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1. Introduction

First investigation of the morphological and
luminescence properties of HfO, nanoparticles
synthesized by photochemical synthesist

Irene Villa, © 1*2 Lenka Prouzova Prochézkova, 3 Eva Mihokova, ©2
Vladimir Babin, @2 Robert Kral, @2 Petra Zemenova, @2 Alexandra Falvey,?
Vaclav Cuba, ©° Matteo Salomoni,“® Fiammetta Pagano, @ <? Roberto Cala,
Isabel Frank,“® Etiennette Auffray @° and M. Nikl @2

For the first time, hafnia (HfO,) nanoparticles have been produced by photochemical synthesis. The
photochemical route has been proven to be scalable, affordable, and straightforward to create monoclinic
HfO, nanoparticles with a size of tens of nanometers. The exploitation of this route offers a chance to
create large amounts of dense nanoparticles with reduced costs and time of production for future creation
of large area composite scintillators for fast timing techniques. Specific annealing treatments from 450 °C
to 1000 °C have been targeted to tune the structural and morphological properties and optimize the
luminescence of the nanoparticles. Hafnia nanoparticles annealed at low temperature display an
amorphous structure. After thermal treatment at 1000 °C, HfO, nanoparticles crystallize into a monoclinic
phase, as evidenced by thermal analyses and X-ray diffraction. Radioluminescence and photoluminescence
of HfO, have been investigated at room temperature and 77 K. The emission band of hafnia covers a range
from 300 to 600 nm and it can be attributed to defects within the matrix. In particular, the highest
radioluminescence intensity appears in the crystalline sample annealed at 1000 °C, thanks to the higher
and the reduction of non-radiative channels and quenching defects.
Photoluminescence and scintillation decay have evidenced the presence of the fast decay in the
nanosecond time range. Thus, due to their size, density, and spectroscopic and timing features, monoclinic
hafnia nanoparticles obtained by photochemical synthesis are attractive for potential creation of large area
scintillating composites.

crystallinity degree

range, high density, and high Hf atomic number (p (HfO,) =
9.6 g cm™®; Z (Hf)= 72), HfO, has been proposed in lighting®

Hafnium oxide (hafnia, HfO,) has come into the scientific
world as an excellent and versatile material for electronic and
industrial applications thanks to its dielectric constant,
hardness, and chemical stability.'"™* Thanks to its wide band
gap (E; = 5.6 €V), optical transparency in the UV-visible (vis)
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and scintillation applications.*” In the literature, most
studies on the luminescence properties of hafnia under
excitation by optical light and ionizing radiation have been
explored in depth on thin films, and pure and doped
nanoparticles (NPs).” ™ In contrast, the research of the
spectroscopic properties of HfO, single crystals appears only
in a limited number of papers.">” This discrepancy is
related to the complexity of the production of hafnia single
crystals due to their high melting point temperature (above
2700 °C).*'® The most used synthetic routes for the
manufacture of ultra-small metal oxide NPs are wet chemical
syntheses, like hydrothermal and Pechini-based sol-gel
methods,"® " together with microemulsion processes®*> and
precipitation routes.>® Lastly, the non-hydrolytic sol-gel
method (NHSG) has been successfully used to obtain ultra-
small metal oxide NPs.>**> The exploitation of these
syntheses allows the production of nanostructured crystalline
HfO, with controlled surface and morphology characteristics,
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size, and crystalline phase by using appropriate solvents and
growth conditions and/or annealing treatments.”*>® The
manipulation of the structural and morphological properties
of hafnia NPs results in the tuning of their light output
efficiency and colour of the emission, under both ionizing
radiation and optical light. The chance to create hafnia NPs
with tailored luminescence qualities has been more and more
attracting the materials science community towards the use
in cutting edge technologies and in advanced radio-
oncological therapeutic protocols.*>*° Notably, thanks to the
high stopping power and - hence - the ability to interact with
ionizing radiation, luminescent hafnia NPs have been recently
proposed as a key constituent of composite scintillators for
the design of next generation scintillation detectors for
applications in fast-timing techniques, such as advanced time
of flight positron emission tomography (ToF-PET) and high
energy physics experiments, or homeland security measures
and border controls.*’* These composite scintillators are
generally made with a dense nanoscintillator, like HfO,,
coupled to a dye featuring high quantum yield and fast
lifetime and a polymeric host matrix.>>® Next generation
detectors designed on composite scintillators are expected to
have superior timing and sensitivity performances with
respect to those based on inorganic bulk and plastic
scintillators,  currently = employed in fast timing
technologies.**® However, the creation of such detectors
implies the manufacture of reliable, affordable and large area
plastic scintillators. Recent studies in the chemistry field have
been focusing on establishment of new syntheses to scale up
the production of dense metal oxide NPs with reduced costs
and times. In this context, photo-induced synthesis presents a
valid and solid route to produce highly efficient luminescent
nanomaterials with respect to conventional approaches.**™**
The perspective of the up scaling of the method has already
been shown.”*® The advantage of exploiting the
photochemical route for the production of large amounts of
NPs comes from several evidence, among which, the
softening of strict control of temperature (7) and pH
parameters, required in the majority of chemical
methodologies. Moreover, by choosing the stoichiometry of
the precursors and reaction times, the chemical product of
the synthesis can be easily doped, and its size can be scaled
down to the nanometer size, a peculiarity that is mandatory
for the creation of scintillating nanocomposites to avoid
scattering and the subsequent reduction of
transparency.*>***” However, so far, the photochemical
synthesis has not been employed to produce HfO, NPs.
Encouraged by the increasing interest in plastic composite
scintillators based on hafnia and by the known versatility of
the photochemical routes to produce scalable quantities of
nanomaterials, we have explored the reliability of
photochemical synthesis for the synthesis of hafnia NPs.
Hafnia NPs have been produced and annealed at different
temperatures (from 450 °C to 1000 °C). Amorphous hafnia
has been obtained at the lowest annealing temperature, while
pure monoclinic hafnia with a dimension in the range of
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tens of nm has been achieved by the 1000 °C annealing
treatment, as revealed by morphological and structural
analyses (X-ray diffraction (XRD), transmission electron
microscopy (TEM), and differential scanning calorimetry and
thermogravimetry (DSC-TGA) coupled to mass spectrometry
(MS)). The luminescence properties of HfO, have been tested
by the steady state and time resolved radioluminescence (RL)
and photoluminescence (PL) measurements from RT down to
77 K. The amorphous and crystalline HfO, prepared by
photochemical synthesis present a broad luminescence band
spanning from 300 to 600 nm under excitation by both UV
and ionizing radiation. These findings agree with the
spectroscopic properties of HfO, NPs produced by different
synthesis routes, as it is attested by a large number of
publications in the literature. In particular, the luminescence
of nanocrystalline hafnia is commonly attributed to oxygen
vacancy related defects, colour centres,**>° as well as to
radiative decays of excitons.’*

For the first time, this investigation reveals that the
photochemical synthesis is suitable for a straightforward
manufacture of monoclinic hafnia NPs with reduced costs
and times. Interestingly, the visible emission band of hafnia
NPs lies in the wavelength range matching the absorption
spectrum of many common fast organic dyes, a condition
that is required for the creation of composite scintillators.*
Moreover, time resolved (TR) PL and scintillation
measurements have evidenced that the luminescence band of
crystalline hafnia annealed at 1000 °C has fast decay in the
order of a few ns. These qualities make the obtained
monoclinic hafnia NPs suitable for the creation of large area
composite scintillators for foreseen applications in medical
imaging and high energy physics.

2. Experimental section
2.1. Synthesis and annealing treatments

The HfO, NPs were prepared via photo-induced synthesis
according to ref. 54, based on the reaction of dissolved salts
with products of water photolysis followed by the photo-
induced precipitation of the solid products (Fig. 1). The
principle of the synthesis lies in the photochemical
precipitation of amorphous/weakly crystalline solid
precursors in a sequence of steps, as listed below:

1. UV irradiation of aqueous solutions.

2. Formation of finely dispersed solid precursors in the
amorphous or weakly crystalline phase.

3. Separation of solid precursors via microfiltration.
Afterwards, products were washed with ethanol and
deionized water and dried at laboratory temperature.

4. Annealing procedures at different temperatures to
obtain final products in the form of white powders.

In detail (steps 1-3), the irradiated solution contains 2.8 x
107 mol dm™ Hf*', 2 x 107> mol 1"" HCOONH, (99.995%,
Sigma Aldrich) and 0.5 mol dm™ H,0, (30%, penta). HfCl,
(99.9%, Sigma Aldrich) was used as a precursor for Hf*'; it
exothermally hydrolysed to HfOCI, and then it is dissolved in

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Photo-induced synthesis; left - aqueous solution before
irradiation, middle - precipitation of the solid phase during irradiation,
right — gelatinous product after irradiation and sedimentation.

deionized water. Continuously stirred solution in a 2 1
photoreactor was irradiated for 3 hours with low-pressure
mercury lamps (254 nm) with a total nominal power of 100
W. The product in a gel-like consistency was then sedimented
for 2-4 hours and separated via decantation and
microfiltration using a Millipore HAWP 0.45 um filter. The
product was washed with deionized water and ethanol and
dried at 40 °C for 24-48 h. The product was then treated at
450 °C and 1000 °C in air for 1 hour.

The formation of HfO, solid precursors is not fully
understood, and this topic deserves further investigation;
however we can assume the occurrence of photoinduced
reactions similar to the case of ZnO in the presence of
H,0,.*>* Chemical yields of UV-light reaction routes can be
close to 80-95%; however the precipitation yield can vary
with both the concentration of the salts in solutions and the
irradiation time.*

The annealing treatment (step 4) of the samples was
carried out in a vacuum furnace 0415 VAK (Clasic s. 1. 0.)
with a regulator, enabling us to set up the temperature,
temperature gradient, and dwell time at a given temperature.
The treatment proceeded in air with a temperature gradient
of 10 °C min™ for 1 hour.

2.2. Characterization

Thermal analyses DSC-TGA-MS and TMA. Simultaneous
differential scanning calorimetry (DSC), thermogravimetry
(TGA), and evolved gas analysis (EGA) using mass
spectrometry (MS) under non-isothermal conditions were
performed using a simultaneous thermal analyser Setaram
Themys 24 and quadrupole mass spectrometer Pfeiffer
OmniStar GSD 320, respectively. The experiments were
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carried out using ca. 20-30 mg of powder HfO, NPs in an
alumina crucible with a heating rate of 10 K min™* in the
temperature range of 25-1000 °C and Ar (20 ml min™", purity
5.0 N) and Ar + O, (15.9 ml min™" Ar and 4 ml min™" O, both
of 5.0 N purity and mixed in ratio 4:1). An empty alumina
crucible was used as a reference. The DSC-TGA apparatus was
calibrated in the temperature range of 25-1300 °C using the
following standards (Sn, Ag,SO,, Al, Ag, and Au). The
standard deviation of the performed calibrations is in the
range of +0.8 K. Each DSC-TGA measurement was preceded
by a blank experiment with two empty alumina crucibles and
recorded under the same conditions as the experiment itself.

Mass spectrometry (MS) was performed using a
quadrupole mass spectrometer Pfeiffer OmniStar GSD 320
equipped with a controlled and heated anti-corrosive quartz
capillary, a coupling element enabling a connection with a
Themys 24 yttria coated iridium filament as a source of
ionization, secondary electron multiplier (SEM) as a detector
(detection limit <1 ppm of gases), and a turbo drag pumping
system with an interstage turbo pump and diaphragm pump
as a vacuum source. The measurements were conducted in a
multiple ion detection regime (MID) with a gas flow of 1-2
cm?, 850-1450 V at the SEM detector, a mass detection dwell
of 50 ms, a resolution of 50, in the m/z range of 1-50 amu,
and a signal sensitivity below 1 ppm.

Thermomechanical analysis (TMA) of the samples was
performed with a thermomechanical analyser Setaram Labsys
1400 in the temperature range of 25-700 °C and an inert N,
atmosphere, at a heating rate of 10 K min™, and a load of 10
g. The powder samples were placed into an alumina crucible
and covered with an alumina cylinder, which was pressed
with the TMA sensor. The TMA analyser was calibrated with
the standards (aluminium, silver, and corundum), and a
blank run (baseline) was carried out before each TMA
measurement of the sample.

The data from all performed analyses (DSC-TGA-MS, TMA)
were processed by the Calisto Processing software.

HR-TEM. For the solid phase  morphology
characterization, high resolution transmission electron
microscopy (HRTEM, JEOL 3010) was used. The

characterization was performed in the Institute of Inorganic
Chemistry, Czech Academy of Sciences.

XRD measurements. For the structure characterization
and phase purity confirmation, X-ray powder diffraction
(XRPD) was used. The products were analysed using a Rigaku
MiniFlex 600 (Ni-filtered Cu-Ka1,2 radiation) equipped with
an Nal:Tl scintillation detector and were compared to the
relevant records in the ICDD PDF-2 database (version 2013).
Besides the phase identification, XRPD enables the size of
crystallites to be determined. The broadness of the observed
peaks (FWHM, full width at half maximum) consists of three
contributions: instrumental broadening b related to the
detection of X-rays and geometry, broadening corresponding
to microscopical strain  bgyain, which is caused by
irregularities in the lattice and the broadening caused by the
crystallite size Dygje.

CrystEngComm, 2023, 25, 4345-4354 | 4347
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FWHM2 = b? + Dyrain” + bsize

A mean value of the crystallite size can be calculated from
Scherrer's equation:

[ = K2 Psize cos Ohkl,

where K is a constant of proportionality determined as 0.89.
More precisely, K € (0.89; 1.39) and depends on the shape of
crystallites.

Luminescence measurements. RL, PL, and PL excitation
(PLE) spectra, together with time resolved (TR-) PL decay
curves, were measured with a custom-made spectrofluorometer
(5000M; Horiba Jobin Yvon, Wildwood, MA, USA) using a
tungsten (W) X-ray tube (40 kV, 15 mA, Seifert), steady-state
xenon lamp (EQ-99X LDLS - Energetic, a Hamamatsu
Company), and nanosecond nanoLED pulsed light sources (fast
prompt decay curves measured by the time-correlated single-
photon counting technique, Hamamatsu) as the excitation
sources, respectively. The detection part of the setup involved a
single-grating monochromator and a photon-counting detector
TBX-04 (Hamamatsu). The measured spectra were corrected for
the spectral dependence of the detection sensitivity (RL, PL,
PLE). The convolution procedure was applied to the
photoluminescence decay curves to determine the true decay
times (SpectraSolve software package, Ames Photonics). Fitting
results are presented in Table S3 (ESIf). Measurements of the
optical characteristics within the 77-320 K temperature regions
were performed using a liquid nitrogen bath cryostat (Oxford
Instruments, UK (Oxford)).

Scintillation  kinetics.  Sub-nanosecond scintillation
emission kinetics of the samples were measured with the
Time Correlated Single Photon Counting (TCSPC) setup.’”>®
As an excitation source, a pulsed X-ray beam (X-ray tube XRT
N5084, Hamamatsu), with a continuous energy spectrum
between 0 and 40keV and a mean energy of 15 keV, excited
with a pulse diode laser (PDL 800-B, PicoQuant), was used.
The scintillation light was collected in the reflection mode
using a hybrid photomultiplier tube (HPM 100-07, Becker &
Hickel), operating in the TCSPC mode, and processed with an
amplifier and timing discriminator (model 9237, ORTEC).
This processed HPM output signal was used as the stop signal
for the time-to-digital converter (TDC XxTDC4, chronologic),
while the start signal was given by the external trigger of PDL.
An optical band-pass filter (450 nm with a FWHM of 40 nm)
cuts the air luminescence excited by X-rays. The scintillation
pulse was fitted by a convolution of the instrument response
function (IRF) of the whole system with a full width at half
maximum (FWHM) of 160 ps and the collected scintillation.”®

3. Results and discussion

3.1. Structural and morphological qualities of NPs - evidence
of the creation of monoclinic HfO,

In order to explore the significant effects of annealing on the
morphology and structural properties of the HfO, NPs, the
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untreated sample (i.e.,, the pristine product of the
photochemical synthesis) and HfO, NPs annealed at 1000 °C
(HfO,-1000 °C, i.e., at the maximum annealing temperature)
have been investigated by DSC-TGA-MS analyses. These
measurements (under Ar + 20 mol% O, atm) have
demonstrated the decomposition of organic precursors
(residuals) from the sample surface at temperatures starting
above 50 °C in the pristine sample as shown in Fig. 2.
Multiple endothermic and exothermic effects on DSC (red
curve, Fig. 2) have been recorded in a wide temperature range
from 50 to 700 °C mostly accompanied with a significant mass
loss of ca. 55 wt% (TG, black curve, Fig. 2). The endo-peaks
with onset temperatures of 82 °C, 187 °C, and 244 °C and a
mass loss of ca. 42% are accompanied by the release of H,O
and CO, fragments, which can be mostly ascribed to products
of such decomposition, combustion or evaporation of organic
residuals, as shown in the MS curves (Fig. 2).>”7°° The following
three exo-peaks (528, 573, and 619 °C) with a small mass loss
of ca. 4% can be ascribed to the crystallization of hafnium
carbonate followed by its decomposition into the HfO,
crystalline monoclinic phase.’”*® This is also supported by the
evolution of H,O and CO, gases or their fragments, which are
released from pores while the crystallization proceeds, or
decomposition of residual carbonates as it was observed for
ZnO NPs.®! In this case, the intensity of the MS peaks is lower
than that of the endo-peaks pointing to a lower content of
e.g. carbonates and formates. The origin of residuals is related
to the specific procedures of the photochemical synthesis
since when NPs are formed, their surfaces are covered by an
organic layer coming from an excess of the ammonium
formate ((HCOO)NH,) precursor. Generally, before getting the
final metal oxide crystalline phase, any wet chemical method,
such as photochemical synthesis, produces a gelatinous/solid
precursor state of the metal oxide. This may contain
chlorides, hydroxy groups, carbonates, organics, and a lot of
loosely bound water. Fragments of all these compounds (e.g.
CH;, OH, NHj3, CO, O,, CO,, HCOO", NO,) were recorded on
the MS curves accompanying all DSC and TGA effects, see
Table S1;f however, for simplicity, they are not displayed in

400 45 645 0
200 1.3 e
exo '-4_.. _'%," 10
0 3 —— DSC 143 =
20
s TGA 500945
2004 4%V PR e MS -H,0 09 { &, S, -
3 --- Ms-co Q 5 [ 30 &
2 N ) )
§-4oo 1 1T 00640 s
(] )]
1] = =400
0 600 1 =
0.03 A
L -50
-800 | i 2oNe), a2 L]
. 0.00 {"
-1 000 A . - -60
-1200 . . 6663 -70
0 200 400 600 800 1000
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Fig. 2 DSC-TGA-MS curves of the HfO, untreated sample under an Ar
+ 20 mol% O, atmosphere.
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Fig. 2(left). Most wet chemical methods for the synthesis of
oxides requires annealing treatments to get rid of the water,
hydroxy groups, and other volatile compounds. According to
this evidence and the results obtained for untreated NPs, the
DSC-TGA-MS curves of the NPs of hafnia annealed at 450 °C
(HfO,-450 °C) are expected to be very similar to those of
pristine HfO,, apart from the effects below 450 °C that have
been irreversibly removed by annealing at 450 °C. In contrast,
HfO,-1000 °C displays expectedly a different DSC-TGA record
than that of the untreated HfO,, containing neither DSC peaks
nor mass loss at all, see Fig. 2(right). In general, the influence
of the Ar and Ar-O, atmospheres on the DSC-TGA-MS of the
untreated hafnia has not been observed, see Fig. S1 in the ESL}
The DSC curves under both atmospheres are almost identical
and contained the same exo- and endo-peaks as described in
Fig. 2(left). In contrast, the TGA curve under the Ar atmosphere
has evidenced a smaller mass loss of ca. 45 wt% in total. This
could be ascribed to the organic residuals experiencing only
decomposition or evaporation and no oxidization.
Furthermore, the thermomechanical (TMA) properties of
the hafnia samples have been investigated, as shown in Fig.
S2(left),;; where the TMA, DSC, and TGA curves of the HfO,
untreated sample are displayed for comparison. The TMA
curves show two effects both matching the peaks in the DSC
curve. The first sharp effect at 189 °C is related to the
expansion of the sample for ca. 10%, which could suggest that
the first order transition occurred and not the decomposition
(or evaporation), as discussed above. By contrast, the MS curves
prove opposite that a decomposition is occurring at this
temperature as well. Thus, possibly both the transition and
decomposition (or evaporation) take place simultaneously and
they can be ascribed to organic residuals in the untreated NPs.
This hypothesis is also corroborated by the fact that in HfO,-
1000 °C (DSC, TGA, MS, TMA), these effects have not been
evidenced, see Fig. 2(right) and S2(right).t On the other hand,
oxidization can be excluded from the explanation as the TMA
effect is occurring in both DSC curves measured under Ar and
Ar-0O2 atmospheres, see Fig. S1.7 The second TMA effect in Fig.
S2(left)t is more complex containing a slope change. First,
there is a gradual decrease (at 196 °C), followed by very steep
one (at 287 °C) for more than 60%, well matching the
decomposition effects in DSC and TGA. Interestingly, HfO,-
1000 °C is not expended as could be expected; its displacement
remains constant up to 1000 °C and afterwards it slightly
decreases for ca. 4% reaching a very low average coefficient of
linear thermal expansion (CLTE) of 2.47 x 10-6 °C™" at 50 °C,
see Fig. S2(right) in the ESL} which is in good agreement with
the value for one of lattice parameters (a) reported in ref. 62. A
possible explanation of this result can be attributed to powder
densification and sintering during the thermal treatment. The
massive impact of the temperature in removing the majority of
organic residuals, and thus, in driving the structural change of
NPs has been confirmed by the XRD patterns and TEM images
obtained on the NPs annealed under diverse conditions. In the
untreated NPs (Fig. S3t) and in the sample treated at low
temperature (Fig. 3a), the XRD results have demonstrated the
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amorphous nature of the structure, where the atoms and ions
are not in their thermodynamic equilibrium, while the TEM
images of HfO,-450 °C have unveiled the presence of
agglomerated NPs (Fig. 3b and c). As previously stated,
crystallization requires heating at higher temperatures (above
500 °C) (Fig. 2). The XRD patterns have pointed out that HfO,-
1000 °C features a pure monoclinic crystalline phase (space
group P2,/c) (Fig. 3a).

After thermal treatment at high 7, the NPs present an
elongated shape with a size averaged in two dimensions to
27 nm (Fig. 3d-g). The average crystallite size of 29 nm for
HfO,-1000 °C calculated from the XRD patterns (values
calculated from the XRD patterns by applying the Scherrer
formula on the (111) plane diffraction located at 26 = 31.62°)
has been found to be in a good agreement with the one
evaluated from the TEM images. The morphological changes,
the improved crystallinity degree, and the removal of the
organic residuals from the surface of the NPs induced by the
annealing treatment and depicted above can modify the NP
luminescence properties, as discussed in the next paragraph.

3.2. Luminescence features and timing properties of HfO,
NPs under light and soft X-ray irradiation

Considering the similarity of the amorphous structures of the
pristine sample and the one annealed at 450 °C (XRD
patterns in Fig. 3a and S37), together with the DSC-TGA data
evidencing that the crystallization of HfO, occurs only after
annealing at 1000 °C, we decided to explore in detail the
luminescence properties only of the annealed samples under
optical light and X-ray excitation and as a function of
temperature. In this way, one can make sure to study the
bands typical of HfO, that are not perturbed by the presence
of large amounts of residuals from the synthesis, as
evidenced by thermogravimetric analyses.

In Fig. 4, the PL//PLE spectra for the HfO, NPs annealed at
450 °C and 1000 °C (Fig. 4a and ¢ and b and d respectively) are
displayed. The PLE spectra of both amorphous and crystalline
samples have been acquired at 460 nm, where the RL
maximum occurs. They reveal the presence of the excitation
onset at wavelengths lower than 230 nm, the value close to the
hafnia band gap. The emission of HfO,-450 °C can be excited
solely at 250 nm, while the luminescence in HfO,-1000 °C can
be excited at an additional band at around 310 nm. PL
measurements for the HfO, NPs annealed at 450 °C and 1000
°C have been performed by exciting the NPs under the 255 nm
excitation. The PL spectrum of HfO,-450 °C shows a broad
emission band peaking at about 420 nm. The luminescence
band of HfO,-1000 °C is narrower, with a slight redshift of the
peak towards 440 nm. The wider PL spectrum of the
amorphous NPs with respect to those of crystalline hafnia can
be attributed to various factors, such as the effect of
inhomogeneous broadening, typical of amorphous materials,
and the presence of defects specific to the amorphous state, as
well as the luminescence contribution of the residual organic
moieties remaining on the NP surface at low annealing
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amorphous nature of NPs; after annealing at 1000 °C, the XRD pattern reveals a crystalline domain growth (the pattern of monoclinic HfO, [ICDD
PDF: 00-034-0104] is reported for reference); (b-e) HR-TEM micrographs of HfO, nanoparticles under two diverse annealing conditions. (f and g)
Particle size distributions of elongated crystalline NPs annealed at 1000 °C, measured along the two axes.
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Fig. 4 (a and b) PL emission spectra under 255 nm of HfO, annealed at 450 °C and 1000 °C; (c and d) PLE spectra of the emission of the two

samples monitored at 460 nm.

temperature.> PL under excitation in the UV excitation has
also been investigated at 300 K and 77 K (Fig. 5¢ and d), to give
a deeper insight into the observed emissions. The results show
a general increase of the PL intensity at 77 K, mostly evident in

4350 | CrystEngComm, 2023, 25, 4345-4354

the NPs annealed at 1000 °C. PL spectra of HfO,-1000 °C have
been measured under diverse excitations (Fig. S5T). PL spectra
are similar for all excitations, especially for those below the
typical band gap of HfO,, suggesting that the PL emission is

This journal is © The Royal Society of Chemistry 2023
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related to the defectiveness of the matrix.*® The
radioluminescence of the annealed samples at 450 °C and at
1000 °C is presented in Fig. S4 in the ESL} together with that of
the pristine NPs. The radioluminescence of the annealed NPs
is analogous to PL, characterized by an emission band peaking
in the blue spectral region. Before annealing at high
temperature, the RL intensity of the NPs is weak. Also, the RL
measurements on hafnia NPs have been performed as a
function of the temperature from room temperature to 77 K.
The RL spectra at room temperature in HfO, annealed at 450
°C and 1000 °C show the luminescence band peaking at about
440 nm (Fig. 5a and b). In addition, HfO,-1000 °C NPs present
a shoulder at 330 nm, whose intensity increases with
decreasing temperature. In agreement with the PL findings,
HfO,-1000 °C features the highest RL intensity. In this context,
in order to discover the occurrence of thermal quenching
mechanisms and to assess the RL intensity temperature
dependence, the RL spectra obtained by decreasing the

View Article Online

Paper

temperature have been integrated within 420-600 nm. The RL
intensity starts to drop at T >150 K, likely due to the thermal
quenching effect as evidenced in Fig. S5(left) in the ESL} A
numerical fit of the RL intensity experimental data has been
performed to determine the activation energies E of the
thermal quenching using eqn (1) (Fig. S6(right) and Table S2,
ESIt). The estimated E is 0.1 eV, comparable to the values of E
reported in the literature for crystalline NPs of hafnia and other
metal oxide nanosystems, produced by various chemical
syntheses.®**® This work also aims to address the timing
properties of the emission of monoclinic crystalline hafnia
NPs. The PL decay and the scintillation decay have been
compared (Fig. 6a and b, respectively) by collecting the
luminescence signals in the wavelength range of around 400-
500 nm. Both the decays show the presence of a fast
component with an average lifetime of a few nanoseconds (Exc
255 nm, 7, = 3.0 ns; scintillation decay 7, = 2.2 ns). In
addition, the scintillation decay evidences a higher background
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Fig. 5
samples under UV excitation at RT and at 77 K.
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Wavelength (nm)

(@ and b) RL spectra of HfO, NPs annealed at 450 °C and 1000 °C measured at different temperatures; (c and d) PL spectra of the same
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than the PL decay, related to the occurrence of slower
components that cannot be detected in the ns time window (¢f:
Fig. 6b). These slow components may be due to the presence of
shallow charge traps acting in the transfer stage of the
scintillation mechanism.

3.3. Discussion

In this paragraph, the key points for the creation of pure
monoclinic HfO, from photochemical synthesis are
presented together with the spectroscopic and timing
features of the produced HfO, NPs in order to highlight the
most important indications helping to assess their suitability
for scintillating composite materials.

Photo-induced synthesis has enabled the quick production
of the HfO, NPs with the size close to 30 nm, just by
choosing the appropriate mixture of starting solutions (see
the details in the Experimental part) and the temperature
conditions of the annealing treatments. In this work, the
annealing strategies have been utilised as a tool to monitor
the change and improvement of NP luminescence. The
investigation of the PL and RL of the NPs as a function of
annealing temperature has wuncovered the relationship
between the structural and morphological characteristics of
the NPs and their luminescence. Our work has highlighted
that only annealing at high temperatures allows the removal
of organic residuals from the synthesis, the re-ordering of the
crystal lattice matrix, the improvement of the crystallinity
degree with amorphous hafnia NPs turning into a pure
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25 50 75 100 125 150 175 200
1 1 1 1 1 1 1
= 100000 ~ : ® TR-PL HfO,- 1000 °C E
g " ——Fit
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Fig. 6 PL decay of monoclinic HfO, annealed at 1000 °C under
excitation at 255 nm. The luminescence has been collected through a
low-pass filter cutting at 400 nm (top); scintillation decay spectra of
the same NPs under X-ray excitation with a band pass filter peaked at
450 nm t 40 nm (bottom). In the panels, the experimental data (blue
and green dots) are presented together with the instrumental
responses (dashed grey line) and the numerical fit of the decays (solid
orange and pink line) together with the average calculated lifetime.
The complete data set of the fit parameters is in Table S2 in the ESIL.
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monoclinic phase, and the reduction of quenching surface
defects that can alter and deteriorate the final luminescence
of the NPs. Except for a slight broadening of the
luminescence band at room temperature in the amorphous
NPs, the amorphous and crystalline samples feature similar
PL and RL spectra (Fig. 5). These can be explained by the fact
that amorphous HfO, can be described as a material with a
short-range order and the similarity with the defectiveness of
the monoclinic crystalline NPs, responsible for the
luminescence emission, can be assumed. The luminescence
of amorphous and crystalline hafnia produced by
photochemical synthesis can be related to radiative
transitions from excited states of the same recombination
centres, as also validated by the similarity of the activation
energies E of the emissions in the samples annealed at 450
°C and at 1000 °C (Table S2, ESI}).**

The reliability of exploiting the photochemical synthesis
as a route for the creation of nanometric HfO, NPs is
supported by a plethora of publications on the morphological
and spectroscopic characterization of HfO,, obtained by
diverse chemical methodologies. Indeed, the NPs achieved by
the photochemical route and by a subsequent annealing at
high temperature feature the characteristic crystalline
monoclinic structure of hafnia, and a visible fast emission
peaked at around 440 nm, typically attributed to the
defectiveness of the material, as it is largely proven in the
literature for diverse nanometric metal oxide systems.>'®%""73
The luminescence light output of the achieved NPs has been
tested by comparing their RL intensities with the light output
of a standard scintillator Bi,Ge;0,, (BGO) (Fig. S4f). From
this comparison, it is evident that crystalline hafnia displays
the most promising luminescence features in terms of light
output, a crucial criterion to evaluate the scintillator
performance.”* The exploitation of the photochemical route
allows a large number of dense oxide NPs to be created with
low cost and reduced production time. In particular, in this
context it has allowed us to produce, for the first time,
crystalline nanometric HfO, with spectroscopic and timing
features suitable for the creation of hafnia-based composite
scintillators towards applications in fast-timing techniques.

4. Conclusions

Thanks to its density and high Z-number, luminescent hafnia
has been proposed as an essential element for the design of
novel composite scintillators, traditionally made with dense
scintillators coupled to fast organic dyes and embedded into a
plastic matrix. Composite scintillators are of primary
importance for the creation of next generation, affordable,
reliable, and large area detectors in fast timing techniques.
This work has validated for the first time the exploitation of the
photochemical synthesis as a scalable, affordable, and
straightforward route for the production of HfO, NPs.
Structural and morphological analyses coupled to spectroscopic
luminescence measurements have revealed that crystalline
monoclinic NPs can be obtained after annealing treatment at

This journal is © The Royal Society of Chemistry 2023
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1000 °C. The Iluminescence and timing properties of
monoclinic crystalline hafnia NPs have been investigated as a
function of temperature, from RT to 77 K. The NP
luminescence band under both light and ionizing radiation
excitations has been found to peak at around 440 nm and is
associated with intrinsic defects, with the decay time of 2-3 ns.
Although a further optimization of the luminescence light
output can be foreseen, this work has allowed improvements
in the optimisation of the photochemical synthesis route as
low cost but valid synthesis method to manufacture scalable
quantities of metal oxide nanoparticles. In addition, it has
highlighted that the use of photochemical synthesis followed
by annealing enables the production of monoclinic hafnia NPs
with spectroscopic and timing features appropriate for the next
coupling with fast organic dyes, opening the way for the
creation of large hafnia based composite scintillators.
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