
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 1
0:

46
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ratiometric fluor
aCollege of Chemistry, Chemical Engineer

University, Zhangzhou 363000, China
bFujian Province Key Laboratory of Mod

Technology, Minnan Normal University, Zha
cInstitute of Food Safety and Environment

350108, China
dHuman Phenome Institute, Fudan Universi
eCollege of Science, China University of Pe

China

† Electronic supplementary information (
characterization and analysis of carba
1880923. For ESI and crystallographic dat
https://doi.org/10.1039/d2ra03084e

Cite this: RSC Adv., 2022, 12, 25106

Received 16th May 2022
Accepted 28th August 2022

DOI: 10.1039/d2ra03084e

rsc.li/rsc-advances

25106 | RSC Adv., 2022, 12, 25106–2
escence sensing of temperature
based on perovskite nanocrystals and rhodamine B
doped electrospun fibers†

Xiaohong Tan,a Heng Lu,a Yanmei Zhou,a Shaoru Wu,a Guobin Huang,c

Xudong Wang,d Jingbin Zeng,e Feiming Li,ab Zhixiong Caiab

and Maosheng Zhang *ab

Sensing temperature (T) has gained great attention since T is the most important parameter in daily life,

scientific research and industry. A ratiometric fluorescence T sensor is fabricated by doping MAPbBr3
perovskite nanocrystals (PNCs) and rhodamine B (RhB) into a polyacrylonitrile (PAN) matrix and the

composite materials are electrospun into optical fibers. The fibers show characteristic emissions at 521

and 587 nm under UV irradiation (lex ¼ 365 nm). Both emission intensities gradually increased with

elevating T, accompanied with a fluorescence color change from green to yellow. There is a linear

relationship between fluorescence intensity ratio (I521/I587) and T in the range of 30–45 �C. The T

response sensitivity is as high as 4.38% �C�1 at 45 �C.
1. Introduction

Temperature (T) plays a vital role in daily life, scientic research
and industry. Constructing a T sensor with high sensitivity,
good reliability and real-time response is highly in demand in
various elds. Conventional T sensors include resistance T
detectors,1 thermal sensors,2 infrared T sensors,3 mercury
thermometers and so forth. However, these methods have some
limitations, such as expensive equipment and low sensitivity.
Fluorescence T sensors have unique properties in that they are
able to measure T remotely. The uorescent materials can be
immobilized or painted on the place of interest and signals can
be read out via ber optic technology. Up to now, most uo-
rescence T sensors were constructed based on a single uo-
rophore.4–7 They tend to be strongly inuenced by uorescence
background, scattered light, uctuation of light source and
optics. To overcome these problems, ratiometric uorescence T
sensors have been developed.8–11 Ratiometric sensing of T
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utilized two uorescence emission peaks as signal. Salas-Juárez
et al. reported a novel ratiometric uorescence sensor for
monitoring T in the range of 25–100 �C. Lanthanide complex
Tb/Eu-TPTZ incorporated in polymethyl methacrylate (PMMA)
matrix was used as T-response material.12 Qiu and coworkers
developed a ratiometric T sensor based on the opposite thermal
quenching behaviors of Cr3+ and Tb3+ in a mixture of Cr3+-
doped phosphor (LiAl5O8: Cr3+) and Tb3+-doped phosphor
(LuPO4: Tb

3+).13

Halide perovskites nanocrystals (PNCs) are promising uo-
rescence materials due to their outstanding characteristics,
including high photoluminescence quantum yield (PLQY),
narrow emission band, tunable band gap, convenient synthesis
and low-cost.14–18 Methylammonium lead halide perovskites,
MAPbX3 (X ¼ Cl, Br, I) PNCs, have attracted increased attention
in the elds of solar cells, light-emitting diodes, and photode-
tectors. However, only few reports on the uorescence T sensing
based on MAPbX3 PNCs, which can be attributed into two
reasons: (1) MAPbX3 PNCs are facilitated interference during T
sensing due to their poor stability in a humid environment;19 (2)
pure MAPbX3 PNCs have low response sensitivity to T although
uorescence quenching oen occurs with increase of T.20

Conventionally, encapsulation of halide PNCs into protect-
ing matrices, such as SiO2,21 TiO2,22 Al2O3 (ref. 23) and polymer,
are an effective route to enhance their stability. The matrices
not only preserve halide PNCs from moisture, oxygen, and UV
light, but also reduce the agglomeration of halide PNCs. Elec-
trospinning bers were used as protecting matrices of halide
PNCs, which showed high stability, good surface to volume
ratio, increased porosity and high exibility. Easily accessible
polymers, such as PMMA,24 poly(vinylidene uoride) (PVDF),25
© 2022 The Author(s). Published by the Royal Society of Chemistry
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polyacrylonitrile (PAN)26 and polystyrene (PS),27 have been used
as electrospinning materials to encapsulate halide PNCs.
Surprisingly, encapsulating MAPbBr3 PNCs into PAN electro-
spinning bers not only signicantly enhance their stability,
but also improve their sensitivity to T in the range of 30–45 �C.
These properties make them suitable for uorescence T
sensing.

We developed here a novel ratiometric T sensor based
MAPbBr3&RhB@PAN bers by encapsulating MAPbBr3 PNCs
and RhB into PAN. The bers possess two separated uores-
cence emission peaks once excited at 360 nm. With the increase
of T in the range of 30–45 �C, the uorescence intensity of
MAPbBr3 PNCs increased. Meanwhile, the uorescence inten-
sity of RhB increased owing to uorescence resonance energy
transfer (FRET). Variation of two uorescence intensities
resulted in uorescence color change from green to yellow. The
proposed ratiometric uorescence T sensing provided an inge-
nious method for monitoring T with the advantage of conve-
nience and sensitivity.
2. Results and discussion
2.1. Characterization of PAN, RhB@PAN, MAPbBr3@PAN
and MAPbBr3&RhB@PAN bers

SEM images in Fig. 1a–d show all bers are long and straight.
The surface of PAN and RhB@PAN bers is rather smooth while
the surface of MAPbBr3@PAN and MAPbBr3&RhB@PAN bers
is slightly rough, which may prove the encapsulation of
MAPbBr3 PNCs. Furthermore, compared to the diameter of PAN
bers (Fig. 1a, �1 mm) and RhB@PAN bers (Fig. 1b, �1 mm),
the diameter of MAPbBr3@PAN bers (Fig. 1c, �2.4 mm) and
MAPbBr3&RhB@PAN bers (Fig. 1d, �3.3 mm) has a signicant
increase due to the additional MAPbBr3 PNCs. TEM images
show that there are abundant nanoparticles (circled in red)
dispersed in MAPbBr3@PAN bers (Fig. 1g) and MAPbBr3&-
RhB@PAN bers (Fig. 1h). The lattice fringes with intervals of
0.2 nm are observed in the HRTEM of nanoparticles (the insert
image of Fig. 1g) assigned to the d-distance of (242) plane of
MAPbBr3 PNCs. Confocal uorescence microscopy is used to
Fig. 1 SEM, TEM and confocal fluorescence microscopic images of
the synthesized (a, e and i) PAN fibers, (b, f and j) RhB@PAN fibers, (c, g
and k) MAPbBr3@PAN fibers (HRTEM, inset) and (d, h and l)
MAPbBr3&RhB@PAN fibers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
verify the uorescence properties of the electrospinning bers.
It is obvious that the PAN bers exhibit no uorescence (Fig. 1i).
On the contrary, the RhB@PAN bers (Fig. 1j) and
MAPbBr3@PAN bers (Fig. 1k) show vivid red and green uo-
rescence, respectively. The MAPbBr3&RhB@PAN bers (Fig. 1l)
display yellow uorescence which conrms the co-
encapsulation of MAPbBr3 PNCs and RhB. In order to verify
the MAPbBr3&RhB@PAN bers are successfully prepared, we
measured the elemental composition by EDS, as shown in
Fig. S1a–d.† The result indicates the presence of C (25.29%), N
(27.05%), O (15.34%), Cl (0.49%), Pb (0.80%) and Br (2.04%) in
MAPbBr3&RhB@PAN bers (Fig. S1d†). By a sharp contrast,
pristine PAN bers (Fig. S1a†) only exist C and N.

The crystal structure of PAN, RhB@PAN, MAPbBr3@PAN and
MAPbBr3&RhB@PAN bers are further characterized by XRD
and results are summarized in Fig. 2a. The broad diffraction
peak from 15� to 40� of PAN and RhB@PAN bers indicate they
do not have obvious crystal structure. In contrast, the MAPbBr3
(PDF# 76-2758), MAPbBr3@PAN bers diffraction peaks at 2-
theta values are 15�, 21�, 30�, 33.9�, 43� and 45.5� corresponding
to (101), (121), (202), (141), (242) and (143) lattice planes,
respectively. Peaks at 15� and 30� are assigned to the (101) and
(202) of MAPbBr3&RhB@PAN bers, respectively. It is
conrmed that MAPbBr3 PNCs are encapsulated into PAN
matrixes by electrospinning bers. Fig. 2b shows uorescence
spectra of MAPbBr3@PAN, RhB@PAN and MAPbBr3&-
RhB@PAN bers. Under the excitation of 360 nm, the
MAPbBr3@PAN and RhB@PAN bers exhibit strong uores-
cence emission peaks at 521 with full width at half maximum
(FWHM) values of 28 nm and 590 nm with FWHM values of
45 nm, respectively. The uorescence spectrum of MAPbBr3&-
RhB@PAN bers displays dual emission peaks at 521 and
587 nm under the same excitation wavelength which indicates
MAPbBr3&RhB@PAN bers can be used as uorescence mate-
rials of ratiometric uorescence T sensing. The photographs of
the MAPbBr3@PAN, RhB@PAN and MAPbBr3&RhB@PAN bers
under UV light show green, red, and yellow uorescence,
respectively (inset in Fig. 2b). According to these results, the
MAPbBr3&RhB@PAN bers are conrmed to be successfully
synthesized.
Fig. 2 (a) The XRD patterns of PAN, RhB@PAN, MAPbBr3@PAN and
MAPbBr3&RhB@PAN fibers. (b) The fluorescence spectra of the
MAPbBr3@PAN fibers (green), RhB@PAN fibers (blue) and MAPbBr3&-
RhB@PAN fibers (red) (the insert picture of fibers under 365 nm UV
illumination).
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2.2. Condition optimization for dual-emission ratiometric
uorescence sensing

In order to maximize T sensitivity, several key factors including
uorescence response time and concentration ratio of MAPbBr3
and RhB are studied in details, which has great inuence on T
sensing response. As shown in Fig. 3, the maximum value of
(I521/I587)0� (I521/I587) is observed whenMAPbBr3 PNCs and RhB
is 9% and 0.1%, respectively. Fig. S2† exhibits that the uo-
rescence response reaches stable in 10 min aer heating in
45 �C. Therefore, 9% MAPbBr3, 0.1% RhB and response time at
10 min are selected as the optimal ratio for the following
experiment.
Fig. 4 (a) The fluorescence spectra of the MAPbBr3@PAN fibers in the
range of 30–45 �C; (b) linear relationship curve between intensity ratio
and T (the insert picture of MAPbBr3@PAN fibers under 365 nm UV
illumination). (c) The fluorescence spectra of the MAPbBr3&RhB@PAN
fibers in the range of 30–45 �C; (d) linear relationship curve between
I521/I587 and T (the insert picture of MAPbBr3&RhB@PAN fibers under
365 nm UV illumination).
2.3. Stability of MAPbBr3&RhB@PAN bers

The stability of ratiometric uorescence T sensor plays a vital
role in the eld of practical applications. Experiments under
different conditions (i.e., ambient air, moisture, and UV-light
irradiation) were carried out. As observed in Fig. S3a,† the
I521/I587 of MAPbBr3&RhB@PAN bers remain constant during
immersing the bers in water for 15 days. The materials have
outstanding hydrophobicity, which is also supported by the fact
that the water contact angle of MAPbBr3&RhB@PAN bers is
116.51� (the insert picture of Fig. S3a†). The I521/I587 of
MAPbBr3&RhB@PAN bers nearly remains unchanged for 10
days when storing the material at ambient air (20–25 �C) and
relative humidity of 60–80% (Fig. S3b†). The MAPbBr3&-
RhB@PAN bers remain stable for at least 4 h under 365 nm
UV-light continuous irradiation (Fig. S3c†). Based on these
results, it is evident that the hydrophobic PAN can effectively
reduce the contact between PNCs and the atmosphere to
improve the stability of PNCs.
2.4. Performance of dual-emission ratiometric uorescence
T sensing

The T sensors based on MAPbBr3@PAN and MAPbBr3&-
RhB@PAN bers have been constructed under optimized
conditions. As shown in Fig. 4a, the uorescence intensity at
521 nm increases with T increasing, and there is a good linear
relationship (r2 ¼ 0.9919) between intensity ratio and T in the
range of 30–45 �C (Fig. 4a). The linear regression equation is
(Fig. 4b):

(I � I0)/I0 ¼ 0.702T � 20.603 (1)
Fig. 3 Influence of the amounts of (a) MAPbBr3 and (b) RhB at 25 �C
and 45 �C of MAPbBr3&RhB@PAN fibers.

25108 | RSC Adv., 2022, 12, 25106–25111
For MAPbBr3&RhB@PAN bers, the uorescence intensity of
521 nm and 587 nm emission peaks all display increase in the
range of 30–45 �C (Fig. 4c). Moreover, the calibration plot of I521/
I587 versus T in the range of 30–45 �C displays a good linear with
r2 of 0.9987 (Fig. 4d). The linear curve t an equation:

D ¼ I521/I587 ¼ 6.36 � 0.094T (2)

The dual emission can be further used for colorimetric
sensing of T, in which results can be readout by bare eyes.
Obviously, the monochrome color change shown in the insert
picture of Fig. 4b is difficult to be distinguished by eyes.
However, the MAPbBr3&RhB@PAN bers show highly distin-
guishable color change from green to yellow under 365 nm UV-
lamp (the insert picture of Fig. 4d).

An important parameter to compare the performance of T
sensor is thermal sensitivity, which represents the response of
I521/I587 with T changing. Absolute sensitivity (Sa) and relative
sensitivity (Sr) can be expressed as:12

Sa ¼ vD

vT
(3)

Sr ¼ 1

D
�
����vDvT

����� 100% (4)

From eqn (3), one can see that Sa is the slope in the linear
relationship (Sa ¼ 9.4%), which relies on T changing and the
material used. Sr can be used to compare the performance of
different T sensors (eqn (4)). In our work, Sr value is 4.38% �C�1

at the maximum Tmeasured (Tm ¼ 45 �C). The Table 1 lists the
maximum Sr of different ratio uorescence T sensing materials
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of our work with different materials reportsa

Materials T range (�C) Sr max (% �C�1) Ref.

Zn-TCOMAIDMASE 20–60 1.8 10
UiO-66(Zr & Eu) �36–64 4.26 11
(Tb/Eu-TPTZ)PMMA 25–100 2.98 12
Ad/Tb0.999Eu0.001/BPDC �173–27 1.23 30
PP-TzDa 20–100 0.95 31
CsPbBr3@Eu-BTC 20–100 3.9 32
MAPbBr3&RhB@PAN 30–45 4.38 This work

a Covalent organic framework (PP-TzDa), 2,4,6-tris(2-pyridyl)-1,3,5-
triazine (TPTZ), Zn-based metal–organic framework (Zn-TCOMA), 4-(4-
(dimethylamino)styryl)-1-ethylpyridinium (DMASE), biphenyl-4,40-
dicarboxylate (BPDC), adeninate (Ad).

Fig. 5 The fluorescence intensity of the MAPbBr3@PS (blue),
MAPbBr3@PVDF (red), MAPbBr3@PMMA (black) and MAPbBr3@PAN
(green) fibers in the range of 30–45 �C.
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in different T ranges. Compared with other materials,
MAPbBr3&RhB@PAN bers have a higher Sr value at lower T.
And the morphological of MAPbBr3&RhB@PAN bers shows
negligible change in different T (Fig. S4†). The thermal stability
of MAPbBr3&RhB@PAN bers is evaluated by TGA curves, which
can be roughly divided into three weight loss stages as shown in
Fig. S5†.28,29 The bers lose about 8% of the initial weight from
30 �C to 287 �C in the rst stage, which is mainly attributed to
evaporation of water molecules on the surface of bers and low
boiling temperature volatile compounds (DMF). In the range
from 287 to 460 �C, there is a sudden decline (weight loss is
about 45%), signifying a cyclization, dehydrogenation and
thermal cross-linking process of PAN. In the third stage above
460 �C, the weight loss takes place at a relatively steady pace as
for MAPbBr3&RhB@PAN bers, which might be resulted from
the partial evaporation of NH3 and HCN. From the analysis
above, the novel ratiometric uorescence T sensor could be
constructed by MAPbBr3&RhB@PAN bers, which indicates
that the ratiometric uorescence T sensor had a potential
application for on-site T measurement.
2.5. Mechanism of ratiometric uorescence T sensor
MAPbBr3&RhB@PAN bers

Generally, the uorescence intensity of uorescence materials
decreases with increasing T due to thermal quenching.
However, MAPbBr3@PAN bers show reverse trends, whose
intensity increases markedly with increasing T in the range of
30–45 �C. According to literature, the uorescence enhance-
ment with increasing T may be attributed to the followed
reasons: (1) the aggregation degree of PNCs is lower at higher T
and results in decreased concentration quenching of uores-
cence. However, this phenomenon oen occurs in solution
system, not in polymer bers;33 (2) delayed uorescence can
lead to the increase of uorescence intensity with increasing T,
when the uorescence lifetime of uorescence materials is
about several milliseconds.34,35 However, in our case, the uo-
rescence lifetime of MAPbBr3@PAN bers is about several
nanoseconds; (3) the thermally activated passivation can also
enhance by reducing the surface defects of PNCs, thus resulting
in uorescence enhancement with increasing T. For
MAPbBr3@PAN bers, the nitrile grouping (–CN) in PAN can
passivate MAPbBr3 PNCs since it is easy to form strong
© 2022 The Author(s). Published by the Royal Society of Chemistry
coordination bonds with Pb2+ aer thermal treatment. This
result is similar to Xie's report.36 As further proof, MAPbBr3@PS,
MAPbBr3@PVDF and MAPbBr3@PMMA bers are synthesized
and their T sensitive experiment are investigated. As shown in
Fig. 5, except MAPbBr3@PAN bers, uorescence intensity of
other bers decrease with increasing T. The uorescence
spectra of RhB@PAN bers are shown in Fig. S6.† The uores-
cence intensity of RhB in RhB@PAN bers shows negligible
change aer thermal treatment under 360 nm excitation
(Fig. S6a†). Surprisingly, the uorescence intensity of RhB
increases with increasing T in MAPbBr3&RhB@PAN bers
(Fig. S6b†). We believe this result is directly related to the FRET
from MAPbBr3 PNCs to RhB in MAPbBr3&RhB@PAN bers.37

FRET is the process of nonradiative energy transfer between
uorescent donor and light-absorbing receptor. The occurrence
of FRET highly depends on the extent of spectral overlap and
the distance between the donor and receptor. FRET rate can be
calculated to related parameters such as Förster distance (R0),
overlap integral (J(l)) and energy transfer efficiency (E). It can be
found in Fig. S7a,† the absorbance spectrum of RhB signi-
cantly overlaps the emission spectrum of MAPbBr3 PNCs. R0

should be between the range of approximately 1 to 10 nm of
donor and receptor in FRET, dened as follows:38

R0 ¼ 8.8 � 10�25K2n�4jJ(l) (5)

where K2 is orientation factor (the random orientation factor in
space is 0.476), n is refractive index of the medium (PAN is
1.514), j is quantum efficiency of the donor and J(l) is overlap
integral between uorescence emission spectrum of the energy
donor and absorption spectrum of the energy receptor, which
can be calculated by the following eqn (6):38

JðlÞ ¼
ðN
0

FDðlÞ3AðlÞl4dl (6)

where FD(l) is the uorescence spectrum of the donor and 3A(l)
is the molar extinction coefficient of the receptor at wavelength
l. The R0 of MAPbBr3 and RhB can be calculated as 9.07 nm,
RSC Adv., 2022, 12, 25106–25111 | 25109
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which conforms to Förster distance of FRET theory between 1
and 10 nm. The value of E is estimated to be 52.6%, according to
eqn (7):38

E ¼ 1� IDA

IA
(7)

where IDA and IA are, respectively, the MAPbBr3 PNCs (donor)
uorescence intensity at 360 nm with and without the presence
of RhB (receptor).

Thus, the proposed FRET mechanism is depicted in
Fig. S7b.† Under 365 nm UV light, MAPbBr3 PNCs absorb
photons and then are excited to a higher electronic energy state
(excited state). MAPbBr3 PNCs in the excited state return to the
ground state aer transferring the energy to the RhB through
the dipole interaction between MAPbBr3 PNCs and RhB, which
cause the intensity of RhB increase.

3. Conclusions

In summary, a novel ratiometric uorescence T sensor has
successfully been constructed by doping MAPbBr3 PNCs and
RhB into PAN bers via electrospinning technique. The
amounts of MAPbBr3 PNCs and RhB was optimized to improve
T sensing sensitivity. When the T rising, both uorescence
intensities of MAPbBr3 and RhB increase due to passivation and
FRET, respectively. There is apparent uorescence color change
with increasing T which can be inspected by bare eyes under
365 nm UV-lamp. There is a good linear relationship between
uorescence ratio and T in the range of 30–45 �C. The
MAPbBr3&RhB@PAN bers exhibit excellent performance with
a high relative sensitivity of 4.38% �C�1. The colorimetric sensor
provides a new method for on-site T measurement for its
convenient synthesis and low-cost, which indicates the appli-
cation prospect in T sensing.
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