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Abstract: In this study, CsPbBr;@SiO, perovskite nanocrystal composites (CsPbBr;@SiO, PNCCs)
were synthesized by a benzyl bromide nucleophilic substitution strategy. Homogeneous halide
exchange between CsPbBr;@SiO, PNCCs and Cl™ solution (aqueous phase) was applied to the
determination of CI™ in sea sand samples. Fast halide exchange with C1™ in the aqueous phase
without any magnetic stirring or pH regulation resulted in the blue shift of the photoluminescence
(PL) wavelength and vivid PL color changes from green to blue. The results show that the PL sensing
of CI™ in aqueous samples could be implemented by using the halide exchange of CsPbBr3@SiO,
PNCCs. A linear relationship between the PL wavelength shift and the CI™ concentration in the
range of 0 to 3.0% was found, which was applied to the determination of C1~ concentration in sea
sand samples. This method greatly simplifies the detection process and provides a new idea for
further broadening PL sensing using the CsPbBr; PNC halide.

Keywords: CsPbBr3 perovskite nanocrystal composites; colorimetric sensing; photoluminescence
wavelength shift; sea sand; C1~

1. Introduction

Due to environmental protection, the mining of river sand is restricted, which results in
the shortage of river sand resources for buildings. The replacement of sea sand necessitates
the use of river sand. However, sea sand without suitable treatment causes serious problems
for the durability of reinforced concrete structures due to the high concentration of chloride
ions (CI7). The durability of concrete in coastal or offshore areas is mainly caused by
Cl™ erosion, which may be widespread in a relatively large area. The occurrence of
chlorinated sand is generally associated with two situations: one is that chlorinated sea
sand is inadequately cleaned and is then used in the mixing of concrete, and the second is
that some rivers are polluted by seawater due to seawater backflow. In this case, a certain
amount of river sand exceeding the standard of Cl1~ enters the commercial market. Research
results show that the possibility and harm of reinforcement corrosion increase with the
increase in C1~ content in concrete. When the concentration of C1~ exceeds the critical
concentration (generally considered to be 0.6 kg/m?), corrosion occurs in the presence of
water and oxygen.

The titration of a potassium chromate indicator with silver nitrate has been commonly
regarded as a typical titration method for the determination of C1~ according to the Chinese
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National Standard (GB/T 14684-2011) for construction sand [1]. When potassium chromate
reacts with silver nitrate, silver chromate appears with a brick-red color, but the color
changes to white as soon as Cl~ is added. There have been many instrumental methods
for the determination of C1~ in aqueous samples, such as high-performance liquid chro-
matography [2], ion chromatography [3], capillary electrophoresis [4], the electrochemical
method [5], the fluorescence method [6] and the colorimetric detection method [7]. How-
ever, sophisticated scientific instruments with complicated data-collecting and -processing
systems are required, and thus, high costs and the requirement for a professional operator
severely limit their usage.

Although selective electrodes can be applied for the inexpensive and convenient
sensing of ClI™ in some samples, such as human serum [8,9], the response sensitivity
and long-term stability of the electrochemical sensing material should be thoroughly
considered. Based on the situation, fluorescence-sensing methods can be reasonably con-
sidered. At present, fluorescence-sensing methods for C1~ mainly include fluorescence
on and quenching approaches. In 2020, Zhang et al. [10] synthesized 5, 10, 15, 20-tetra
(4-hydroxyphenyl) porphyrin (THPP) and coordinated it with Ag* to form a THPP-Ag com-
plex. This complex has a strong binding ability to CI~ and can be used for C1~ fluorescence
sensing with a detection limit of 7.5 pM CI™. This sensing approach has been successfully
applied to in vitro and in vivo bioimaging. Based on the strong interaction between silver
(Ag") and Cl~, a Ag*-benzimidazole complex (Ag*-FBI) was used by Kim et al. [6] to
develop a fluorescence sensor for the quantitative determination of C1~ in human sweat.
The fluorescence intensity of the Ag*-FBI complex increased in the presence of C1~, with
a detection limit of 19 uM and a response time of less than 3 min. The Ag*-FBI complex
showed high selectivity for C1™ ions in a wide pH range from pH 6 to pH 9. In 2021, Tutol
et al. [11] reported a fluorescence on-type sensing approach for the determination of CI™ in
detergent and E. coli using a single point mutation of the fluorescent protein. The single
point mutation replaces the chromophore counter-ion with valine, creating a binding site
for C17. The binding of C1~ adjusts the pKa of chromophores to a protonated fluorescence
state and responds to the pH change.

In addition, several fluorescence-quenching-based Cl~ sensing approaches have been
reported in recent years. For example, in 2006, Schazmann et al. [12] developed a 1,
3-alternating tetra-substituted calix arene-based neutral 2-chloride compound, whose
fluorescence could be quenched due to the conformational change during C1~ coordination.
It is highly selective for C1™ sensing, with a detection limit of 8 x 10~® M, and the response
time is less than 3 s. In 2014, a fluorescence-sensing approach based on the substitution of
N-acylhydrazone for Bodipy-mercury (II) was proposed by Madhu et al. [13]. BODIPYs 1
and 2 specifically recognize Hg?* and form 1-Hg?* and 2-Hg?" complexes, respectively, and
lead to fluorescence quenching. After C1~ ions were added to the complexes, fluorescence
was restored by extracting mercury (II) ions from the complexes, which reveals high
selectivity and specificity under physiological conditions, with a detection limit of 108 nM.
In 2015, Bazany-Rodriguez et al. [14] reported a fluorescent dicationic compound for C1~
sensing in water. Chloride quenches blue fluorescence and forms a very stable complex.
This approach revealed good selectivity for other co-existing anions, with a detection limit
of 33 mol L. In 2017, Kim et al. [15] proposed a fluorescence-quenching sensing approach
using citrate-based material, which realized the low-cost and automatic detection of C1~ in
sweat. In addition, the fluorescent material also has higher selective characteristics and can
be applied under different pH conditions.

In PL intensity-ratio-based optical sensing, in 2010, Riedinger et al. [16] developed
a novel approach for Cl~ sensing using an organic fluorophore (chlorine-sensitive flu-
orophore, amino-MQAE) and a reference fluorophore (cresol violet)-gold nanoparticle
hybrid. The fluorescence quenching of amino-MQAE in the presence of C1~ can be observed
by changing the distance between amino-MQAE and Au NP surfaces with polyethylene gly-
col (PEG) spacers. In 2020, Ding et al. [17] reported a nanosensor for C1~ based on the ratio
of PL lifetimes. In their study, the luminescent ruthenium dye [Ru(1,10-phenanthroline);]
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was added to the interior of silica nanoparticles, and the external surface was labeled with
a fluorescent dye (N,N'-bis-(carboxypropyl)-9,9’-biacridine), which is sensitive towards
Cl~. The surface was further functionalized with a positively charged amino group, and a
good linear relationship between the response and Cl~ concentrations from 0 to 200 mM
was realized, with the ratio signal varying from 140.9 to 40.2. The proposed method can be
used to detect the chloride concentration in cells.

Lead halide perovskites (LHPs) have become smart materials because of their excel-
lent characteristics in photovoltaic and photoelectric fields. For example, in solar cells,
the energy conversion efficiency has soared from 3% to 27% in the last 20 years. Recently,
lead halide perovskite nanocrystals (LHP NCs) have received great attention for their out-
standing photoluminescence (PL) performance, wide color gamut [18], adjustable emission
wavelength [19], large defect tolerance [20], high fluorescence quantum yield [21] and
unique electrical properties of bipolar transport [22]. These advantages enable LHP NCs
to be used in light-emitting diodes, low-threshold lasers, X-ray scintillators and single-
photon emitters. Generally, in AMX;3-type LHPs, the A-position is an amine cation such
as methylamine, formamidine or Cs*, the B-position is Pb?*, and the X bit is Cl—, Br~
or I~ [23]. The energy level structure of LHPs is a key factor affecting its photoelectric
performance, which is mainly composed of B and X sites [24]. The valence band of LHPs is
hybridized by the NP orbital of the halogen and the 6 s orbital of Pb, while the conduction
band is mainly determined by the 6p orbital of Pb, where the np orbital of the halogen
contributes less. Thus, by changing halogens with different np orbital energy levels (C1~
3p, Br™ 4p and I™ 5p), the band gap of LHPs can be easily adjusted to convert the halogens
from chlorine atoms to iodine atoms, and the light emitted by the resulting LHPs can be
converted from near-ultraviolet to near-infrared light. Introducing different proportions of
halide species to occupy the X position can flexibly adjust the band gap of the resulting
LHPs, thus continuously adjusting the emission spectrum to extend to the entire visible
range [25]. For example, CsPbCl; NCs with a particle size of 12 nm produce blue light
emission (~450 nm), CsPbBrs NCs with a particle size of 20 nm emit green light (~520 nm),
and CsPblsz NCs with a particle size of 40-50 nm yield red light (~690 nm). In contrast, the
cations at the A position do not play a significant role in the emission wavelength shift of
LHPs; for example, the substituent MA* can achieve a smaller red shift in the emission
spectrum of CsPbBrj3 [26].

Recently, there have been several reports on the studies and applications of colorimetric
sensing based on the wavelength shift of the halogen exchange characteristics of CsPbX3
NCs. Different halide ions resulted in the variational emission characteristics of the test
paper, and 8 uM of fluorine ions, 75 pM of chloride ions and 2 uM of iodide ions in water
could be detected. CsPbX3 NCs in transparent nanoporous glass (NPG) were obtained
by Ye et al. [27] using a solution immersion method. The prepared material revealed a
stimulus-sensing response by changing color in deionized water and non-aqueous solution
containing Br~. They found that the residual CI~ in NPG nanopores during the preparation
of blank NPG played an important role in the sensing response behavior and long-term
water resistance. The residual C1~ ions are responsible for the stimulus conversion of the
composite material color from green or red to blue. Even when immersed in water for
several months, the composite glass still yielded blue emission due to the protection of C17,
and the emission could be restored in non-aqueous solution to a green color after treatment
with Br™. Sandeep et al. developed paper-substrate-immobilized CsPbBrs NCs and used
the paper substrate to detect fluorine ions, chloride ions and iodide ions in water [28].
Three approaches for the determination of C1~ using CsPbBrs NCs were proposed by
Mishra et al. [29], including the direct addition of the C1~ sample solution to CsPbBrs NCs,
a drop of the CI~ sample solution onto a glass substrate with deposited CsPbBrz NCs,
and a drop of CsPbBrz NCs onto a strip pre-soaked in the CI™ sample solution. In these
procedures, the blue shift of their fluorescence spectra could be observed due to the rapid
anion exchange between CsPbBrs NCs and C1~, and the detection limit was 100 uM. More
recently, Chen et al. [30] investigated the heterogeneous halide exchange between CsPbBr3
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PNCs (n-hexane, organic phase) and NaCl solutions (aqueous phase). The results show that
CsPbBr; PNCs could achieve fast halide exchanges with CI™ of NaCl in the aqueous phase,
accompanying a significant wavelength blue shift and vivid fluorescence color changes.
The Cl~ concentration in sweet samples could be determined with a detection limit of
3 mmol/L.

In this study, we developed an efficient synthesis approach to fabricate CsPbBr;@SiO,
perovskite nanocrystal composites (CsPbBr;@5SiO, PNCCs) in 10 min with the help of
a nucleophilic substitution strategy using benzylic bromide. Compared with CsPbBr3
PNCs, CsPbBr3@SiO, PNCCs revealed better stability towards the alcohol polarity and
can stably disperse in ethanol. In addition, the homogeneous halogen exchange process
of NaCl solution (water)-CsPbBr3@SiO, PNCCs (ethanol) was observed and investigated
in the study. In sensing experiments, it was found that the halogen exchange between
CI™ and CsPbBr3@SiO, PNCCs could be realized without any pH modifications to the
sensing medium or magnetic stirring, which is conducive to the efficient determination
of CI™ and reveals its simplicity and convenience compared with heterogeneous halogen
exchange between CI~ and CsPbBr3 NCs in water-organic phases [30]. The detection limit
of 0.05 mg/mL for this approach meets the requirement that the C1~ content in the highest
class of construction sand should generally be lower than 0.1 mg/g. This approach was
applied to the fluorescence sensing of Cl1~ in sea sand samples.

2. Materials and Methods
2.1. Materials and Chemicals

Octadecene (ODE, 90%), lead stearate (PbSTR, 99.9%), Cs,CO3 (99.9%) and 3-amino-
propyl triethoxysilane (APTES, 98%) were purchased from Shanghai Aladdin Reagent
Co., Ltd., Shanghai, China. ODE was dried for 1 h in a vacuum at 120 °C for purification.
1,3,5-Tris (bromomethyl) benzene (TBB) was obtained from Shanghai Anergy Reagent Co.,
Ltd., Shanghai, China. Other chemicals were used directly without further purification.

A standard Cl~ solution with a concentration of 1000 pg/mL was purchased from
Beijing Zhongke Quality Inspection Biotechnology Co. Ltd., Beijing, China. Each different
concentration of C1~ solution was prepared by diluting the standard solution with pure
water and used on the same day.

2.2. Instruments

The diffuse reflectance spectra of CsPbBr;@SiO, PNCCs were characterized by a near-
infrared /UV /visible spectrophotometer (Varian Cary 5000, Cary, NC, USA). Fluorescence
spectra were collected by an F-7100 fluorescence spectrophotometer (Hitachi, Tokyo, Japan).
An excitation wavelength of 365 nm was used. A 1.5 nm slit for excitation and a 5.5 nm
slit for emission were selected. An excitation wavelength of 365 nm was selected, and a
typical excitation spectrum at 1.92% (330 mmol/L) CI~ is shown in Figure S1. The ab-
solute fluorescence quantum yields (PLQYs) were measured using an FS5 fluorescence
spectrophotometer (Edinburgh, UK) loaded with a 150 W xenon lamp with a light source of
106 cps. In the PLQY measurement, the excitation slit was set at 0.8 nm, and the emission
slit was 0.5 nm. The fluorescence quantum yields were measured and calculated by inte-
grating sphere. The fluorescence lifetimes were characterized by an FLS 980 spectrometer
using a 397 nm laser (Edinburgh, UK) and 1 cm quartz cuvette. The crystal structures of
products were characterized by Ultima IV X-ray Diffractometer (Rigaku, Tokyo, Japan) with
an operating voltage of 40 kV and a current of 15 mA. Infrared spectra of CsPbBr;@SiO,
PNCCs were collected by a Nicolet IS5 Fourier Transform Infrared Spectrometer (Symer-
feld, New York, USA). The surface chemical composition of CsPbBrz@SiO, PNCCs was
characterized by X-ray photoelectron spectroscopy (XPS, PHI Quantum 2000 Scanning
ESCA Microprobe). Tecnai F30 transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and energy-dispersive X-ray spectroscopy
(EDX, Philipps-FEI, Netherlands, with an acceleration voltage of 300 kV) were used to
analyze the morphology of CsPbBrz@SiO,; PNCCs.
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2.3. Preparation of CsPbBr3@SiO,; PNCCs

To a 25 mL three-neck flask, 5 mL of ODE, 210 uL of APTES, 0.016 g of Cs,CO3, 0.0387 g
of PbSTR and 0.071 g of TBB were successively added, stirred vigorously at 2500 rpm and
heated rapidly to 120 °C in natural air. The product was cooled using ice water. The primary
product with yellow-green color was washed using a mixed solvent of ethyl acetate and
n-hexane (Vethyl acetate/ Vn-hexane = 3:1) and was then centrifuged at 10,000 rpm for 10 min.
The product of CsPbBr3@SiO, PNCCs at the bottom was collected and dried in vacuum at
60 °C for use.

2.4. Sensing and Sample Preparation

Samples of 15 mg of CsPbBr;@SiO, PNCCs were accurately weighed and added
to 30 mL of anhydrous ethanol for ultrasonic dispersion. A 1 mL sample of the above-
mentioned CsPbBr;@Si0O, PNCC ethanol solution was taken; 5 uL. of NaCl solution with
different concentrations (17.55-29.83 mg/g) was added and reacted for 15 min, and 365 nm
was used as excitation light. Fluorescence spectra of CsPbBr;@SiO, PNCCs before and after
halogen exchange were collected by F-7100 fluorometer, and the fluorescence discoloration
was observed under a 365 nm UV lamp.

About 500 g of each sand sample was obtained from a sea beach or construction site.
Before being weighed, the sand samples were dried at 105 °C for 60 min. Then, 10.00 g
of the dried sand sample was weighed and then put into a 25 mL flask with 10 mL of
deionized water. The filtrate was collected and stored after ultrasonic extraction for 30 min.
For the measurement, 10 pL of sample filtrate was directly added to CsPbBrz@SiO, PNCC
ethanol solution without prior treatment. The other measurement steps were the same
as above.

3. Results and Discussion
3.1. Synthesis of CsPbBr3;@S5iO, PNCCs Based on TBB Nucleophilic Substitution

The synthesis of CsPbBr;@SiO, PNCCs was set up as shown in Figure 1. TBB first
underwent a nucleophilic substitution reaction with APTES under heating conditions, and
the generated HBr reacted with the acid-binding agent Cs,COj3, producing CsBr, CO, and
H,O. In the meantime, it reacted with PbSTR to yield PbBry. CsPbBrs PNCs could be
produced by the reaction between CsBr and PbBr;, while APTES reacted with HyO to
generate S5iO; under the catalysis of HBr, by which the one-step synthesis of CsPbBr;@SiO,
PNCCs could be realized. As shown by the structural formula in Figure 1b, the imine bond
generated by the reaction of TBB with APTES and the products of the unreacted NH; with
HBr, as well as the unreacted NH; of APTES, can be taken as the anchor sites of CsPbBrs
PNCs on the surface of 5iO; [31,32]. The anchor sites play a key role in the passivation of
the CsPbBr; PNC surface and in improving its stability.

For the synthesis of CsPbBrs PNCs coated by SiO;,, the whole synthesis process can be
carried out in an open system at 120 °C and completed within 10 min. By simply mixing
the solvent, all of the precursors and the ligand reagents, strong luminescent CsPbBrs
PNCs@SiO, PNCCs can be obtained. In addition, the released amount of H,O in the
synthesis can be regulated by Cs;CO3. Compared with the previous method of diffusion
hydrolysis of H,O in the air, the method is more efficient and controllable, which helps to
improve the quality of the CsPbBr3@5SiO, PNCCs for sensing applications.
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Figure 1. TBB aliphatic nucleophilic substitution-guided synthesis of CsPbBr3@SiO, PNCCs (a) and
corresponding potential structure (b).

3.2. CsPbBr;@SiO, PNCC Structure and Their Luminescent Characteristics

The structure of the obtained CsPbBr;@SiO, PNCCs was characterized by XRD.
As shown in Figure 2a, the peaks of 20 at 15°, 21°, 29°, 33°, 37° and 43° correspond
to the crystal planes of {100}, {110}, {200}, {210}, {211} and {220} for cubic crystal CsPbBrs;
(cf. PDF#18-0364), indicating the cubic structure of the perovskite crystal in CsPbBr;@SiO,
PNCCs. No obvious characteristic peak of SiO, is observed in the XRD spectrum due to
its amorphous structure. FI-IR results, as shown in Figure 2b, show that obvious Si-O
stretching vibration peaks are found at 781 cm !, 902 cm~! and 1117 cm~!. The peak
at 3425 cm ™! is -OH on SiO,, indicating the formation of SiO;. The peak at 1388 cm !
corresponds to the C-N stretching vibration of benzylamine generated after the reaction
between TBB and APTES, while the 1468 cm~! peak corresponds to the C-H stretching vi-
bration of the benzene ring of TBB in CsPbBr;@SiO, PNCCs, indicating that CsPbBr;@SiO,
PNCCs have a crosslinked structure. The surface structure of CsPbBr;@SiO, PNCCs was
further analyzed by XPS, and the peaks at 724.5 and 739.1 eV are attributed to Cs 3D5/2
and Cs 3D3/2. The peaks at 139.0 and 143.6 eV are attributed to the peak at 168.7 eV of Pb
4F7/2 and Pb 4F5/2, the peak at 102.6 eV is attributed to Si 2P, and the peak at 531.3 eV is
attributed to O 1s [33]. In addition, the high-resolution XPS spectra of N1s were analyzed,
and the peaks at 398.6 eV, 399.8 eV and 401.6 eV are attributed to imine N, amino N and
protonated N, respectively. The imine N in the main C-N-C style is from the reaction
between TBB and APTES, and the amino N is mainly transferred from NH; bonded with
TBB. Protonation of N can mainly be obtained from the protonation of the generated imine
N and amino N reacting with HBr [32]. Abundant N groups on the surface contribute to
the interface passivation of CsPbBr; PNCs to improve their luminescence performance.
In addition, the N groups can also provide anchoring sites for CsPbBrz PNCs to enhance
their stability [32].



Chemosensors 2022, 10, 170 7 of 13

120

=
=2

1004, ’ .

i J‘“\V‘(t\ Ty /

sof 11| | c-xﬂ\‘ . \ /
‘ .

601

404

201 /
A
Il 11l

Intensity (a. u.)
Transmittance (%)
2
&
\ ——
a
=
—c]
e

PDF#18-0364

|

| ,}H,

0 T T T
10 20 30 40 50 1000 2000 3000 4000
20 (degree) Wavenumbers (cm-1)
- d
Nis
Raw
Intensity
_ - Peak
s El Sum
i & Background
z g. Peak
= E
o ¥
800 600 400 200 396 398 400 402 404 406
Binding energy (eV) Binding energy (eV)

Figure 2. (a,b) XRD pattern and FT-IR spectra of CsPbBr3@SiO, PNCCs; (c,d) XPS spectra of
CsPbBr;@SiO, PNCCs and corresponding high—resolution N1s peak.

The structure and composition of CsPbBrs@SiO, PNCCs were further characterized
by TEM, HRTEM and EDX. As shown in Figure 3, the TEM image of CsPbBr;@5iO, PNCCs
shows uniform CsPbBr; PNCs embedded in S5iO; since the surface of SiO, contains many N
groups that act as anchor sites for the nucleation and growth of CsPbBrs PNCs. The larger
size distribution of CsPbBrs PNCs is mainly caused by different microenvironments, as
shown in Figure 3a. The content of each element in CsPbBr;@SiO, PNCCs, as listed in
Figure 3b, was found to be Cs 12.381%, Pb 5.840%, Br 23.050%, Si 18.613% and O 40.114%
using EDX.

=
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Figure 3. Morphology and chemical composition of CsPbBr;@5iO, PNCCs. (a) TEM images
of CsPbBr3@SiO, PNCCs; (b) HRTEM image of CsPbBr;@SiO, PNCCs. (c) EDX analysis of
CsPbBr3;@SiO, PNCCs.
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The high-angle annular dark-field imaging of CsPbBr3@SiO, PNCCs and the imaging
of their element distributions, as shown in Figure 4, indicate that CsPbBrs PNCs are
uniformly distributed in the CsPbBr;@SiO, PNCC framework. Cs, Pb, Br, Si and O elements
are uniformly distributed in the same contour region, and Pb, Br and Si elements are
consistent in the darker position, which is consistent with the TEM results in Figure 3.

Figure 4. Elemental mapping of Cs, Pb, Br, Si and O of CsPbBr;@SiO, PNCCs by TEM.

As shown in Figure 5a, CsPbBr;@5iO; PNCCs revealed an emission peak of 513 nm
and half-peak width of 22 nm. The fluorescence quantum yield was found to be about 60%.
The time-resolved fluorescence attenuation curve of CsPbBr;@SiO, PNCCs was fitted with
three exponents (Figure 5b), where T = (A; T12 + AyTo? + A37132) /(A1T1 + AyTo + A3T3), Ty is
6.47 ns (A1 is 33.13%), 15 is 23.25 ns (A, is 45.03%), T3 is 83.52 ns (A3 is 21.85%), and the
total lifetime is about 30.86 ns. The main type of the radiative transition for CsPbBrz@SiO,
PNCC:s results in their excellent luminescence performance due to the good passivation
effect of abundant N groups on their surfaces, which inhibits non-radiative transition [34].

b
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Figure 5. (a) Absorption (red line) and PL (black line) spectra of CsPbBr;@SiO, PNCCs with a
PL maximum at 513 nm, FWHM of 22 nm and PLQY of 60% (inset photograph of CsPbBr;@SiO,
PNCCs in ethanol solution under (left) normal white light and (right) a UV lamp with A of 365 nm);
(b) time-resolved photoluminescence decay of CsPbBr;@SiO, PNCCs.
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3.3. Optimization of the Sensing of ClI~

Generally, CsPbBr; PNCs are extremely unstable in a polar solution. As indicated
in Figure 6a, in ethanol solution, the fluorescence of CsPbBr; PNCs was attenuated to
30% of its original value in 20 min, and the fluorescence totally disappeared in 60 min
due to structural collapse. However, compared with CsPbBr; PNCs without the SiO,
coating, CsPbBrz@SiO, PNCCs revealed good stability towards ethanol since the SiO,
coating and the anchoring protection of abundant N groups on the SiO, surface will
increase the stability of CsPbBr;@SiO, PNCCs in a polar solvent. As shown in Figure 6a,
CsPbBr3@SiO, PNCCs remained at 92% of their original value after their immersion
in ethanol for 180 min, which may provide an approach for the homogeneous halogen
exchange of CsPbBr;@SiO, PNCCs in polar solvents. Subsequently, the effect of H,O on the
stability of CsPbBr;@SiO, PNCCs was studied. The results in Figure 6b indicate obvious
damage by H,O to the structure of CsPbBr3@5SiO, PNCCs, which is different from that
in ethanol due to the different solubilities of CsBr (the solubility (25 °C) of CsBr in water
and in ethanol is 122.6 g/100 g and 0.3900 g/100 g, respectively [35]). In order to meet
the application requirements for the determination of CI~ in water solution, a suitable
volume ratio of ethanol/H,O of 200/1 (v/v, typically in experiments, 1 mL ethanol/5 pL
H,0O) was selected for further study. In addition, the homogeneous halogen exchange
between CsPbBr;@SiO, PNCC ethanol solution and NaCl aqueous solution was studied.
In contrast to the heterogeneous exchange between CsPbBrz PNCs n-hexane solution and
NaCl aqueous solution [30], no pH adjustment or magnetic stirring is needed for the
homogeneous halogen exchange. The complete halogen exchange can be realized in 15 min
by adding 5 uL of NaCl solution (12.3 mg/g) to 1 mL of CsPbBr;@SiO, PNCC ethanol
solution, as indicated in Figure 6d. The blue shift of the fluorescence spectrum can be
observed in the results shown in Figure 6, and the observed color changes from green to
blue. It should be noted that the width of the emission peak broadens after the halogen
exchange due to the wide size distribution of CsPbBr; PNCs in CsPbBr;@SiO, PNCCs,
as revealed in Figure 3b. Furthermore, the increase in defects on their surfaces leads to a
wider emission peak of CsPbBrsz PNCs after the halogen exchange with C1™.
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Figure 6. (a) Stability comparison between CsPbBr;@SiO, PNCCs and CsPbBr; PNCs in ethanol;
(b) CsPbBr3@SiO, PNCCs in ethanol solution react with H,O at different concentrations; (c) homoge-
neous halide exchanges between CsPbBr3@SiO, PNCCs and Cl™ and their reaction optimization (d).
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3.4. Analytical Performance of the Sensing Approach

For the investigation of the effects of the main co-existing substances in seawater,
1.92% (330 mmol/L) NaCl was selected as a typical test concentration due to its similar C1~
concentration to seawater. The results shown in Figure S2 indicate that there is no obvious
interference for the selected substances in the halogen exchange between CsPbBr;@SiO,
PNCCs and ClI7, revealing good selectivity for the fluorescence sensing of CI~ in seawater.
Generally, another halogen ion, I”, will notably affect the exchange with C1~ at a similar
concentration. Fortunately, the concentration of NaCl in the offshore seawater sample
is about 1.92%, which is much higher than that of I~ (about 5 pmol/L) and results in
negligible effects for I™.

Under the selected sensing conditions, the fluorescence sensing of C1~ based on the
halogen exchange between CsPbBr;@SiO, PNCCs and Cl~ was investigated. As shown in
Figure 7, with the increase in C1~ concentration, a blue shift of the fluorescence emission
wavelength of CsPbBr;@SiO, PNCCs can be clearly observed at an excitation wavelength
of 365 nm. The observed color changes from greenish-blue-green to blue, which can be
used for the rapid determination of C1™ concentration in sea sand. In addition, the working
curve of the system was plotted and showed a good relationship between the emission
wavelength shift and the C1~ concentration in the range of 0 to 3.0%, with a curve equation
of AN =25.20 Cc;~ +4.94 and R? = 0.9995, and the limit of detection (LOD = 30/k, where
o is the relative standard deviation of 11 blank detection results, and k is the slope of the
linear equation) is found to be 0.05 mg/g.
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Figure 7. Fluorescence spectra and corresponding fluorescence photographs of the solutions in the
presence of different concentrations of chloride from 0-3.0% at 365 nm UV excitation (a); working
curve of the established fluorescent wavelength shift for the sensing of chloride in the range from 0 to
3.0% (b), as well as the corresponding colors for different concentrations of C1~ (c).

In Figure 7c, it is easy to identify color changes for different concentrations of Cl1~.
Typically, a green-blue to blue color was found when the CI™ concentration was over
0.6 mg/g, which is the upper limit of C1~ content for class IIl sand. As for higher-quality
sand samples such as class I or II, the content of C1~ should be less than 0.01% (0.1 mg/g)
or 0.02% (0.2 mg/g), respectively. The observed color was bright green-blue and light blue,
respectively, which makes the quality of the sand sample easy to identify with the naked
eye using a color card.

In order to investigate the feasibility of the sensing approach, the NaCl concentration
of seawater samples was firstly determined. The samples were directly processed in
accordance with the experimental steps without any pre-treatment. As listed in the sensing
results in Table S1, this method has a relatively good recovery in the range of 90% to 96.6%,
indicating that the method is feasible for C1~ sensing in seawater.
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For the determination of the CI™ concentration in sand samples, their filtrate was
used to replace the CI™ standard solution, and the semi-quantitative analysis of their
concentration could be realized using a simple color card. As revealed in Table 1, the color
difference between the three different sand samples could be easily observed. Obviously, the
filtrate from the completely untreated sea sand produced the shortest emission wavelength
(447 nm) and presented a blue color after 365 nm excitation. With the decrease in CI™~
concentration, which could be realized by freshwater cleaning, in sand samples II and
III, the emission wavelength became red-shifted, and the observed color changed to dark
blue-green (about 492 nm) and bright blue-green (506 nm). The quantitative analysis
of the CI~ concentration in the sand samples was carried out by using a fluorescence
spectrophotometer. The accurate emission wavelength shifts were obtained and are listed
in Table 1. The RSD and recovery results were found to be from 0.33% to 8.29% and 94%
to 113%, respectively, indicating the applicability of the approach. In addition, the class
discrimination for the sand samples became easy due to the obvious color differences
between the different classes of sand. For example, the Sand 2 sample belongs to class III,
and Sand 3 is class I.

Table 1. Determination of Cl1~ in sand samples and their recoveries.

Emission _ Added Emission
Sample  Wavelength Olzjs:lr(:/red %,} ) I}(?])) Amount Wavelength O%sslr;ed F(():/H)ld Re((:((;‘;ery
(nm) ? ? (%) (nm) ° °
Sand 1 4470+ 0.2 . 2.30 0.33 0.50 438.6 £ 0.1 . 2.7 94.07
Sand 2 492.6 £0.2 0.59 1.35 0.50 477.0+£0.2 1.2 110.44

Sand 3 506.0 £0.1

- 0.055 8.29 0.20 500.2 £0.2 - 0.29 112.85

4. Conclusions

In this study, CsPbBr;@SiO, PNCCs were synthesized by a benzyl bromide nucle-
ophilic substitution strategy in one step. The obtained CsPbBr;@SiO, PNCCs reveal
excellent luminescence performance and alcohol polarity stability. The homogeneous halo-
gen exchange of NaCl solution (water)-CsPbBr;@5iO, PNCCs (ethanol) can be achieved
without pH regulation or magnetic stirring, which provides a very simple approach for C1~
sensing in sand samples. The sensing color could easily be applied to identify the quality
of sand samples, and of course, the quantitative analysis of C1~ concentration could also be
realized by their PL wavelength shift.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors10050170/s1, Figure S1: Excitation spectrum of
CsPbBr3@SiO, PNCCs in the solution of 1.92% (330 mmol/L); C1~; Figure S2: The selectivity investi-
gation on CI~ determination in sea water based on CsPbBr;@SiO, PNCCs halide exchanges with
Cl~ (330 mmol/L). The potential coexistent ions in sea water from left to right were 20 umol/L F~,
0.7 mmol/L Br~, 5 umol/L I~, 300 mmol/L Na*, 10 mmol/L K*, 20 mmol/L Mg?*, 10 mmol/L
Ca?*, 50 umol/L Sr2*, 5 mmol/L CO3%, 20 mmol/L SO4%, 5 mmol/L HCO;~; Table S1: The deter-
mination of Cl~ in sea water. Excitation slit width, 1.5 nm; emission slit width, 5.5 nm, scan rate:

1200 nm-min—1.
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