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ABSTRACT: Multicomponent systems consisting of lead halide
perovskite nanocrystals (CsPbX3-NCs, X = Br, I) grown inside
mesoporous silica nanospheres (NSs) with selectively sealed pores
combine intense scintillation and strong interaction with ionizing
radiation of CsPbX3 NCs with the chemical robustness in aqueous
environment of silica particles, offering potentially promising
candidates for enhanced radiotherapy and radio-imaging strat-
egies. We demonstrate that CsPbX3 NCs boost the generation of
singlet oxygen species (1O2) in water under X-ray irradiation and
that the encapsulation into sealed SiO2 NSs guarantees perfect
preservation of the inner NCs after prolonged storage in harsh
conditions. We find that the 1O2 production is triggered by the
electromagnetic shower released by the CsPbX3 NCs with a striking correlation with the halide composition (I3 > I3−xBrx >
Br3). This opens the possibility of designing multifunctional radio-sensitizers able to reduce the local delivered dose and the
undesired collateral effects in the surrounding healthy tissues by improving a localized cytotoxic effect of therapeutic
treatments and concomitantly enabling optical diagnostics by radio imaging.

In the last decades, interest in nanoparticles in the
biomedical field experienced a rapid growth due to the
tunability of their physical and chemical properties and

their rich surface chemistry that enables specific functionaliza-
tion by design.1,2 Different classes of functional nanoparticles,
including metals, semiconductors,3,4 metal/lanthanide ox-
ides,5,6 and organic or hybrid systems,7,8 have found successful
application in several medical branches, such as nanotherapy,
diagnostics, and imaging.9−11 Today, one of the most advanced
biomedical uses of nanoparticles is offered by their strong
interaction with ionizing radiation, which makes it possible to
improve the effectiveness of conventional cancer treatments12

and imaging techniques.13 In oncological therapies, one of the
most adopted medical treatments is radiotherapy (RT, ca. 50%
of total cases),14,15 a noninvasive technique typically consisting
of the local release of the energy of X-rays via photoelectric
effect and/or Compton scattering to stop tumor cell
proliferation, either directly by damaging their DNA or
indirectly by forming cytotoxic free radicals�such as singlet
oxygen (1O2), superoxide (O2−) or hydrogen peroxide
(H2O2)�commonly termed reactive oxygen species (ROS),
upon interaction with the cellular aqueous environment.16

Currently, in order to achieve significant therapeutic effects,
patients are exposed to high doses of X-ray radiation (typically

40−60 Gy in a complete RT treatment) that carry a high risk
of damaging surrounding healthy areas, due to the difficulty of
finely focusing the radiotherapy exclusively on the region of
interest.17 In order to reduce X-ray exposure, several strategies
have been proposed to increase the local ROS production,
such as radio-stimulated photodynamic therapy and radiation
catalysis.2,18 The first is based on activating a photosensitizer
responsible for the energy transfer to O2 molecules promoting
ROS production, whereas the second takes advantage of the
chemical and catalytic activities of nanoparticle surfaces to
enhance the generation of radiation-induced radicals by, for
example, water radiolysis.19

Metal halide nanocrystals (NCs),20−25 both in their most
common lead-based inorganic or hybrid perovskite form
(APbX3, with A = Cs, methylammonium, formamidinium, X
= Cl, Br, I)26−28 or in lead-free alternatives,29−31 have recently
attracted substantial attention for ionizing radiation detec-
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tion,32 prized for their high average atomic number (Z) that
enhances the interaction probability with ionizing radiation (Pi
∼ Zn, with n = 1−5 depending on the type of radiation and
interaction),33 efficient scintillation,34−36 and strong robust-
ness to prolonged exposure to ionizing radiation.35 Impor-
tantly, the easy tuning of their emission spectrum from UV to
NIR further makes them interesting candidates as biological
markers for radio-imaging, naturally overcoming the limitations
of common fluorophores to fit the near-infrared transparency
window of biological tissues.37,38 This opens up perspectives
for the simultaneous application of LHP NCs in diagnostics
and therapeutics, acting as X-ray biological markers to identify
and target diseased areas and simultaneously as sensitizers for
enhanced radiotherapy.39

Despite such promise, very few examples of medical
diagnostic and therapeutic strategies based on metal halide
NCs have been proposed,40−42 mostly because of their low

stability in aqueous environment43 resulting in their rapid
dissolution and further consequent release of potentially
harmful Pb2+ ions. Recently, innovative strategies for the
realization of high-quality CsPbX3 NCs inside impermeable
host matrixes have been proposed,44−53 including mesoporous
SiO2 particles,54−61 semiconducting shells,62,63 metal−organic
frameworks,64 glasses and metal oxides,65−71 which preserve
the luminescence properties of the host NCs even in harsh
environments and prevent Pb dispersion in the surround-
ings,29,72,73 effectively removing the constraints for the
application of this class of materials in biological environments.
To date, however, no study has approached the use of metal
halide NCs for radiotherapy.
In this work, we aim to contribute to this endeavor by

demonstrating that CsPbX3 (X = Br, I) NCs directly
synthesized inside mesoporous silica nanospheres (SiO2−
NSs) behave as effective X-ray sensitizers for the generation of

Figure 1. (a) TEM images of CsPbBr3−SiO2, CsPbBr1.5I1.5−SiO2, and CsPbI3−SiO2 NSs. (b) HAADF-STEM images and elemental mappings
on the same samples highlighting the presence of Cs (green), Pb (purple), Br (gray), and I (yellow) inside the NSs. (c) Photographs of
CsPbBr3−SiO2, CsPbBr1.5I1.5−SiO2, and CsPbI3−SiO2 in aqueous solution taken under ambient illumination (top pictures) and under UV
illumination (bottom pictures). (d) XRD patterns of CsPbBr3−SiO2 (green line), CsPbBr1.5I1.5−SiO2 (red line), and CsPbI3−SiO2 (purple
line). The diffraction patterns of cubic CsPbBr3 (ICSD 97852, green), orthorhombic γ-phase (ICSD 434338, violet line), and orthorhombic
δ-phase (ICSD 250744, black line) of CsPbI3 are also reported as references. (e) Normalized PL (solid lines) and RL (dashed lines) spectra
of the same samples in dry powder form (excitation wavelength, 405 nm for PL; X-ray irradiation at 20 kV for RL).
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1O2 species, boosting the effect of bare SiO2 NSs by over 10-
fold. Interestingly, we found that the 1O2 sensitization effect is
largely due to the release of secondary electrons by the
CsPbX3−SiO2 NSs without quenching their radioluminescence
(RL) and that neither the RL nor the photoluminescence (PL)
are affected by high radiation doses or by prolonged storage in
an aqueous environment (even in highly acid solutions). These
results, combined with the inhibition of Pb2+ cation leakage
outside the NS, made possible by the perfect sealing of the
pores, open up the future possibility of implementing
CsPbX3−SiO2 NSs as radio-stimulated markers and therapeu-
tic agents.
CsPbX3−SiO2 NSs of different halide composition (namely,

CsPbBr3, CsPbBr1.5I1.5, and CsPbI3) were synthesized using
SiO2 NS as templates by a solid-state confined growth
technique in the presence of potassium salt as sintering
agent, which promotes complete collapse of the porous
structure, isolating the inner CsPbX3 NCs from the outer
environment and maintaining good solubility of the NSs in
water. Specifically, spherical SiO2 NSs with diameter ∼200 nm
and even distribution of internal pore dimensions were
dispersed in a distilled water solution containing a proper
proportion of the NC precursors (see Methods in the
Supporting Information for details) and kept under stirring

to favor the soaking of ions inside the pores. CsPbX3 NCs were
subsequently synthesized inside the pores by drying at 80 °C
to remove excess solvent followed by heating at 600 °C in the
presence of potassium salt (K2CO3 and KI, respectively) to
trigger the calcination reaction (details of the effects of the
calcination temperature and conditions are reported in ref 54).
Besides prompting the formation of CsPbX3 NCs, the high
temperature also favors the full collapse of the SiO2 pores,
which encloses the NCs inside the NSs and protects them from
oxidation and ripening fusion. After cooling to room
temperature, the CsPbX3−SiO2 NSs were washed with
ultrapure water several times to remove unreacted precursors
and possible products formed outside the NSs, collected via
centrifugation, dried at 60 °C, and finally redispersed in water
for further studies.
Transmission electron microscopy (TEM) images of

CsPbX3−SiO2 NSs are reported in Figure 1a and show
spherical nanoparticles comparable to the original template
NSs (see Figure S1) with a slight reduction in size due to pore
collapse and subsequent shrinkage during calcination (see
Figure S2), without any aggregation due to interparticle cross-
linking. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images and the
corresponding elemental mappings (Figure 1b) of CsPbBr3,

Figure 2. (a) Sketch of the experimental setup for the measurement of 1O2 production under X-ray irradiation. (b) RL spectra of CsPbBr3−
SiO2, CsPbBr1.5I1.5−SiO2, and CsPbI3−SiO2 NSs before (lines) and after (shaded areas) exposure to 20 Gy dose of X-rays. The same color
code is applied to all panels. (c) SOSG PL intensity (excited at 473 nm) normalized for the initial value for pristine SiO2 NS (black circles),
CsPbBr3−SiO2 (green circles), CsPbBr1.5I1.5−SiO2 (red circles), and CsPbI3−SiO2 (purple circles) as a function of X-ray exposure time.
Inset: Sketch of ROS production mechanism. (d) SOSG PL intensity excited at 473 nm during the full X-ray irradiation sequence in the
presence (X-ray ON) and in the absence of simultaneous X-ray irradiation (X-ray OFF) for a solution containing CsPBI3−SiO2 NSs. (e) 1O2
production rate calculated from the linear fitting of the data in panel c. (f) X-ray mass attenuation coefficient of the investigated material
systems based on the NIST database.76 In the inset the enlargement of the mass attenuation coefficient in linear scale in the energy range of
the X-rays used in our experiments is reported.
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CsPbBr1.5I1.5, and CsPbI3 show that all constituent elements
(Cs, Pb, Br, and I) are detected only at the NS structure,
indicating that no NC remained outside the particles. Also
importantly, the adopted calcination procedure maintains high
particle solubility in aqueous solvent, which is a fundamental
aspect to allow their applicability (as shown in Figure 1c). The
crystal structure of the as-synthesized CsPbX3 NCs inside the
SiO2 NSs and respective size distributions were studied via X-
ray diffraction (XRD) and TEM, as reported in Figures 1d and
S3, respectively. The XRD patterns show, in every case, a
broad diffraction peak at 23° due to the contribution of
amorphous SiO2. The diffraction peaks of the CsPbBr3−SiO2
NSs at 21.36°, 26.32°, and 30.42° match cubic CsPbBr3
structure. Consistent with their mixed halide composition,
the XRD pattern of CsPbBr1.5I1.5−SiO2 NSs shows the
coexistence of cubic CsPbBr3, the emissive γ-phase of CsPbI3
(peaks at 20.09°, 28.48°, and 28.92°) together with traces of
the optically passive orthorhombic CsPbBr1.5I1.5 δ-phase
(peaks at 27.21°, 25.70°, and 31.31°); this is expected
considering the thermodynamically favored crystalline tran-
sition of the CsPbI3 γ-phase into the δ-phase below 150 °C.74
Finally, the spectrum of CsPbI3−SiO2 NSs shows the γ-phase
peaks and a more prominent contribution by the δ-phase. The
emission properties of the CsPbX3−SiO2 NSs were studied
using optical and X-ray excitation, and the corresponding PL
and RL spectra are reported in Figure 1e. Consistent with
previous results, both the PL and RL spectra progressively shift
from the green to the NIR spectral regions with increasing
iodine content.21 In all three samples, the PL spectra show the
narrow peak due to excitonic emission, indicating the absence
of side products or emitting defect states introduced by the
confined growth in the SiO2 NS templates. The PL quantum
efficiency was found to be 55 ± 5%, 21 ± 4%, and 12 ± 3% for
CsPbBr3, CsPbBr1.5I1.5, and CsPbI3, respectively.
The PL decay time of all NSs reported in Figure S4 is

consistent with previous reports and features a dominant
radiative fast component followed by a minor contribution due
to delayed fluorescence by back-transfer from shallow traps.35

The RL spectra are slightly red-shifted compared to the
respective PL, which possibly originates from the radiative
recombination of shallow emissive defect states in the
proximity of energy bands typically due to halide surface
vacancies as already observed in colloidal CsPbBr3 NCs.35,75

Next, we proceeded with validating the potential of
CsPbX3−SiO2 NSs as X-ray sensitizer by studying the
production of the singlet oxygen (1O2) species in aqueous
environment under X-ray irradiation. In these experiments,
schematically depicted in Figure 2a, we dispersed identical
concentrations of CsPbX3−SiO2 NSs (2 mg/mL) with
different halide composition in a phosphate buffer solution
(PBS) to artificially mimic the physiological pH conditions; the
same experiment was performed with bare SiO2 NS as
reference. The commercially available fluorescent probe singlet
oxygen sensor green (SOSG) was used to monitor in situ the
1O2 evolution. In its unoxidized form, SOSG is nonemissive,
whereas its endoperoxide derivative formed upon oxidation by
1O2 exhibits a characteristic PL band at 530 nm (Figure S5).
Therefore, the SOSG PL intensity can be used to quantify the
1O2 concentration during X-ray irradiation. The PL spectra of
SOSG excited at 473 nm with a cw laser in PBS solutions of
CsPbX3−SiO2 NSs were collected during 10 min of
continuous exposure to soft X-rays (Emax = 20 keV) with 0.5

Gy/s dose rate. The X-ray excitation of CsPbX3−SiO2 NSs
simultaneously triggers the sensitization of 1O2 production and
the NSs RL. In fact, the ability to emit RL while simultaneous
sensitizing ROS production represents an important feature of
our systems with respect to common radio-activated photo-
sensitizers such as porphyrin-based assemblies that produce
1O2 via energy transfer to the triplet states of molecular O2 at
the expense of their luminescence. Such a feature, combined
with preserving their RL emission after significant amount of
radiation (as shown in Figure 2b), offers the possibility of using
CsPbX3−SiO2 NSs also as efficient radio-stimulated bio
markers for in vitro or in vivo radio-imaging.
In Figure 2c we report the integrated intensity of the SOSG

PL during the scan for the CsPbX3−SiO2 NSs as well as for the
control solution containing bare SiO2 NS; on the right axis we
report the respective 1O2 concentrations as extracted via the
calibration procedure described in the Supporting Information.
Notably, all solutions containing CsPbX3−SiO2 NSs exhibit
systematically higher 1O2 production with respect to bare SiO2
NSs, with a 3-fold, 10-fold, and 13-fold enhancement along the
series CsPbBr3−SiO2, CsPbBr1.5I1.5−SiO2, and CsPbI3−SiO2
NSs, which indicates the substantial effect of the CsPbX3 NCs
on the 1O2 generation.
Importantly, as shown in Figure 2d for the CsPbI3−SiO2

NSs (the other samples are reported in Figure S7), when the
X-ray irradiation was momentarily interrupted and the solution
was excited solely by the 473 nm laser, no additional 1O2 was
created, and the trend proceeded identically only after the X-
irradiation was reestablished. This is relevant since the PL of
CsPbI3−SiO2 NSs at 685 nm (1.81 eV) excited by the 473 nm
laser source is partially resonant to the triplet state of O2 (1.62
eV77) and could, in principle, produce 1O2 via nonradiative
energy transfer, similar to what occurs with common radio-
activated photosensitizers.78,79 The absence of 1O2 production
without X-rays therefore indicates that the process is a direct
result of the interaction of ionizing radiation with the CsPbI3−
SiO2 NSs with negligible mediation by its excitonic states; we
note that the absence of ET despite the energy resonance
could be due to the relatively large distance between the NCs
and the particle surfaces imposed by the calcination procedure,
as well as by the relatively fast decay time of the NC PL (4−8
ns) with respect to the micro-to-millisecond PL of sensitizer
phosphorescence.79,80 Consistent with the 1O2 production
being dominated by the interaction probability between the
CsPbX3−SiO2 NSs and the X-rays, we found remarkably good
correlation between the 1O2 production rate and the halide
composition. Specifically, as shown in Figure 2e, in which we
report the 1O2 production rate extracted from the linear fitting
of the curves in Figure 2c, the NSs containing iodine-based
NCs, namely CsPbBr1.5I1.5−SiO2 and CsPbI3−SiO2, exhibited
a substantially higher 1O2 generation rate compared to the
CsPbBr3−SiO2. This trend correlates well with the mass
attenuation coefficient of the systems reported in Figure 2f
(calculated using the NIST database76 and EDX analysis
reported in Figure S8) in the energy range of the soft X-rays
used in our experiments, which is a direct consequence of their
halide composition (with the other constituents being
identical). As expected based on the higher Z of I with respect
to Br (53 vs 35), the mass attenuation coefficient of the NCs
monotonically grows with increasing iodine content, which
results in increasing release of energy in the surrounding
environment and subsequently larger 1O2 generation rate. In
fact, in the case of X-rays, the primary interactions occur by
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photoelectric effect or by inelastic Compton scattering,
resulting in an avalanche of highly energetic secondary carriers
that release their energy while traveling through a medium
resulting in its ionization/excitation. Since the free path of
secondary carriers is typically longer than the NS size, a
substantial fraction of energy effectively escapes from the
nanoparticle and is released for long distances along the
ionization track, leading, in our case, to the observed strong
sensitization of 1O2 production.

19

Notably, recent studies81,82 demonstrated that a significant
fraction of energy is deposited within the nanoparticles despite
the primary interaction being shared between the nanoparticles
themselves and the surrounding aqueous media. Indeed,
energetic secondary charges exhibit migration ranges in most
cases larger than the small nanoparticle size; consequently, a
fraction of energy escapes from the nanoparticle and is released
for long distances along the ionization track, directly activating
the ROS production in water and the direct DNA cell damage.
Based on the promising 1O2 sensitization rate of CsPbI3−

SiO2 NSs, we further assessed their radiation resistance after 60
Gy, corresponding to the total dose that an RT patient
cumulates in the entire RT treatment, as reported in Figure S9,
in which the RL spectra collected before and after irradiation
show that CsPbI3−SiO2 retained more than 80% of its initial
RL emission intensity.
Finally, to further corroborate the potential suitability of

CsPbX3−SiO2 NSs for X-ray stimulated applications, we
assessed the risk related to the potential contamination of
the environment by leakage of Pb atoms.
For this purpose, we monitored the concentration of Pb2+ in

a water solution containing CsPbX3−SiO2 NSs (0.5 mg/mL)
for 42 days by means of inductively coupled plasma−optical
emission spectrometry (ICP-OES). The results, reported in
Figure 3a, highlight that the concentration of Pb2+ was close to
the sensitivity of ICP-OES, which settles a detection limit of 10
μg/L for the Pb2+ concentration. Considering the initial
concentration of our CsPbX3−SiO2 NSs, we estimate that the
amount of released Pb2+ in the monitored period is well below
the 5 μg/g threshold established by the World Health
Organization. To offer an illustrative comparison, if we
consider a radiotherapy treatment involving the use of 10 mg
of CsPbX3−SiO2 for a period of time comparable to our test,
the total amount of lead introduced into the body would be

equal to that which would be obtained by consuming 250 g of
white rice.
Finally, we monitored the optical properties of our CsPbX3−

SiO2 NSs in ambient atmosphere (55% humidity), water, and
acid solution (1 M HCl, pH 1) in order to assess their long-
time stability in conditions of potential biological interest. As
shown in Figure 3b,c, nearly identical trends are observed in
any condition, with nearly complete retention of the PL
intensity for the CsPbBr3−SiO2 and CsPbBr1.5I1.5−SiO2 NSs
and a slight (ca. 10%) loss for the CsPbI3−SiO2 NSs, and the
spectral properties are perfectly retained by all systems
(complete spectra are reported in Figure S10).
In summary, we synthesized and studied ultrastable

CsPbX3−SiO2 NSs combining the strong interaction proba-
bility and scintillation features of lead halide NCs with the
robustness of silica. We demonstrated that such CsPbX3−SiO2
NSs dramatically sensitize the production of 1O2 in water
under X-ray stimulation and that the generation rate correlates
well with their halide composition that leads to marked
differences in their mass attenuation coefficient. Our data
further indicate that the 1O2 production is a direct result of the
release of highly energetic secondary carriers in the environ-
ment and does not require quenching of their radio-
luminescence, thus potentially enabling their use as both
therapeutic agents and radio-markers. Finally, we proved that
our NSs retain their optical properties in aqueous and harsh
pH conditions and under prolonged exposure to ionizing
radiation. These results offer guidelines for the design of high-
Z radio-sensitizers for enhancing the localized therapeutic
effect of RT, reducing the delivered dose and consequent
damage toward healthy tissues and thus potentially improving
the quality of life of patients during and after radiological
treatments.
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Figure 3. (a) Residual concentration of Pb2+ in 2 mg/mL solution of CsPbBr3−MSN (green plot), CsPbBr1.5I1.5−MSN (red plot), and
CsPbI3−MSN (violet plot) in water as a function of soaking time. The concentrations were measured through inductively coupled plasma−
optical emission spectrometry (ICP-OES). (b) PL intensity of CsPbBr3−MSN (green markers), CsPbBr1.5I1.5−MSN (red markers), and
CsPbI3−MSN (violet markers) as a function of time in different storage conditions: in air (filled circles), in water solution (triangles up), in
strong acid solution (HCl 1M, triangles down). PL emission was excited with a 405 nm laser. (c) Representative PL spectra of CsPbBr3−
MSN (green plot), CsPbBr1.5I1.5−MSN (red plot), and CsPbI3−MSN (violet plot) at different soaking time in acid solution (pH 1) showing
no modification of emission profile.
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K. T.; Solov’yov, A. V.; Prise, K. M.; Golding, J.; Mason, N. J. Gold
nanoparticles for cancer radiotherapy: a review. Cancer Nano-
technology 2016, 7 (1), 8.
(16) Azzam, E. I.; Jay-Gerin, J.-P.; Pain, D. Ionizing radiation-
induced metabolic oxidative stress and prolonged cell injury. Cancer
Letters 2012, 327 (1), 48−60.
(17) Ling, C. C.; Humm, J.; Larson, S.; Amols, H.; Fuks, Z.; Leibel,
S.; Koutcher, J. A. Towards multidimensional radiotherapy (MD-
CRT): biological imaging and biological conformality. International
Journal of Radiation Oncology Biology Physics 2000, 47 (3), 551−560.
(18) Clement, S.; Campbell, J. M.; Deng, W.; Guller, A.; Nisar, S.;
Liu, G.; Wilson, B. C.; Goldys, E. M. Mechanisms for Tuning
Engineered Nanomaterials to Enhance Radiation Therapy of Cancer.
Advanced Science 2020, 7 (24), 2003584.
(19) Klein, J. S.; Sun, C.; Pratx, G. Radioluminescence in
biomedicine: physics, applications, and models. Physics in Medicine
& Biology 2019, 64 (4), 04TR01.
(20) Dey, A.; Ye, J.; De, A.; Debroye, E.; Ha, S. K.; Bladt, E.;
Kshirsagar, A. S.; Wang, Z.; Yin, J.; Wang, Y.; Quan, L. N.; Yan, F.;
Gao, M.; Li, X.; Shamsi, J.; Debnath, T.; Cao, M.; Scheel, M. A.;
Kumar, S.; Steele, J. A.; Gerhard, M.; Chouhan, L.; Xu, K.; Wu, X.-g.;
Li, Y.; Zhang, Y.; Dutta, A.; Han, C.; Vincon, I.; Rogach, A. L.; Nag,
A.; Samanta, A.; Korgel, B. A.; Shih, C.-J.; Gamelin, D. R.; Son, D. H.;
Zeng, H.; Zhong, H.; Sun, H.; Demir, H. V.; Scheblykin, I. G.; Mora-
Seró, I.; Stolarczyk, J. K.; Zhang, J. Z.; Feldmann, J.; Hofkens, J.;
Luther, J. M.; Pérez-Prieto, J.; Li, L.; Manna, L.; Bodnarchuk, M. I.;
Kovalenko, M. V.; Roeffaers, M. B. J.; Pradhan, N.; Mohammed, O.
F.; Bakr, O. M.; Yang, P.; Müller-Buschbaum, P.; Kamat, P. V.; Bao,
Q.; Zhang, Q.; Krahne, R.; Galian, R. E.; Stranks, S. D.; Bals, S.; Biju,
V.; Tisdale, W. A.; Yan, Y.; Hoye, R. L. Z.; Polavarapu, L. State of the
Art and Prospects for Halide Perovskite Nanocrystals. ACS Nano
2021, 15 (7), 10775−10981.
(21) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.;
Caputo, R.; Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V.
Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl,
Br, and I): Novel Optoelectronic Materials Showing Bright Emission
with Wide Color Gamut. Nano Lett. 2015, 15 (6), 3692−3696.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c00234
ACS Energy Lett. 2023, 8, 1795−1802

1800

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Carulli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8345-6606
https://orcid.org/0000-0002-8345-6606
mailto:francesco.carulli@unimib.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3898-0641
https://orcid.org/0000-0003-3898-0641
mailto:lli@must.edu.mo
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Brovelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5993-855X
https://orcid.org/0000-0002-5993-855X
mailto:sergio.brovelli@unimib.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengda+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1971-8034
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Cova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7367-109X
https://orcid.org/0000-0001-7367-109X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Erroi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00234?ref=pdf
https://doi.org/10.1038/sj.clpt.6100400
https://doi.org/10.1038/sj.clpt.6100400
https://doi.org/10.3390/app11157073
https://doi.org/10.3390/app11157073
https://doi.org/10.1038/nbt994
https://doi.org/10.1038/nbt994
https://doi.org/10.1186/s11671-019-3006-y
https://doi.org/10.1186/s11671-019-3006-y
https://doi.org/10.1186/s11671-019-3006-y
https://doi.org/10.1038/nature12509
https://doi.org/10.1038/nature12509
https://doi.org/10.1021/acs.chemrev.5b00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nano.2016.02.019
https://doi.org/10.1016/j.nano.2016.02.019
https://doi.org/10.1016/j.nano.2016.02.019
https://doi.org/10.1021/acs.chemmater.7b03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b03924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4NR00708E
https://doi.org/10.1021/cr5004198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5004198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12951-020-00629-y
https://doi.org/10.1186/s12951-020-00629-y
https://doi.org/10.1186/s12951-020-00629-y
https://doi.org/10.1002/wnan.1402
https://doi.org/10.1002/wnan.1402
https://doi.org/10.18632/oncotarget.18409
https://doi.org/10.18632/oncotarget.18409
https://doi.org/10.1186/s12645-016-0021-x
https://doi.org/10.1186/s12645-016-0021-x
https://doi.org/10.1016/j.canlet.2011.12.012
https://doi.org/10.1016/j.canlet.2011.12.012
https://doi.org/10.1016/S0360-3016(00)00467-3
https://doi.org/10.1016/S0360-3016(00)00467-3
https://doi.org/10.1002/advs.202003584
https://doi.org/10.1002/advs.202003584
https://doi.org/10.1088/1361-6560/aaf4de
https://doi.org/10.1088/1361-6560/aaf4de
https://doi.org/10.1021/acsnano.0c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl5048779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Cao, M.; Xu, Y.; Li, P.; Zhong, Q.; Yang, D.; Zhang, Q. Recent
advances and perspectives on light emitting diodes fabricated from
halide metal perovskite nanocrystals. Journal of Materials Chemistry C
2019, 7 (46), 14412−14440.
(23) Brown, A. A. M.; Damodaran, B.; Jiang, L.; Tey, J. N.; Pu, S. H.;
Mathews, N.; Mhaisalkar, S. G. Lead Halide Perovskite Nanocrystals:
Room Temperature Syntheses toward Commercial Viability. Adv.
Energy Mater. 2020, 10 (34), 2001349.
(24) Shamsi, J.; Urban, A. S.; Imran, M.; De Trizio, L.; Manna, L.
Metal Halide Perovskite Nanocrystals: Synthesis, Post-Synthesis
Modifications, and Their Optical Properties. Chem. Rev. 2019, 119
(5), 3296−3348.
(25) Liu, M.; Wan, Q.; Wang, H.; Carulli, F.; Sun, X.; Zheng, W.;
Kong, L.; Zhang, Q.; Zhang, C.; Zhang, Q.; Brovelli, S.; Li, L.
Suppression of temperature quenching in perovskite nanocrystals for
efficient and thermally stable light-emitting diodes. Nat. Photonics
2021, 15 (5), 379−385.
(26) Jana, A.; Cho, S.; Patil, S. A.; Meena, A.; Jo, Y.; Sree, V. G.;
Park, Y.; Kim, H.; Im, H.; Taylor, R. A. Perovskite: Scintillators, direct
detectors, and X-ray imagers. Mater. Today 2022, 55, 110−136.
(27) Zhou, F.; Li, Z.; Lan, W.; Wang, Q.; Ding, L.; Jin, Z. Halide
Perovskite, a Potential Scintillator for X-Ray Detection. Small Methods
2020, 4 (10), 2000506.
(28) Heo, J. H.; Shin, D. H.; Park, J. K.; Kim, D. H.; Lee, S. J.; Im, S.
H. High-Performance Next-Generation Perovskite Nanocrystal
Scintillator for Nondestructive X-Ray Imaging. Adv. Mater. 2018, 30
(40), 1801743.
(29) Zhou, J.; An, K.; He, P.; Yang, J.; Zhou, C.; Luo, Y.; Kang, W.;
Hu, W.; Feng, P.; Zhou, M.; Tang, X. Solution-Processed Lead-Free
Perovskite Nanocrystal Scintillators for High-Resolution X-Ray CT
Imaging. Advanced Optical Materials 2021, 9 (11), 2002144.
(30) Wang, B.; Li, P.; Zhou, Y.; Deng, Z.; Ouyang, X.; Xu, Q.
Cs3Cu2I5 Perovskite Nanoparticles in Polymer Matrix as Large-Area
Scintillation Screen for High-Definition X-ray Imaging. ACS Applied
Nano Materials 2022, 5 (7), 9792−9798.
(31) Liu, Y.; Zaffalon, M. L.; Zito, J.; Cova, F.; Moro, F.; Fanciulli,
M.; Zhu, D.; Toso, S.; Xia, Z.; Infante, I.; De Trizio, L.; Brovelli, S.;
Manna, L. Cu+ → Mn2+ Energy Transfer in Cu, Mn Coalloyed
Cs3ZnCl5 Colloidal Nanocrystals. Chem. Mater. 2022, 34 (19),
8603−8612.
(32) Liu, F.; Wu, R.; Wei, J.; Nie, W.; Mohite, A. D.; Brovelli, S.;
Manna, L.; Li, H. Recent Progress in Halide Perovskite Radiation
Detectors for Gamma-Ray Spectroscopy. ACS Energy Letters 2022, 7
(3), 1066−1085.
(33) Knoll, G. F. Radiation Detection and Measurement; John Wiley &
Sons, 2010; pp 29−64.
(34) Zhu, D.; Zaffalon, M. L.; Zito, J.; Cova, F.; Meinardi, F.; De
Trizio, L.; Infante, I.; Brovelli, S.; Manna, L. Sb-Doped Metal Halide
Nanocrystals: A 0D versus 3D Comparison. ACS Energy Letters 2021,
6 (6), 2283−2292.
(35) Zaffalon, M. L.; Cova, F.; Liu, M.; Cemmi, A.; Di Sarcina, I.;
Rossi, F.; Carulli, F.; Erroi, A.; Roda,̀ C.; Perego, J.; Comotti, A.;
Fasoli, M.; Meinardi, F.; Li, L.; Vedda, A.; Brovelli, S. Extreme γ-ray
radiation hardness and high scintillation yield in perovskite nano-
crystals. Nat. Photonics 2022, 16 (12), 860−868.
(36) Gandini, M.; Villa, I.; Beretta, M.; Gotti, C.; Imran, M.; Carulli,
F.; Fantuzzi, E.; Sassi, M.; Zaffalon, M.; Brofferio, C.; Manna, L.;
Beverina, L.; Vedda, A.; Fasoli, M.; Gironi, L.; Brovelli, S. Efficient,
fast and reabsorption-free perovskite nanocrystal-based sensitized
plastic scintillators. Nat. Nanotechnol. 2020, 15 (6), 462−468.
(37) Rakhymzhan, A.; Leben, R.; Zimmermann, H.; Günther, R.;
Mex, P.; Reismann, D.; Ulbricht, C.; Acs, A.; Brandt, A. U.; Lindquist,
R. L.; Winkler, T. H.; Hauser, A. E.; Niesner, R. A. Synergistic
Strategy for Multicolor Two-photon Microscopy: Application to the
Analysis of Germinal Center Reactions In Vivo. Sci. Rep. 2017, 7 (1),
7101.
(38) Yuan, L.; Lin, W.; Zhao, S.; Gao, W.; Chen, B.; He, L.; Zhu, S.
A Unique Approach to Development of Near-Infrared Fluorescent

Sensors for in Vivo Imaging. J. Am. Chem. Soc. 2012, 134 (32),
13510−13523.
(39) López-Valverde, J. A.; Jiménez-Ortega, E.; Leal, A. Clinical
Feasibility Study of Gold Nanoparticles as Theragnostic Agents for
Precision Radiotherapy. Biomedicines 2022, 10 (5), 1214.
(40) Talianov, P. M.; Peltek, O. O.; Masharin, M.; Khubezhov, S.;
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