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Synergistic Compatibilization of CsPbBr3 Perovskites and
HfO2 Nanocrystals for Hybrid Sensitized Nanoscintillators

Francesco Bruni, Saptarshi Chakraborty, Andrea Fratelli, Abdessamad El Adel, Jordi Llusar,
Francesco Carulli, Matteo L. Zaffalon, Chenger Wang, Vojtech Zabloudil,
Etiennette Auffray, Francesco Meinardi, Leonardo Poletti, Laura Lazzarini,
Daniela Manno, Anna Galli, Francesca Rossi,* Ivan Infante,* and Sergio Brovelli*

Lead halide perovskite nanocrystals (NCs), such as CsPbBr3, are promising
candidates for next-generation scintillators due to their ultrafast radiative
kinetics and high emission efficiency. However, their integration in composite
scintillators is limited by poor compatibility with high-Z sensitizers,
reabsorption losses at high loading, and low radiation stopping power due to
their nanoscale dimensions. Here, a robust strategy is demonstrated to
hybridize CsPbBr3 NCs with hafnium oxide (HfO2) nanoparticles (NPs) as
transparent, high-Z electromagnetic sensitizers. Surface oxygen dangling
bonds on HfO2 NPs are identified as the main source of perovskite
degradation and it is shown that a PbBr2 pre-treatment effectively passivates
these sites. This enables stable NC–NP hybrids, preserving optical quality and
scintillation properties. Co-synthesis in the presence of treated HfO2 NPs
suppresses NC degradation and enhances both photoluminescence efficiency
and thermal robustness. The hybrids can be embedded in polymer
nanocomposites via thermal radical polymerization, a process typically
detrimental to perovskites. Under X-ray excitation, HfO2 NPs significantly
enhance radioluminescence intensity without compromising the ultrafast
response of CsPbBr3 NCs, confirming efficient electromagnetic sensitization
via electron cascade. This work offers a viable pathway for designing hybrid
nanoscintillators with enhanced stopping power and stable optical
performance for practical radiation detection technologies.
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1. Introduction

Lead halide perovskite nanocrystals (NCs),
particularly in their inorganic form CsPbX3
(where X is a Cl, Br, or I), have recently
emerged as promising candidates for use
as nanoscintillators in secondary radia-
tion detectors.[1,2] These materials offer
a unique combination of properties,[3]

including high emission efficiency,[4]

high atomic number,[5] tunable bandgap
via halogen composition and particle
size,[6,7] defect tolerance,[8] scalability in
synthesis,[9,10] and radiation hardness.[4,11]

Additionally, their ultrafast scintillation
kinetics, driven by multi-exciton formation
under ionizing excitation[11,12] and giant
oscillator strength,[13] further enhance their
potential in fast timing radiation detection
technologies.[2,14] Numerous studies have
been conducted to investigate the scin-
tillation mechanisms of perovskite NCs,
both at the level of isolated particles in
solutions (which is further relevant for de-
veloping liquid scintillators),[12,15] in solid
polymeric composites[14,16–21] as well as in
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film form,[2,22,23] to developing nanotechnological scintilla-
tors with quantum-based behaviors. While substantial progress
has been made, several challenges remain unresolved. On the
one hand, the typical particle size of perovskite NCs (3–20 nm)
is smaller than the average free path of photoelectric electrons
generated by primary radiation interactions, resulting in sub-
stantial release of energy outside the NCs.[12] On the other
hand, their high molecular weight (ca. 3000 Kg mol−1 for 10 nm
CsPbBr3 NCs) implies that their density (expressed as NC cm−3

in a solid or liquid host) is much lower than that of molecular
emitters typically used in plastic or liquid scintillators (for the
same mass content), resulting in greater distances between
the NCs (both between each other and from a site of primary
interaction inside the host material). This limits their ability
to intercept and convert the electromagnetic shower produced
by primary radiation interactions, lowering their performance
as effective scintillators.[12,15,24] As a result, achieving optimal
performance requires very high concentrations of perovskite
NCs, which are both poorly compatible with solubility (or col-
loidal stability) in liquid or solid hosts and introduce a secondary
but critical problem: reabsorption of the scintillation light by
the NCs, which, as direct excitonic materials, exhibit a small
Stokes shift between their absorption and emission spectra.
This reduces the light outcoupling to photodetectors and slows
down the scintillation dynamics, leading to a shift from ultrafast
multi-exciton emission (< 1 ns) to slower excitonic emission with
timescales of a few nanoseconds, which reduces the effectiveness
of the material in practical applications, including fast timing
technologies.
A potential strategy to address these challenges is to com-

bine lead halide perovskite NCs with high-Z sensitizers that are
transparent to their emission, such as hafnium oxide (HfO2)
nanoparticles (NPs), which have been extensively investigated
as additives in plastic scintillators.[2,25–27] In this configuration,
the role of HfO2 is not to emit light itself but to act as a
highly efficient absorber of incoming X-rays. Upon interaction
with ionizing radiation, the Hf atoms release energetic photo-
electrons that can then excite the perovskite NCs, leading to
light emission. This indirect sensitization pathway effectively in-
creases the stopping power of the system while allowing the per-
ovskite loading to remain low enough to minimize optical re-
absorption. For clarity, we use the term “NPs” to refer to HfO2
and “NCs” for CsPbBr3, although both are crystalline materials,
as will be shown later (vide infra). However, a number of re-
ports investigated that the metal oxides, such as MoO3, SnO2,
NiOx, VOx, CdO, which are synthesized in air, act as exciton
quenchers of their adjunct emissive species.[28–32] Hence, the
practical implementation of combining HfO2 and CsPbBr3
still faces the chemical challenge of overcoming the difficult
compatibility between the surface-reactive HfO2 NPs (which
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are also being studied for their catalytic properties)[33–37] and
the highly ionic perovskite NCs, which are particularly sen-
sitive to reactive species (including, as we show here, dan-
gling atoms on the surface of the hafnium oxide NPs) that
can damage and even completely dissolve the perovskite
structure.
In this study, we address this issue by investigating and solv-

ing the process of damage caused by the interaction of HfO2 NPs
with CsPbBr3 NCs, thereby offering a valuable new platform for
realizing hybrid perovskite-based scintillator materials. Our find-
ings reveal that HfO2 NPs bind to the CsPbBr3 NCs via dan-
gling oxygen atoms, which scavenge Pb ions and lead to the grad-
ual dissolution of the perovskite structure. However, treating the
HfO2 NPs with PbBr2 heals the surface oxygen vacancies, inhibit-
ing their reactivity and improving the compatibility between the
two materials.
As sketched in Figure 1a, this compatibilization process can

be applied both independently to the HfO2 NPs before mixing
with pre-synthesized CsPbBr3 NCs and directly during the NC
synthesis in the presence of HfO2 NPs. Consistently, our exper-
iments show that the reaction yield of CsPbBr3 NCs gradually
decreases with increasing concentration of HfO2 NPs due to the
consumption of some part of the PbBr2 reactant for the passiva-
tion process that ultimately prevents the NPs from damaging the
CsPbBr3 NCs. Crucially, the synthesis of perovskite NCs in the
presence of HfO2 NPs also improves the optical quality and ther-
mal stability of the CsPbBr3 NCs themselves, which is a key for
optimized scintillations and for the fabrication of plastic compos-
ites via industrial techniques. This is ascribed to the passivation
of surface defects on the CsPbBr3 NCs by hafnium ions (or re-
lated hafnium oxides complexes or Hf(carboxylate)4) released by
the ripening of the NP surfaces during the initial stages of the NC
synthesis (vide infra), similar to the passivation effects observed
for cadmium ions in CsPbCl3 NCs.

[38] This is confirmed by con-
trol titration experiments with an organicHf4+ salt and by density
functional theory (DFT) calculations. As a result of such a syner-
gic effect between the HfO2 NPs and the CsPbBr3 NCs, it was
finally possible to produce emissive polymer nanocomposites via
thermal radical polymerization. Finally, leveraging these compat-
ibilization protocols, we were able to take the first steps toward
developing HfO2-sensitized perovskite scintillators. Radiolumi-
nescence (RL) measurements on mixed powders and nanocom-
posites confirm the effective sensitization of CsPbBr3 NCs by
HfO2 NPs by showing a gradual intensification of the RL with in-
creasing HfO2 NP content, together with the preservation of the
characteristic spectral and ultrafast kinetic properties of CsPbBr3
NCs, both in the case of individually treated materials and in the
co-presence synthesis. The use of 1:1 HfO2:CsPbBr3 mixtures in
polyvinyl toluene led to over 200% increase in scintillation with
respect to pure CsPbBr3 NCs-based composites with compara-
ble Z. Moreover, thin films obtained by solvent deposition of bi-
nary blends of CsPbBr3 NCs and HfO2 NPs showed over four-
fold increase of the scintillation intensity (limited by the max-
imum stopping achievable with the available soft X-ray excita-
tion source). These results offer insights into the future devel-
opment of hybrid perovskite-based materials for applications in
photonics and provide a valuable contribution to the design of
advanced scintillation detectors based on sensitized perovskite
NCs.
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Figure 1. a) Sketch of the surface passivation strategy of HfO2 NPs for their compatibilization with CsPbBr3 NCs (top) and CsPbBr3/HfO2 co-
synthesis (bottom). b) TEM images of as as-synthesized HfO2 NPs (top left), surface-treated HfO2 NPs (top right), pristine CsPbBr3 NCs (bottom
left), and co-synthesized CsPbBr3/HfO2 mixture (bottom right). c) XRD patterns of CsPbBr3 NCs (green line), HfO2 NPs (black line) and co-synthetized
CsPbBr3/HfO2 system (orange line). Gray patterns refer to the corresponding bulk references. d) PL (shaded areas) and absorption (lines) spectra of
pristine CsPbBr3 NCs (green), and CsPbBr3 NCs with the addition of untreated HfO2 NPs (black). e) Integrated PL intensity over time after the addition
of the same amount (200 μL of a 0.1 m HfO2 stock solution) of treated (blue circles) or untreated (gray triangles) HfO2 NPs to a CsPbBr3 NCs solution
in toluene. f) Absorption of crude solution after the synthesis of pure CsPbBr3 NCs and co-synthesized CsPbBr3/HfO2 with different amounts of HfO2
NPs (yellow 250 mg, orange 500 mg). The corresponding reaction yield (extracted from absorption of crude solutions) is reported in the inset. The same
color code applies to all the panels.

2. Results and Discussion

2.1. Synthesis and Compatibilization of CsPbBr3 and HfO2
Nanocrystals

CsPbBr3 NCs were synthesized by a hot injection method follow-
ing a previously reported protocol,[7] to ensure the broad applica-
bility of the findings. The HfO2 NPs were obtained via a thermal
decomposition of Hf(CF3COO)4 at high-temperature (330 °C)
under reflux, closely following a report by Pei and coworkers.[26]

In order to make HfO2 NPs compatible with CsPbBr3 NCs, we
performed a post-synthetic surface treatment in which we mixed
1.3 g of HfO2 NPs with ≈680 mg of PbBr2 and stirred for 2 at
room-temperature (≈30 °C), after which they were recovered by
centrifugation. For the synthesis of CsPbBr3 NCs, we followed
a standard hot-injection strategy,[7] in which 0.188 mmol PbBr2,
7 mL of ODE and 1 mL of oleic acid, and 1 mL of oleylamine
were degassed at 110 °C for an hour in a three-necked flask be-
fore injecting 0.4 mL of Cs-Oleate precursor at 180 °C followed
by ice quenching. Taking inspiration from literature,[39,40] we de-
veloped a procedure that enables the synthesis of CsPbBr3 in the
presence of HfO2 NPs, avoiding any degradation (for brevity, we
hereafter refer to this procedure as the co-synthesis method). In

this procedure, a fixed amount ofHfO2 was loaded in the reaction
flask in addition to the precursors required for pristine CsPbBr3
to digestively ripen the HfO2 NPs. The rest of the reaction pro-
ceeded similarly to the conventional route, in which the addition
of Cs-oleate co-synthesized HfO2/CsPbBr3 system. Details of all
procedures are reported in the Supporting Information.
The transmission electron micrographs of the pristine

CsPbBr3 NCs and HfO2 NPs (bare and PbBr2-treated) and of the
co-synthesized mixture are shown in Figure 1b. The HfO2 NPs
are predominantly spheroidal, with a mean diameter of r = 5.6 ±
2.8 nm, which remains essentially unchanged after PbBr2 treat-
ment (r = 4.2 ± 1.1 nm; see Figure S1, Supporting Information
for detailed characterization). High-resolution TEM (HRTEM)
confirms that each particle is crystalline, while electron diffrac-
tion patterns from randomly oriented NP aggregates show char-
acteristic rings of the monoclinic P21/C phase of hafnium ox-
ide (ICSD collection code 27313), both before and after PbBr2
treatment. Figure S2 (Supporting Information) also displays a
high-angle annular dark-field (HAADF) scanning transmission
electron microscope (STEM) image and energy-dispersive X-ray
(EDX) map of HfO2 NPs after PbBr2 treatment and double cen-
trifugationwashing, confirming the association of Pb andBrwith
theNPs. The corresponding EDX spectrum is shown in Figure S3
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(Supporting Information), showing the L and K-lines of Pb and
Br respectively. The presence of these elements is further veri-
fied by X-ray fluorescence (XRF) analysis (Figure S4, Supporting
Information), which clearly shows the Br K𝛼 and K𝛽 lines along
with the Pb L𝛽1 line and provides a rough estimate of the Br con-
tent at ≈0.5 wt.% relative to Hf.
The pristine CsPbBr3 NCs (reported in Figure S5, Support-

ing Information) have the characteristic cuboidal shape and av-
erage lateral size of d = 12.9 ± 1.9 nm. Each cube is crystalline,
and the lattice structure corresponds to the cubic Pm3̄m phase of
CsPbBr3 (ICSD collection code 29073). The cubes tend to align
over the TEM grid, so that the Fourier Transform analysis of
HRTEM images shows a very nice match of the crystalline ori-
entation over several NCs in the <001> zone axis.
In the co-synthesized CsPbBr3/HfO2 mixture (see detailed

characterization in Figure S6, Supporting Information), the
cuboidal NCs are present, mixed with the spheroidal NPs that
tend to arrange in chains. Both materials retain their respective
crystalline structure, with no detectable changes in the lattice
spacings. Only a slight decrease in size with respect to pristine
samples is observed. The NCs in the mixture have an average
size d = 10.6 ± 1.7. Consistent with the literature,[39,40] the diges-
tive ripening step in the co-synthesis route induces a reduction
of NP size to particles after PbBr2 treatment. The corresponding
X-ray diffraction patterns in Figure 1c show a cubic Pm3̄m phase
for the CsPbBr3 NCs and a monoclinic P21/C phase for the HfO2
NPs, similar to the findings fromTEM image analysis, indicating
that the presence of HfO2 NPs in the synthesis does not affect the
crystalline properties of CsPbBr3 NCs.
As mentioned above, the mixing of bare HfO2 NPs with

CsPbBr3 NCs leads to the complete dissolution of the latter
within just a few minutes. This effect is clearly demonstrated in
Figure 1d, which presents the optical absorption and PL spec-
tra of the NCs before and after the addition of ≈0.24 mmol of
HfO2 NPs. The pristine NCs display the typical spectral features
of CsPbBr3, characterized by a distinct absorption edge at 2.48 eV,
an excitonic emission at 2.45 eV with FWHM = 90 meV, and
PL quantum yield, ΦPL = 40 ± 5%. The immediate consequence
of adding the as-synthesized HfO2 NPs is a rapid degradation
of the NCs, resulting in a swift decrease in both optical absorp-
tion and PL intensity, suggesting that the main effect is the dis-
solution of the NCs. This degradation is further quantified in
Figure 1d,e, showing the time evolution of integrated PL inten-
sity measured in situ before (IPL(0)) and after (IPL) the addition
of the NPs. More details of the interaction mechanism are pro-
vided by molecular dynamics and DFT calculation (vide infra).
Crucially, the post-synthesis surface treatment of the HfO2 NPs
with PbBr2 in chloroform/toluene solution progressively miti-
gates this quenching effect, ultimately rendering the NPs fully
compatible with the CsPbBr3 NCs. This is evidenced by the stabi-
lization of the IPL/IPL(0) ratio shown in Figure 1e, which remains
constant upon addition of PbBr2-treated NPs. This approach thus
offers a valuable strategy for integrating wide-bandgap heavy-
metal NP sensitizers with lead halide perovskite NCs, opening up
the possibility of designing hybrid nanoscintillators as explored
later in this work.
The beneficial effect of PbBr2 on modulating the surface reac-

tivity of HfO2 NPs, beyond enabling their compatibilization with
CsPbBr3 NCs, also points toward a viable strategy for the direct

synthesis of CsPbBr3 NCs in the presence of HfO2 NPs. In this
co-synthesis approach, PbBr2 serves a dual role: as a precursor
for NC formation and as a passivating agent for the NP surfaces.
To explore this possibility, we conducted a hot-injection synthe-
sis of CsPbBr3 NCs in the presence of HfO2 NPs, following the
procedure outlined in the previous sections. The representative
TEM image of the resulting product is presented in Figure 1b and
Figure S6 (Supporting Information), revealing NCs with mor-
phology comparable to those synthesized under identical condi-
tions in the absence of NPs. Compositional analysis performed
by energy dispersive X-Ray spectroscopy and mapping (Figure
S7, Supporting Information) shows that the spatial distribution
of the elements clearly corresponds either to the NPs when the
Hafnium M-line is selected, or to the NCs when the PVK ele-
ments (PbM-line, Br L-line) are selected. These findings indicate
that the co-synthesis route results inHfO2 NPs and CsPbBr3 NCs
physically mixed, with the two components remaining distinct
and no evidence of structural modification or heterostructure for-
mation.More importantly, within the context of synthetic control,
we observed a progressive decrease in the overall reaction yield of
CsPbBr3 NCs without a change in the spectral positions – quan-
tified via the optical absorption of the crude reaction mixture –
as the concentration of HfO2 NPs was increased while keeping
the amount of precursors constant (Figure 1f). This observation
supports the hypothesis that PbBr2 simultaneously participates
in NC formation and in the surface passivation of the HfO2 NPs,
thereby limiting the amount available for nucleation and growth
of perovskite NCs.

2.2. Enhancement Effect of CsPbBr3 Nanocrystals Luminescence

Importantly, the optical properties of CsPbBr3 NCs synthesized
in the presence of HfO2 NPs exhibit notable enhancement com-
pared to standard NCs prepared without NPs with ΦPL reach-
ing 70% (corresponding to 75% enhancement), as highlighted
in the absorption and PL spectra reported in Figure 2a. This un-
expected result suggests that the addition of HfO2 NPs to the
NC synthesis passivates nonradiative surface defects, which are
primarily associated with dangling bromide ions located at the
NC surface, as will be further substantiated through DFT calcu-
lations discussed later in this work. Considering that the prod-
uct of the synthesis is a mixture of distinct NCs and NPs with
no sign of heterostructure formation that could result in surface
rectification, one possible origin of such passivation effect could
be the release of organometallic Hf4+ complexes due to ripening
of the NP surfaces by the oleic acid molecules used as ligands
for the NC synthesis in the early stages of reaction. These com-
plexes could then react and rectify dangling bromide ions’ surface
sites.
To put this hypothesis to a test, we performed a titration

experiment in which pristine CsPbBr3 NCs were incremen-
tally exposed to a Hf4+ species in toluene, where a stock so-
lution of Hf-TMH (Hf-TMH: tetrakis(2,2,6,6-tetramethyl-3,5-
heptanedionato)hafnium(IV)) was prepared by dissolving 0.05
mmol Hf-TMH in 1 mL toluene, and 100 μL of this solution was
introduced to a solution of pristine CsPbBr3 NCs. As illustrated
in Figure 2b,c, the PL intensity increases progressively with time,
saturating at ΦPL = 80% and confirming the scenario that Hf4+
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Figure 2. a) PL (shaded areas) and absorption (lines) spectra of pristine CsPbBr3 NCs (green) and co-synthesized CsPbBr3/HfO2 system (orange).
b) PL spectra of a pristine CsPbBr3 NCs solution in toluene collected over 20 min after the addition of 100 μL of Hf-TMH (0.05 m) solution and respective
c) integrated PL intensities. d) Comparison between integrated PL intensities of pristine CsPbBr3 (green bars) and co-synthesized HfO2/CsPbBr3 with
short (30 s, blue bars) or extended (1 h, orange bars) digestive ripening of HfO2 NPs before (empty bars) and after (filled bars) a 100 °C thermal
treatment for 15 min. The ΦPL of each sample before heating is also indicated.

species play a crucial role in the passivation of non-radiative sur-
face defects.
Significantly, the surface stabilization by HfO2 NPs not only

enhances the radiative efficiency of the NCs but also markedly
improves their thermal robustness – an essential character-
istic given that CsPbBr3 NCs, particularly those with a cu-
bic perovskite phase, are known to suffer from poor thermal
stability.[41–44] This limitation poses a serious obstacle to their
integration into various device platforms, such as light-emitting
diodes (LEDs),[45–48] and critically hinders their compatibility with
thermally cured plastic matrices commonly used in scintillator
composites. In fact, only very recently we demonstrated the pos-
sibility to render CsPbBr3 NCs stable toward the thermal radical
polymerization of polyvinyl toluene (PVT) by resurfacing with
fluorinated ligands.[16] In line with the key role of surface sta-
bility, the emission from pristine NCs is completely quenched
after exposure to elevated temperatures (100 °C, Figure 2d),
whereas CsPbBr3 NCs synthesized in the presence of HfO2 NPs
exhibit strong and stable PL emission under the same condi-
tions, with stability proportional to the extent of ripening of the
HfO2 NPs (controlled by the time duration of the pre-digestion
stage before injection of Cs-OA, see Supporting Information for
details).

2.3. Density Functional Theory and Molecular Mechanics
Calculations

Before investigating the scintillation properties of the NC/NP
mixtures and their corresponding composites, we performed
DFT calculations with the cp2k 2024.1 package[49] at the Perdew–
Burke–Ernzerhof (PBE)[50] and a double-zeta valence polarized
basis-set level of theory[51] to better understand the interactions
between CsPbBr3 NCs and HfO2 NPs. Specifically, we first ex-
plored how the optical properties of CsPbBr3 NCs are enhanced
upon incorporation of Hf4+ ions on the perovskite surface, as
shown in Figure 2b,c. To assess this, we followed the same ap-
proach employed in our previous study on slightly damaged
cubic-shaped CsPbCl3 NCs – that is, structures in which corner
and edge CsCl ionic pairs were stripped away, exposing second-

shell Pb atoms – which were subsequently healed with CdCl2
salts.[38]

Similarly, the perovskite employed here shows 3 nm edge
length (Figure 3a, left panel), and although it is composed of
Br atoms instead of Cl, it still shows similar kind of traps: sev-
eral valence band (VB) deep trap states emerging from dicoor-
dinated (2c-) Br corner atoms and a small admixing of conduc-
tion band (CB) shallow and deep traps arising from undercoor-
dinated Pb atoms (Figure 3b, left panel). Following our previous
work, we emulated a B-site cation exchange reaction, in which the
eight corner Pb atoms were replaced by Hf ions (Figure 3b, right
panel), mimicking for simplicity an exchange PbBr2 → HfBr4.
Note that in both cases, the Br atoms occupy the vertices of
the corner metal-centered octahedra, with either Pb2+ or Hf4+

at the center, resulting in similar local geometries around the
cation (see insets in Figure 3a). Despite this structural similar-
ity, 2c-Br atoms – those bridging only two cations, typically Cs+

and the central metal – give rise to markedly different electronic
structures depending on the metal ion (Pb or Hf). When coor-
dinated to Pb2+, these Br atoms are associated with deep trap
states, whereas in the presence of Hf4+, the same configuration
does not introduce trap levels (Figure 3b). The absence of trap
states can be attributed to the different electronic configurations:
Hf4+ ([Xe]4f14) exhibits awide bandgapwith its orbitals lying deep
within the valence and conduction bands, whereas Pb2+, with its
6s2 valence configuration, contributes directly at the band edges.
Consequently, changes in Pb2+ coordination can shift these or-
bitals and promote the formation of localized states within the
bandgap.
Overall, the elimination of trap states upon the exchange with

Hf ions should provide direct evidence of the enhancement of
ΦPL during the concomitant synthesis of NC in the presence
of NP species. Subsequently, based on the TEM images and X-
ray patterns shown in Figure 1b,c, respectively, we constructed
a charge-balanced, stoichiometric, monoclinic HfO2 model of
≈2.4 nm in size, exposing polar (111) and (-111) facets together
with non-polar (100), (001), and (110) facets (c). Our first objective
was to identify which facets are most susceptible to generating
trap states. To this end, we analyzed the contribution of hafnium
and oxygen atoms from each facet to the MOs that constitute the

Adv. Funct. Mater. 2025, e20228 e20228 (5 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Sketch of B-site cation exchange process based onmodel structures with 3 nm edge length: a CsPbBr3 NCmodel (Cs160Pb125Br410, left) and
a healed CsPb1-xHfxBr3+2x model (Cs160Pb117Hf8Br426, right). Insets show zoomed views of local octahedral environments at the corners, highlighting
metal–Br distances. Atomic color codes: Cs (yellow), Pb (gray), undercoordinated-Pb (orange), Br (green), 2c-Br (magenta), Hf (light blue). (b) Partial
Density of States (pDOS) and Inverse Participation Ratio (IPR) plots for the models shown in panel (a). Horizontal segments indicate the contribution
of each element to the MOs. (c) HfO2 NP model (Hf238O476), highlighting the (100) and (-111) facets, which are the primary contributors to trap state
formation. Color code: Hf(100) (pink), O(100) (purple), Hf(-111) (brown), O(-111) (gold). The remaining Hf and O atoms are shown in turquoise and
red, respectively. (d) pDOS and IPR plots for the HfO2 model shown in panel (c). Trap states are identified through IPR analysis, where values close to 0
represent delocalized MOs, and values near or equal to 1 correspond to localized states. A threshold IPR of 0.045 (marked by a vertical dotted blue line)
separates localized and delocalized regions in the pDOS. Although this threshold is heuristic, it is qualitatively supported by the elemental contributions
to each MO.

electronic structure (Figure S8, Supporting Information). No-
tably, although the (100) facets are not the most prevalent sur-
faces in the model, the oxygen atoms located on them are pre-
dominantly responsible for several mid-gap states concentrated
right above the VB (Figure 3d), and thereby strongly influence
the distribution of trap states in hafnia NPs. Conversely, CB
traps are less abundant and are mainly associated with the (-
111) facets, where they are more sparsely distributed. Over-
all, this large number of trap states seems to originate mainly
from the undercoordination of O and Hf atoms (see Figure
S9, Supporting Information). However, we expect that the bare
HfO2 NPs are in fact passivated by oleic acid and oleylam-
mine, which maintain their colloidal stability, and that the un-

dercoordinated Hf sites are favorably passivated. This would
help to heal trap states near the CB, but would still leave dan-
gling oxygen atoms exposed. This latter configuration aligns with
our earlier experimental observation that bare hafnia promotes
CsPbBr3 degradation, while PbBr2-passivated hafnia does not.
To further elucidate these last atomistic mechanisms underly-
ing the experimentally observed interactions between HfO2 NPs
and CsPbBr3 NCs, we performed classical molecular dynamics
(MD) simulations of bare HfO2 NP in contact with CsPbBr3
NCs, both in toluene and under vacuum, employing the same
2.4 nm HfO2 model previously utilized in the DFT calcula-
tions (Figure 3c). Force-field parameters were specifically devel-
oped for this work, and their values are reported in Table S1

Adv. Funct. Mater. 2025, e20228 e20228 (6 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Molecular dynamics snapshots illustrating the interaction and passivation processes of HfO2 NP and CsPbBr3 NC by PbBr2. a) MD simulation
snapshots showing the interaction between HfO2 NP and CsPbBr3 NC under different conditions. Left: Bare HfO2 NP in contact with a CsPbBr3 NC
in toluene, illustrating the extraction of surface ions and initial degradation of the NC. Middle: Bare HfO2 nanoparticle with a CsPbBr3 NC in vacuum,
highlighting even more pronounced surface degradation and ion removal due to the absence of solvent screening. b) Time evolution of a bare HfO2 NP
exposed to PbBr2 in toluene, showing progressive adsorption and surface passivation of PbBr2 molecules at the NP surface at selected time points (t =
1.5, 5, and 19 ns) resulting a Hf238O476[PbBr2]26 structure. c) PbBr2-passivated HfO2 nanoparticle interacting with a CsPbBr3 NC, shown at the top in
toluene and at the bottom in vacuum; in both cases, the nanocrystal structure remains intact, demonstrating the protective effect of PbBr2 passivation.
The color code for elements is: Cs (yellow), Pb (gray), Br (green), Hf (cyan), and O (red).

(Supporting Information). Simulation details are provided in the
Supporting Information. The MD simulations performed with
the Gromacs 2022 package,[52] run for a few nanoseconds, re-
veal a pronounced destructive effect of unpassivated HfO2 on
the perovskite NC: the HfO2 NP rapidly extracted Cs+ and Br−

ions from the NC surface, with a particularly strong preference
for Cs+ ions (see Figure 4a center panel). In several instances,
even subsurface Pb2+ ions are removed, indicating structural dis-
ruption of the NC. This pronounced ion extraction can be at-
tributed to the high density of dangling oxygen atoms on the
HfO2 surface, which facilitates strong interactions with the per-
ovskite lattice. Notably, in toluene, HfO2 NP predominantly at-
tack the nanocrystal at its edges rather than the flat surfaces
(Figure 4a, left panel), suggesting a degree of facet-selectivity that
may arise from differences in solvent accessibility, though the
precise origin remains unclear. These MD results are in agree-
ment with the experimental observations, where the introduction
of bare HfO2 NPs leads to the rapid degradation of CsPbBr3 NCs
(Figure 1e).

However, when the HfO2 nanoparticles are pre-treated with
PbBr2, the destructive interaction with CsPbBr3 NCs is almost
entirely suppressed in both toluene and vacuum environments.
To demonstrate this, we performed classical MD simulations, in
which the bare HfO2 NP model was equilibrated in the pres-
ence of PbBr2, both in toluene and under vacuum. Over the
course of several nanoseconds, the simulations reveal a progres-
sive and selective adsorption of PbBr2 molecules onto the HfO2
surface sites—specifically, the undercoordinated oxygen atoms at
the (100) and (–1-1-1) facets. These dangling atoms, identified
by DFT as major contributors to the trap state (Figure 3d), are
rapidly capped by PbBr2, leading to the sequential passivation
of the nanoparticle surface. As the simulation progresses, addi-
tional PbBr2 molecules continue to accumulate, eventually result-
ing in nearly complete coverage and effective chemical shield-
ing of all facets (Figure 4b). The preferential binding of PbBr2
over other candidate ligands is rationalized by its significantly
higher binding energy (by 15–30 kcal·mol−1) compared to acetic
acid-derived ligands. This energetic advantage translates, at the

Adv. Funct. Mater. 2025, e20228 e20228 (7 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202520228 by U
niversita M

ilano B
icocca, W

iley O
nline L

ibrary on [11/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

atomistic level, into a more robust and persistent surface cover-
age, which is maintained throughout the molecular dynamics.
Visual inspection of the MD trajectories indicates that, by the
end of the simulation, the PbBr2 molecules form a compact and
stable shell around the HfO2 nanoparticle, with few visible sur-
face defects or exposed undercoordinated atoms. After this, we
placed the PbBr2-passivatedHfO2 NPwith the CsPbBr3 NC struc-
ture in the same simulation box. In these simulations, the PbBr2-
passivated HfO2 NPs do not disrupt the CsPbBr3 NC structure,
underscoring the effectiveness of surface passivation in reducing
the intrinsic reactivity of HfO2 NPs (Figure 4c) against the per-
ovskite structure. These MD results align with the experimental
outcomes described above.

2.4. Enhanced Scintillation by HfO2 Nanocrystal Sensitizers

Finally, leveraging the compatibility between these two types
of nanostructures, we investigated their combined behavior in
sensitized scintillators, where HfO2 NPs serve as electromag-
netic sensitizers for CsPbBr3 NCs under ionizing radiation. To
this end, we examined the RL of pristine NC films containing
increasing concentrations of HfO2 NPs, using X-ray excitation
with an average energy of 7 keV (produced by bremsstrahlung
from a tungsten target operated at 20 kV). HfO2 NPs are to be
considered PbBr2-treated moving forward. In parallel, we ana-
lyzed co-synthesized NC-NP mixtures. Figure 5a presents the RL
spectra of films containing the same amount of CsPbBr3 NCs
and increasing HfO2 NP content. The reference film of pristine
CsPbBr3 NCs was deposited from a 1 wt.% toluene solution (10
μL), and the NC:NP weight ratio was adjusted from 1:0 to 1:50.
In all cases, the RL spectra closely match the PL of the NCs, with
no additional spectral features, indicating no spurious scintilla-
tion contributions due to the presence of HfO2 NPs. The same
spectral purity was observed for co-synthesized NCs. Figure 5b
shows the integrated RL intensities of the whole sample sets un-
der identical excitation conditions, revealing more than a four-
fold enhancement of the RL upon the addition of HfO2 NPs, be-
fore reaching saturation. This intensification is ascribed to the
increased stopping power imparted by the NPs (deposited energy
increased from 4% to 75%, see Figure S10 (Supporting Infor-
mation) for the deposited energy rate versus total film mass)[53]

and to efficient energy transfer from the NPs to neighboring
CsPbBr3 NCs via the generated electron cascade. It should be
noted that the absolute enhancement depends on the excitation
source and may vary with photon energy. Interestingly, samples
synthesized via the co-synthesis route (NC:NP = 1:1 wt) exhibit
nearly twice the RL intensity than the corresponding physical
mixture of pristine NCs with equivalent HfO2 content, consis-
tent with their higherΦPL. For comparison, Figure 5b also reports
the integrated RL intensities of films produced by depositing in-
creasing amounts of pristine CsPbBr3 NCs so as to match the
total effective atomic number (<Z>) of the HfO2-CsPbBr3 films.
As expected, in this case, the RL intensity grows more with in-
creasing NC amount, driven by both a higher stopping power
and a greater number of emissive centers. However, these re-
sults must be interpreted with caution. Since the measurements
were collected in reflectionmode at the excitation spot, the appar-
ent benefit of simply increasing NC loading does not necessarily

translate to better scintillation performance in practical devices
due to the associated increase in reabsorption losses. This is al-
ready observable for the RL spectra shown in Figure 5c and the
respective peak position in Figure 5d. A progressive redshift is ob-
served with increasing film thickness in the pure NCs case due
to substantial reabsorption of the high-energy portion of the RL
spectrum emission along the film thickness, whereas no spectral
shift is noticeable in the films containing HfO2 NPs.
To confirm this aspect further, we performed guided PL mea-

surements using 3.5-cm-long glass slabs coated with continu-
ous CsPbBr3 NC films. Three configurations that correspond
to specific points in the RL intensity trend shown in Figure 5b
were selected: (F1) a film fabricated by depositing 100 μL of a
CsPbBr3 NC (1 mg mL−1) toluene solution, representative of all
the CsPbBr3 NCs + HfO2 NPs samples that share the same NC
loading; (F2) a pure CsPbBr3 NC film deposited from a 100 μL
toluene solution (5 mg mL−1), which exhibits the same RL as the
best-performing NC+NP blend (NC:NP = 1:50); and (F3) a NC
film deposited from 100 μL of a 50 mg mL−1 solvent solution,
representing the maximum RL intensity achieved with CsPbBr3
NCs alone. For direct comparison between samples with compa-
rable RL intensity, we further measured a continuous film of co-
synthesized NC:NP 1:1wt.% (labeled F4) blends with the same
deposited CsPbBr3 NCs mass as F1. The samples were excited
at one end of the slab, and the emission was collected from the
opposite end (see Figure 5e). The contribution of reabsorption
was evaluated by comparing the integrated intensity of the low-
energy-tail-normalized PL spectra to decouple them from geo-
metrical and scattering losses. Figure 5f shows that F1 and F4
exhibited only ≈25% PL intensity loss, while F2 and F3 suffered
50% and 75% reabsorption losses, respectively. These results con-
firm that, in real device architecture, the increase in LYmeasured
in reflection mode by increasing NC loading is substantially off-
set by self-absorption losses during light transport. It should be
noted that these results are intended to illustrate the effect; how-
ever, the absolute performance will depend on the specific de-
vice geometry, size, and loading conditions. Additionally, we per-
formed time-resolved RL measurements (Figure 5g) that con-
firmed the characteristic ultrafast scintillation kinetics typical of
CsPbBr3 NCs also in the presence of HfO2 NPs, with emission
contributions from single (X, with lifetime: 𝜏X∼4-6 ns, weight:
wX∼65–75%), charged (X*, 𝜏X*∼400–500 ps, wX*∼18–25%), and
biexcitonic (XX, 𝜏XX = 40–60 ps, wXX∼6–8%) species under ioniz-
ing excitation (the complete set of fitting parameters is reported
in Table S2, Supporting Information). Notably, the decay com-
ponents were comparable for the pristine NCs and the NC:NP
mixtures, and no delayed rise times were detected in the sensi-
tized samples, suggesting that the indirect excitationmechanism
via electron cascade from HfO2 NPs is effectively instantaneous,
and thus compatible with ultrafast scintillator applications.
Finally, we explored the development of HfO2-sensitized per-

ovskite NC-based plastic scintillators. To this end, we leveraged
the thermal stability of co-synthesized NC-NP blends to fabricate
thermally polymerized PVT nanocomposites. We then compared
their RL performance to that of analogous composites incorpo-
rating thermally stable CsPbBr3 NCs subject to ligand exchange
with fluorinated ligands featuring comparable ΦPL∼70%.[16]

Specifically, we dispersed 10 mg of the NC/NP blend, prepared
at a 1:1 weight ratio, in 1 mL of a vinyl toluene/divinylbenzene
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Figure 5. a) RL spectra of film samples obtained from deposition of pure CsPbBr3 NCs (green plot), co-synthetized CsPbBr3 NCs/HfO2 NPs (1:1 ratio,
orange plot), and CsPbBr3 NCsmixed with treated HfO2 NPs (1:50 ratio, blue plot). All films contain the same amount of emissivematerial. b) Integrated
RL spectra of thin films of pure CsPbBr3 NCs (green dots) and CsPbBr3 NCs +HfO2 NPs (blue dots) as a function of the total deposited mass. The first
point refers to a single film of 10 μg of CsPbBr3 NCs. c) Normalized RL spectra of thin film samples of pure CsPbBr3 NCs and CsPbBr3 NCs +HfO2 NPs
with different amounts of deposited material. d) Energy shift of the RL emission peak with respect to diluted CsPbBr3 NCs for the samples presented
in “b.” e) Normalized PL spectra of thin films with different amounts of deposited CsPbBr3 NCs collected at the excitation spot (gray shaded curve)
and after 3.5 cm of light propagation, and f) corresponding fraction of guided PL intensity. g) RL decay traces of thin films of pure CsPbBr3 NCs (green
dots), co-synthetized CsPbBr3 NCs/HfO2 NPs mixtures (orange dots), and CsPbBr3 NCs mixed with treated HfO2 NPs (blue dots) together with the
corresponding fitting curves (black lines). h) Comparison of RL spectra of PVT nanocomposite samples containing pure CsPbBr3 NCs (0.5 wt.%, dark
green line; 1.0 wt.%, green line) and co-synthetized CsPbBr3 NCs/HfO2 NPs mixtures (0.5 wt.% NCs, 0.5 wt.% NPs, orange line). i) RL decay traces of
the nanocomposites with comparable <Z> as in “h.” The black lines in “g” and “i” are the fitting functions as explained in Supporting Information. The
curves are vertically shifted for clarity.

solution (95:5, v/v) and sonicated it for 30min to ensure complete
dispersion of the blend. Then, 1000 ppmof a radical initiator (lau-
royl peroxide) was added to the solution, which was placed in a
60 °C oil bath. No additional surface functionalization or ligand
exchange steps were applied to the NC/NPmixtures prior to poly-
merization. The reaction proceeded for 36 h until full monomer
conversion was achieved, yielding solid PVT samples that were
subsequently cut and polished. Consistent with the thermal sta-
bility results presented in Figure 2d, the resulting nanocom-

posites retained the key optical properties of the NCs and over
70% of the initial efficiency without further NC surface treat-
ment. In contrast, standard CsPbBr3 NCs were nearly completely
quenched, as is commonly observed.[16] These results confirm
the effectiveness of this approach in producing robust hybrid
materials under industrially relevant conditions and underscore
the potential of these composites for integration into scintillating
plastic formulationswithout compromising optical performance.
The HfO2 NP-sensitized nanocomposites exhibited significantly
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stronger RL compared to their bare NC counterparts with com-
parable <Z>. For completeness, the RL spectrum of a nanocom-
posite containing the same amount of NCs as the co-synthesized
sample (and thus a lower <Z>) is shown as the dark green
line. Despite the low CsPbBr3 NC loading, light yield (LY) val-
ues reached up to ≈1200 photons MeV−1, benchmarked against
an EJ-276D reference scintillator under identical conditions. This
enhancement, relative to the same-<Z> nanocomposite contain-
ing only CsPbBr3 NCs, is likely attributable to the higher number
density of HfO2 NPs. Given that the HfO2 nanoparticles have a
volume approximately ten times smaller than that of the NCs, a
significantly greater number can be dispersed in the polymerma-
trix for the samemass loading. Consequently, the average NP-NC
distance becomes smaller than theNC–NC distance, allowing the
NCs to more efficiently capture and convert secondary charges
generated in close proximity by the HfO2 NPs. This also leads to
a more homogeneous excitation of the PVT matrix by secondary
electrons emitted from theNPs, reducing the donor–acceptor dis-
tance for energy transfer from the polymeric host to the NCs, an
important factor in optimizing emission efficiency in low-loading
nanocomposites.[54] Time-resolved RL measurements presented
in Figure 5i support this interpretation. The scintillation kinet-
ics of both nanocomposites, identical in <Z> but differing in the
presence or absence of HfO2 nanoparticles, are governed by the
PVT lifetime. This behavior indicates that the emission arises
primarily from a downshifting process rather than from direct
scintillation. As previously shown in CsPbBr3 NC-only nanocom-
posites, increasing the loading of nanoparticles and nanocrystals
can promote ultrafast direct scintillation, with decay kinetics ap-
proaching those of pure NCs (see Figure 5g). However, achieving
such performance requires further optimization of the surface
chemistry of both NCs and NPs, which lies beyond the scope of
this study and will be explored in future work. Nonetheless, the
biexcitonic contribution observed in the mixed CsPbBr3:HfO2
composite is nearly four times higher (wXX∼1.5% vs. wXX∼0.4%)
than in the composite without HfO2 NPs (see Table S2, Sup-
porting Information for the complete set of fitting parameters).
This enhancement supports the interpretation that the pres-
ence of HfO2 improves the conversion efficiency of secondary
carriers, thereby promoting stronger direct excitation of the
nanocrystals.

3. Conclusion

In conclusion, we elucidated the degradation mechanism of
CsPbBr3 NCs in the presence of HfO2 NPs and introduced a
PbBr2-mediated passivation strategy that stabilizes and enhances
the scintillation of CsPbBr3 NCs for radiation detection appli-
cations. This compatibilization allows for the direct synthesis
of perovskite NCs in the presence of sensitizing HfO2 NPs, re-
sulting in materials with improved photoluminescence, thermal
resilience, and radioluminescence. The observed enhancement
in scintillation efficiency, in both powder blends and thermally
cured polymer matrices, validates HfO2’s synergistic role as a
radiation absorber and surface stabilizer. The retention of ultra-
fast scintillation kinetics in hybrid samples positions this mate-
rial platform as a promising candidate for advanced applications
in fast timing and high-resolution radiation detection. Future ef-
forts will focus on optimizing composite formulations and load-

ings and exploring alternative, high-Z sensitizers to further ad-
vance the performance of hybrid nanoscintillators.
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