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A lead-free zero-dimensional hybrid antimony
halide perovskite X-ray scintillator with
exceptional emission efficiency and excellent
stability as a highly sensitive fluorescent probef

Yu-Yin Wang, 2 ® Guo-Hao Jia,® Meng-Rui Huo,® Ming-Tao Cheng,?
Xiang-Yu Chen,? Ai-Rui Chang,? Jie Zhang,? Yun-Yun Li® and Guo-Ming Lin ) *¢4

Lead-free zero-dimensional (OD) hybrid antimony halide perovskites have emerged as promising materials
for various optoelectronic and sensing applications, owing to their adjustable structural properties and
non-toxic nature. In this study, we explore the photophysical characteristics, structural robustness, and
sensing capabilities of [FPPP],SbCl, (FPPP = protonated 1-(2-fluorophenyl)piperazine). Employing a com-
bination of experimental and theoretical approaches, we demonstrate its remarkable yellow light photo-
luminescence quantum yields (99.26%) and outstanding structural integrity. Moreover, investigations into
the scintillation performance of [FPPP],SbCl; single crystals reveal high X-ray light yields (46 927 photons
per MeV), a low detection limit (0.71 uGya;r s~ and high-quality X-ray imaging, making them promising
candidates for X-ray detection applications. Furthermore, [FPPP],SbCl; displays reversible fluorescence
switching in response to nitrobenzene, showcasing its potential as a sensing platform for organic pollu-
tants with outstanding repeatability and selectivity. Our findings not only deepen our comprehension of
0D hybrid antimony halides but also lay the groundwork for their utilization in diverse optoelectronic and

rsc.li/frontiers-inorganic

Introduction

The detection and characterization of radiation are fundamen-
tal across numerous scientific and technological domains,
with X-ray imaging standing out as indispensable in appli-
cations ranging from radiotherapy to noninvasive assessments
and diverse scientific research.'™® Traditional rare earth-based
inorganic scintillators have been the cornerstone of X-ray
imaging due to their reliability and efficacy.” However, recent
research has uncovered the promising potential of organo-
metallic halide perovskites in this field. These materials
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sensing devices, opening new avenues for research in luminescent materials and detection applications.

demonstrate robust radioluminescence (RL) properties and
efficient X-ray conversion, making them compelling candidates
for next-generation scintillator materials.** Despite their
potential, the development of stable scintillators remains chal-
lenging. Meanwhile, lead-based organometallic perovskite
materials, commonly used in this context, face issues related
to toxicity and vulnerability. In response to these challenges,
researchers are increasingly investigating alternative materials
that offer superior performance while addressing existing
limitations. Among these alternatives, 0D hybrid antimony
halide perovskites have emerged as particularly promising
candidates.”>™® These materials present significant advan-
tages over lead-based materials, including non-toxicity and
remarkable stability."®** Their customizable structural pro-
perties and tunable characteristics make them highly desirable
for a range of optoelectronic applications, notably in X-ray
imaging.

The 0D architecture of antimony halides is defined by core
structures enveloped within organic shells, effectively shield-
ing them from various non-covalent interactions, including
electrostatic forces, hydrogen bonding, and van der Waals
interactions. This configuration often facilitates the formation
of self-trapped excitons (STEs), leading to efficient and
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extensive light emission due to intense electron-phonon (EP)
interactions. Moreover, the presence of Sb>" cations, with their
stereochemically active 5s> lone pair, offers the potential to
achieve diverse metal halide geometries, including square pyr-
amids, tetrahedra, and octahedra, enabling the design of tai-
lored optical emitters. For instance, Mao et al. investigated a
range of hybrid antimony halides, such as A,SbCl; and
A,Sb,Clg (where A denotes five distinct organic cations), show-
casing the emission of red light from square pyramidal phos-
phors like A,SbCls, peaking at 600 nm, while tetrahedrally con-
figured structures like A,Sb,Clg exhibited no discernible light
emission.”” Recent advancements made by Xia et al intro-
duced three hybrid compounds of antimony halides featuring
dimeric [Sb,Clg]*~ anions, emitting broadband near-infrared
or infrared signals.”® These studies demonstrated the critical
role of intense EP interactions in confining carriers generated
by light exposure in low-dimensional hybrid metal halides,
leading to the emission of STEs at low excited state energies.
Ongoing endeavors to improve organic-inorganic hybrid
metal halide materials for X-ray scintillation focus on boosting
the photoluminescence quantum yield (PLQY), lowering tox-
icity, enhancing stability, and exploring their broader appli-
cations across various fields. By leveraging the inherent advan-
tages of 0D hybrid antimony halides, our objective is to sur-
mount existing challenges and drive progress in scintillator
technology. This study introduces [FPPP],SbCl;, a novel 0D
structured antimony halide, which exhibits vibrant yellow
luminescence upon UV excitation and boasts a PLQY of
99.26%. Detailed analysis reveals its impressive X-ray scintil-
lation light yield, low detection threshold and high-quality
X-ray imaging capabilities. Furthermore, [FPPP],SbCl; exhibits
reversible fluorescence switching in response to nitrobenzene,
an organic pollutant, demonstrating remarkable repeatability,
a low detection limit, and selectivity via fluorescence emission.

Experimental procedure

The details of reagents, experimental procedures, crystal syn-
thesis processes and characterization methods are provided in
the ESL{

Results and discussion
Composition and structure

Bulk single crystals of [FPPP],SbCl, were synthesized using a
low-temperature solvothermal reaction method as outlined in
the Experimental section provided in the ESL{ X-ray diffraction
analysis revealed the formation of a monoclinic phase of
[FPPP],SbCl, with the C2/c space group. The structural
arrangement consisted of discrete [SbCls]*~ octahedra
encircled by [FPPP]** cations (Fig. 1a). These [SbCl]*~ octahe-
dra were effectively shielded by the [FPPP]** cations (Fig. 1b),
resulting in a 0D hydrogen bonding configuration at the mole-
cular level. Furthermore, the [FPPP]** cations formed a protec-
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tive 2D layer around the discrete [SbCls]*~ octahedra, further
enhancing the structural stability. Each Sb®" ion within the
[SbCl¢]>~ octahedron was coordinated with six Cl~ ions, with
Sb-Cl bond distances ranging from 2.5178(3) to 2.7913(3) A
(Fig. 1c). The purity and crystallinity of [FPPP],SbCl, were vali-
dated through remarkable correspondence observed between
actual and simulated powder X-ray diffraction (PXRD) data
(Fig. S1%). The nearly identical diffraction peaks confirmed the
high degree of crystallization achieved in the synthesized
microcrystals. Moreover, individual chemical compositions
were analyzed using energy-dispersive X-ray spectroscopy
(EDS), as depicted through elemental mapping images and
spectra, respectively (Fig. 1d and S2}). Subsequently, typical
optical characterization techniques were employed to further
explore the photophysical properties of the 0D antimony
hybrid halides.

Photoluminescence properties of [FPPP],SbhCl,

The optically transparent bulk crystals of [FPPP],SbCl, dis-
played a vibrant yellow emission when excited with UV light.
Moreover, these crystals exhibited distinct absorption edges
with cut-off wavelengths at 423 nm (Fig. S3t1). The PL pro-
perties of the synthesized crystals were investigated using
steady-state and time-resolved PL spectra. Under excitation of a
358 nm UV source, the [FPPP],SbCl, crystals emitted broad-
band light centered around a wavelength of 556 nm,
accompanied by a significant Stokes shift of 193 nm and a full
width at half-maximum (FWHM) of 127 nm (Fig. 2a and S4%).
The resulting commission internationale de I'éclairage (CIE)
coordinates of (0.388, 0.512) positioned the crystals within the
yellow region of the CIE chromaticity diagram (Fig. 2b). A
series of three-dimensional PL excitation and emission maps
obtained for the [FPPP],SbCl, samples identified a single
emission center, indicating that the wide-ranging emissions
originated from the relaxation of a common excited state
(Fig. 2c). Furthermore, time-resolved PL spectra were acquired
to delve into the emission mechanism. The average PL decay
lifetime of [FPPP],SbCl; crystals at 300 K was determined to be
3.527 ps via double exponential fitting, exhibiting an increase
to 4.042 ps at 80 K due to the increased radiative rate (Fig. 2d).
Moreover, the negligible disparity observed in the PL emission
spectra between microscale particles and bulk crystals dis-
missed the possibility of surface defects affecting light emis-
sion (Fig. S51). In addition to their highly efficient broadband
light emission, the [FPPP],SbCl;, crystals demonstrated excel-
lent spectral and structural stability. Thermogravimetric ana-
lysis revealed that the bulk crystals of [FPPP],SbCl, remained
stable up to 280 °C (Fig. S6t). Furthermore, the prepared
[FPPP],SbCl; crystals maintained a high degree of crystallinity
and almost identical emission intensity even after prolonged
exposure to a humid environment for about a month (Fig. S7
and S8f%). Similar results were obtained after exposure to a
strong xenon light source for 48 hours (Fig. S9 and S107).

The broad FWHM, prolonged lifetime, and significant
Stokes shift suggested that these broad-spectrum emissions
stemmed from the radiative recombination of STEs, a phenom-
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Fig. 1 The structural characterization of [FPPP],SbCl;. (a) The arrangement of molecules in the prepared 0D sample as viewed towards the [101]
plane. Structural diagrams of the [FPPP]?* cation (b) and the [SbCle]*~ octahedron (c). (d) SEM images and the corresponding mapping of elements

of the prepared microparticles, respectively.

enon previously observed in numerous 0D hybrid metal halide
structures.>® This assertion was bolstered by the observed
linear correlation between excitation power density and emis-
sion intensity (Fig. 2e and f). The intense light emissions of
the [FPPP],SbCl; crystals were substantiated by their remark-
ably high PLQY values, reaching 99.26% (Fig. 2g). Moreover, to
delve deeper into the working principle of the PL effect and
confirm the behavior of STEs, temperature-dependent PL emis-
sion spectroscopy was carried out across the same temperature
range (Fig. 2h). The weak dependence of the emission wave-
length on temperature may be attributed to relatively minor
changes in the bandgap or thermal expansion effects that only
marginally affect the emission properties. Additionally, the
emission intensity exhibited a consistent increase as the temp-
erature decreased from 300 K to 80 K, suggesting a reduction
in the thermal quenching process and the non-radiative
recombination rate. The thermal activation energy (E,) was

5036 | /norg. Chem. Front, 2024, 1, 5034-5042

determined by fitting the integrated emission intensity with
temperature using the Arrhenius equation:

Iy

Io=—""""—"35
1+Aexp| — a)
p< kT

Here, Ip;, represents the integrated emission intensity at
temperature 7, I, denotes the integrated emission intensity at
0 K, kg stands for the Boltzmann constant, and E, signifies the
exciton binding energy. The calculated value of E, was found
to be 266.7 meV, surpassing the thermal dissociation energy
value of approximately 26 meV for free excitons at 300 K
(Fig. 2i). This observation suggests the generation of stable
bound excitons within the crystals of [FPPP],SbCl,.
Concurrently, the increase in temperature resulted in a gradual
broadening of the emission spectra due to the enhancement
in the EP coupling effect. Consequently, the high PLQY of

This journal is © the Partner Organisations 2024
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Fig. 2 The results acquired from the PL characterization of [FPPP],SbCl,.

(a) Excitation and emission spectra; inset: photo image of crystals under

UV lamp irradiation (365 nm). (b) CIE chromaticity coordinates. (c) A 3D color map displaying the PL emission at varying temperatures. (d)
Temperature-dependent PL decay curves at 80 K and 300 K. (e) Excitation power-dependent PL emission intensity of the compound. (f) A linear

relationship exists between the excitation power density and the intensity

of PL. (g) The PLQY of bulk crystals for the compound. (h) Temperature-

dependent emission spectra of the compound. (i) Integrated PL intensity as a function of the reciprocal temperature.

[FPPP],SbCl, is primarily due to the unique zero-dimensional
structure of the hybrid antimony halide perovskite. This struc-
ture leads to strong quantum confinement effects and reduces
non-radiative recombination pathways, thus enhancing the PL
efficiency.

Radioluminescence properties of [FPPP],SbCl,

The scintillation performance of the synthesized [FPPP],SbCl,
single crystals was comprehensively evaluated by examining
parameters such as steady-state scintillation yield, scintillation
decay time, afterglow under X-ray irradiation and detection
limit. The optically transparent bulk crystals of [FPPP],SbCl,
displayed a yellow emission under X-ray light (Fig. S11%). The
steady-state scintillation light yield of [FPPP],SbCl, crystals
was determined by comparing the integral intensity of their
relative light with that of a LuAG : Ce reference (25 000 photons
per MeV), ensuring an equal thickness of 3 mm and surface

This journal is © the Partner Organisations 2024

area for both samples. The light yield for the [FPPP],SbCl,
sample was calculated using the formula 25 000 x (sample RL
integral area/LuAG : Ce RL integral area), resulting in a scintil-
lation yield of 46927 photons per MeV for [FPPP],SbCl,
(Fig. 3a). The emission peaks in RL for both crystals closely
matched the PL emissions, suggesting minimal involvement of
defect luminescence in the scintillation emission mechanism.
Furthermore, the RL intensity increases with the dose rate
ranging from ~5000 to ~50000 pGy., s ' (Fig. 3b).
Remarkably, the RL emission intensity exhibited a swift and
consistent response to X-ray excitation, sustaining negligible
attenuation even after 11 cycles (Fig. 3c). The dose rate of X-ray
radiation was calibrated using an ion chamber dosimeter.
Detection limits were determined through a series of calcu-
lations, comparing acquired X-ray excitation spectra under
dark conditions with radiation doses maintained at specific,
uniform column values. The detection limit was identified at

Inorg. Chem. Front,, 2024, 1, 5034-5042 | 5037
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Fig. 3 (a) The RL spectra of [FPPP],SbCl; and LUAG : Ce under X-ray excitation; (b) the relationship between the RL intensity and dosage rate; (c) the
intensity of RL as measured under cyclical X-ray irradiation; (d) curves of the modulation transfer function for [FPPP],SbCl; and a spatial resolution
image; (e) bright field (bottom) and X-ray images (up) of the standard X-ray resolution test pattern plate obtained using the [FPPP],SbCl; scintillator;
(f) sample as a scintillator under sunlight (bottom) and under X-ray irradiation (up).

an SNR value of 3 and calculated to be 0.71 pGy, s~ ' for
[FPPP],SbCl,. Notably, this detection limit is only 1/8 of the
threshold required for X-ray medical diagnostics (5.5 pGYair
s™!). Spatial resolution assessment of the [FPPP],SbCl, screen
reveals 13.01 Ip mm ™" at a modulation transfer function (MTF)
of 0.2 (Fig. 3d), comparable to the spatial resolutions of other
metal halide-based scintillators. X-ray imaging employing a
standard X-ray resolution test pattern plate surpassed 10 Ip
mm~" observation limits (Fig. 3e). Strategically positioning a
flash drive within the X-ray imaging platform and employing
microscale [FPPP],SbCl; as a thin scintillation screen on trans-
parent glass enable a comprehensive demonstration of its
high-quality X-ray imaging capability (Fig. 3f), confirming its
potential for future applications in radiography.

Insight into the photophysical mechanism of [FPPP],SbCl,
single crystals

Subsequently, the Perdew-Burke-Ernzerhof (PBE) method was
employed to conduct density functional theory (DFT) calcu-
lations, providing further insight into the photophysical
characteristics of the 0D antimony hybrid halides. Analysis of
the obtained band structure revealed nearly flat conduction
bands (CBs) and valence bands (VBs) (Fig. 4a). This suggests
minimal electronic coupling and highly confined electronic
states. Consequently, the results indicate a significant
quantum confinement effect with limited electronic inter-
action among neighboring inorganic anion clusters. These
findings align well with previous observations of substantial

5038 | /norg. Chem. Front., 2024, 11, 5034-5042

distances between neighboring inorganic units. DFT calcu-
lations for the 0D antimony hybrid halide structure yielded a
band gap value of 2.68 eV, which was underestimated com-
pared to the experimentally measured value of 2.97 eV. This
discrepancy may be attributed to the well-known declination
associated with PBE-based band gap calculations. The density
of states (DOS) analysis of the 0D antimony hybrid halide
structure revealed that its valence band maximum (VBM) pri-
marily consisted of Sb-4d and CI-3p orbitals, while its conduc-
tion band minimum (CBM) included Sb-4d and Cl-3p orbitals
along with contributions from the organic unit (Fig. 4b). The
contour plots of partial charge density for the VBM and CBM
in the 0D antimony hybrid halide structure are presented in
Fig. 4c and d. The PL mechanism, as provided by the results of
DFT calculations, indicated that both the valence and conduc-
tion bands were relatively flat, suggesting minimal electronic
coupling among neighboring anionic octahedra. This implies
that the formation of electron and hole polarons was facili-
tated by highly confined electron states with substantial
effective masses. The organic cation and Sb are observed to
contribute to the frontier orbitals, indicating that the PL pro-
perties of [FPPP],SbCl, depend on electronic transitions
within both the cation and the anionic [SbClg]*~ unit (Fig. 4e
and f).

Small molecular fluorescence probe properties of [FPPP],SbCl,

The distinctive and versatile properties of the 0D crystal struc-
ture of this halide framework were extensively explored to

This journal is © the Partner Organisations 2024
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(c) the valence band maximum and (d) the conduction band minimum; (e) the calculated excited state and (f) ground state.

uncover its potential for fluorescence switching triggered by
small chemical molecules, serving as efficient fluorescent
probes. PL emission was monitored before and after the
addition of various organic solvents to the microcrystals to
assess the sensing capability of [FPPP],SbCl, microcrystals.
4 mL of aromatic hydrocarbon derivatives, including methyl-
benzene (C¢Hs;CHj), iodobenzene (CgHsl), bromobenzene
(CeH5Br), chlorobenzene (C¢HsCl), benzene (C¢Hs), ethylben-
zene (C¢HsC,H;5) and nitrobenzene (CsH;NO,), was utilized as
the sensing target, respectively. PL emission spectroscopy
revealed a drastic reduction in emission intensity to 0.72%
due to the quenching effect of C¢HsNO,, while exhibiting no
significant change with other solvents (Fig. 5a and b).
Moreover, a variety of organic solvents with diverse functional
groups were employed as external chemical perturbations to
evaluate the PL quenching response to these stimuli. These

This journal is © the Partner Organisations 2024

solvents encompassed cyclohexane, tetrahydrofuran, aceto-
nitrile and various alcohols. It was observed that the spectral
profiles and intensities remained virtually unchanged from
the initial data acquired for the freshly prepared sample even
after the injection of these organic solvents for over 24 hours,
indicating no fluorescence quenching in these cases
(Fig. S127). The detection limit, as a crucial parameter indica-
tive of sensing ability, was evaluated through fluorescence
titration experiments using a series of diluted CeHsNO,/
toluene solutions with concentrations ranging from 10 ppm to
1000 ppm. Optical images and PL spectra (Fig. 5c¢ and d)
revealed significant fluorescence quenching until the concen-
tration of the CgHs;NO,/toluene solution was reduced to
50 ppm. Crucially, the diminished fluorescence of the
[FPPP],SbCl; microcrystals induced by C¢HsNO, could be fully
restored upon rinsing them with toluene, with the recovered

Inorg. Chem. Front., 2024, 1, 5034-5042 | 5039
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Fig. 5 The results of fluorescent probe characterization of the [FPPP],SbCl; microcrystals. (a) Optical images and (b) PL emission spectra after the
addition of different types of organic solvents. (c) Optical images and (d) PL emission spectra following the addition of C¢HsNO, at varying concen-
trations by volume. (e) Optical images and (f) PL intensity of the microcrystals depicting a consistent cycle of quenching and recovery with minimal

reduction in their emission intensity after 4 cycles.

fluorescence intensity nearly matching the initial value. This
compellingly demonstrated the reversible PL switching ability
of [FPPP],SbCl, towards C¢HsNO,. To confirm the consistency
of this reversible quenching-recovery process, the change in
the PL emission intensity of the [FPPP],SbCl, microcrystals
was monitored over impregnation-washing cycles. The optical
images of the microcrystals depicted a consistent cycle of
quenching and recovery, with minimal reduction in their emis-
sion intensity after 4 cycles, demonstrating exceptional repeat-
ability and reversibility (Fig. 5e and f). The reversible fluo-
rescence quenching observed in [FPPP],SbCl, upon exposure
to Ce¢HsNO, is ascribed to charge transfer from [SbClg]*~ to
electron-deficient nitrobenzene molecules adsorbed on the
surface of [FPPP],SbCl,.>®> These findings underscore the
potential of [FPPP],SbCl, microcrystals as effective fluorescent
probes for detecting C¢HsNO, with high repeatability, selecti-
vity, and sensitivity. This marks the development of a novel

5040 | /norg. Chem. Front,, 2024, 11, 5034-5042

antimony halide-based fluorescent probe for detecting
C¢H5NO,, thereby advancing detection applications employing
luminescent materials based on metal halides.

Conclusion

In conclusion, this study investigates the remarkable potential
of lead-free OD hybrid antimony halides, specifically
[FPPP],SbCl;, as scintillators and fluorescent probes. The syn-
thesized [FPPP],SbCl, crystals exhibited an exceptional PLQY
of 99.26% and high structural stability. The scintillation per-
formance of [FPPP],SbCl; single crystals displayed high X-ray
light yields, a low detection limit and rapid decay times,
making them suitable for X-ray detection imaging.
Furthermore, the high sensitivity and reversible fluorescence
switching ability of [FPPP],SbCl, towards nitrobenzene under-

This journal is © the Partner Organisations 2024
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score its potential as a sensing platform for organic pollutant
detection. Overall, our comprehensive investigation into its
photophysical properties, structural integrity, and sensing
capabilities has highlighted its efficacy across a wide range of
applications.
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