及亲水溶剂表现出超高稳定性. 此外, Cs4PbBr6/PDMS复合薄膜在热传感应用方面具有优异的稳定
性和再现性. 本研究为制备高稳定性钙钛矿材料提供了有效的参考途径.
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