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Abstract: Metal oxide nanoctrystals, like ZrO, and HfO,, serve as hosts for optically active lanthanide ions. Ho-
wever, synthesizing colloidally stable nanocrystals with complex architectures remains challenging. We have
pioneered the synthesis of metal oxide core/shell nanocrystals, where HfO, epitaxially grows onto ZrO,. The
beneficial effect of the shell on the optical properties is demonstrated by investigating the photoluminescence
of ZrO,:Eu and of ZrO,:Eu/ZrO, after growing a protective zirconia shell on it.[']
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1. Introduction: Metal Oxides of Group 4

Titania (TiO,), zirconia (ZrO,), and hafnia (HfO,) (Fig. 1)
form an interesting class of nanomaterials, with many properties
and applications. While these materials share several chemical
and physical characteristics, zirconium and hafnium are often re-
ferred to as twin metals due to their similarities. In contrast, tita-
nium, although chemically related, often behaves somewhat dif-
ferently.? The three oxides exhibit high thermal and chemical
stability,l3-5] and biocompatibility. These properties, combined
with their electronic, optical, and structural characteristics have
enabled their use in various advanced applications. The high die-
lectric constants of these oxides?l make them ideal for applica-
tions in capacitors, gate insulators for semiconductor devices, and
energy storage systems. Zirconia nanocrystals are components for
(in)-organic composites/26-81 while hafnia nanocrystals have
found utility in memory devices.[1% Their high refractive indi-
cesl3l make these materials valuable in optical coatings for lenses,
mirrors, and display technologies.[3:11-12 Titania, with a band gap
of approximately 3 eV, absorbs blue and UV light, while zirconia
and hafnia, with band gaps around 5.8 eV, function deep in the UV
range. Titania’s smaller band gap makes it a leading material for
photocatalysts!!3:141 and photovoltaics.[!5-17] In nanocomposites
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made of nanocrystals, dyes, and polymers, hafnia absorbs photons
and transfers them to a cascade of dyes, converting them to visible
light.[2l The large band gap of these three metal oxides is a key
factor in their ability to host dopants. When doped with tantalum
(Ta%*) or niobium (Nb’*), the optoelectronic properties of titania
are changed, as free electrons are introduced in its conduction
band, enabling infrared plasmon resonance.!'8:19 When lanthanide
ions are used as dopants, all three metal oxides are useful in ap-
plications as luminescent materials./20-23]

Fig. 1. Glimpse of the periodic table of the elements highlighting the
three metals of group 4.

1.1 Zr and Hf: Not Always Twin Metals

Despite their significant difference in atomic mass, zirconi-
um, and hafnium exhibit almost identical atomic radii: 0.83 A
for Hf** and 0.84 A for Zr* .2l Consequently, zirconia and hafnia
are isomorphous in every phase, which means they share crystal
structures with very similar lattice parameters. As a result, it is
possible to form a series of solid solutions of Hf Zr, O, in the
bulk, where 0.11 < x < 0.84.241 This is not the case for HfTiO,
and ZrTiO, which were not possible to obtain because of the
different reactivities of Hf and Zr compared to Ti.24] Although
zirconium and hafnium are referred to as twin metals, their ox-
ides do not consistently adopt the same structure under identical
synthesis conditions.[?5:26] For example, when metal chloride and
metal isopropoxide precursors are mixed in tri-n-octylphosphine
oxide (TOPO) and heated up to 340 °C for 2 hours, zirconia na-
noparticles crystallize in the tetragonal phase, while hafnia nano-
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particles form in the monoclinic phase. This structural difference
also impacts their morphology, with zirconia forming spherical
nanoparticles and hafnia yielding rod-shaped nanoparticles.[25:26]
The difficulty in stabilizing tetragonal hafnia arises from its signif-
icantly smaller critical size for stabilization compared to zirconia
(4 nm versus 30 nm).[?71 This divergence is due to a stronger driv-
ing force for the stabilization of the monoclinic phase in hafnia
compared to zirconia. In fact, the difference in bulk free energies
(AG, 1 monoctinie ~ AGhuk. ermagona) 1 approximately 40% bigger for
HfO, compared to ZrO, (=196 meV versus —140 meV).[27-29]
Additionally, the smaller volume expansion associated with the
martensitic tetragonal-to-monoclinic transformation in hafnia
(2.7% versus at least 4% for zirconia) reduces the elastic strain
energy required for the phase transition.?”] Finally, the tetrago-
nal-to-monoclinic phase transformation enthalpy of HfO, is 75%
higher than that of ZrO,, which implies less stringent conditions
for it to occur in hafnia compared to zirconia.[20]

1.2 Surfactant Assisted Synthesis in TOPO

Non-aqueous surfactant-assisted syntheses enable the forma-
tion of nanoparticles with high crystallinity, monodispersity, and
colloidal stability.l?! In the case of metal oxides of group 4, the
reaction of metal alkoxide with metal halide in TOPO has been
widely used and studied, in particular for zirconium and hafni-
um.[24.27.30-331 At the end of the reaction (after 2 hours at 340 °C),
and after purification, the nanoparticles are covered and stabilized
by a mixture of protonated TOPO, dioctyl phosphinate, and dioctyl
pyrophosphonate.31 ZrQO, is obtained as 4-nm tetragonal spheres,
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while hafnia as monoclinic rod-shaped nanoparticles. However,
the synthesis of colloidal group 4 metal oxide nanocrystals pre-
sents many challenges, and achieving synthetic control over the
final properties of the nanoparticles remains difficult. Size control
is limited to 3 to 5.5 nm,[30-321 with little control over architectures,
like core/shells, alloys, or mixed phase nanoparticles.

1.3 The Core/Shell Architecture

Core/shell structures are a type of heterostructure extensively
explored in the field of quantum dots.35 It has been shown that
covering an optically active core with a protecting layer improves
the quantum efficiency of the core. In fact, the protective lay-
er can prevent surface quenching, a process where excited elec-
trons and holes interact with surface defects or traps, leading to
non-radiative recombination and the loss of photon emission. The
shell suppresses non-radiative processes that are responsible for
decreasing quantum efficiency.

Despite zirconia and hafnia being suitable host materials for
dopants like europium, the core/shell architecture for these ma-
terials remains unexplored. The goal, therefore, was to create a
shell around europium-doped zirconia with a protective layer of
pure zirconia.

2. Core/Shell Synthesis and Optical Propertiesli]

2.1 Method Development with ZrO,/HfO,
In our recent publication,!!! we first optimized the method by
shelling spherical zirconia with a shell of hafnia. Using the same

Fig. 2. a) Synthetic procedures to obtain ZrO, and ZrO,/HfO, core/shell nanocrystals, where the metal chloride, isopropanol, tetrahydrofuran, and
propene are obtained as by-products, b) powder XRD spectra of ZrO, cores and ZrO,/HfO, core/shell, c) frequency-filtered map HAADF STEM
image of ZrO,/HfO, core/shell, d) bright-field TEM images of ZrO, cores, ZrO,/HfO, core/shells after synthesis optimization, and ZrO,/HfO, before
optimization, with the insert showing high-angle annular dark-field (HAADF) scanning TEM and the corresponding EDX compositional maps. The his-
tograms are based on more than 100 particles. Reprinted with permission from ref. [1].
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synthesis conditions, spheres of zirconia and rods of hafnia can be
produced. This allows us to distinguish by transmission electron
microscopy (TEM) whether hafnia grows on the existing zirco-
nia cores, making them bigger, or nucleates independently form-
ing rods. So, zirconia nanoparticles were synthesized, and after
purification, they were mixed with hafnium chloride and hafnium
isopropoxide precursors in TOPO (Fig. 2a) Powder X-ray diffrac-
tion (XRD) spectra (Fig. 2b) shows that the peaks of the core/shell
are narrower compared to the starting zirconia cores, indicating
particle growth. Furthermore, the XRD spectrum after shelling
shows a tetragonal crystal phase suggesting epitaxial growth of
hafnia on zirconia. High-resolution TEM in Fig. 2¢c confirms the
core/shell structure, showing zirconium in green confined to the
centre and hafnium, in red, in the shell. This is further indicated in
the bright-field TEM images (Fig. 2d). The initial zirconia cores
have a diameter of 3.8 nm, while the nanoparticles after shelling
grew to 4.9 nm. Before synthesis optimization, the TEM image
shows the presence of both larger particles as well as numerous
rods, which were confirmed to be pure hafnia using energy-dis-
persive X-ray spectroscopy (EDX) compositional mapping. After
optimization, secondary nucleation of hafnia is suppressed, giving
the desired particles.

2.2 Shelling of ZrO ;Eu and its Optical Properties

With the method established, we proceeded to synthesize our
target structure.!!l Europium-doped zirconia nanoparticles (10.0%
nominal doping) were first synthesized in an autoclave and then
functionalized with dodecanoic acid (Fig. 3a). These particles were
subsequently mixed with zirconium chloride and zirconium iso-
propoxide precursors in TOPO and reacted at 340 °C for 2 hours.

The particle size increased from an initial diameter of 3.5 nm
to 5.1 nm, which was determined by measuring the projected area
of the faceted nanocrystals and calculating the diameter from the
bright-field TEM images shown in Fig. 3b (same procedure used
to obtain the diameter of ZrO,/HfO, nanoparticles in section 2.1).
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Finally, we investigated the optical properties of europium be-
fore and after shelling using photoluminescence emission spec-
troscopy.l!) Upon shelling, certain emission channels disappear,
leading to an emission spectrum with narrower peaks (Fig. 3c).
This suggests a change in the coordination around the europium
to a more uniform environment. The shell also significantly im-
pacts the lifetime of the excited state (Fig. 3d). Before shelling the
lifetime of ZrO,:Eu nanoparticles is biexponential with a slower
component of 2.7 + 0.1 ms and a fast component of 1.2 + 0.1 ms,
further confirming the different europium environments. After
shelling the decay is monoexponential with a lifetime of 5.3 + 0.1
ms, an unprecedented result for nanoparticles with such a high
doping percentage.!]

3. Conclusions

It is possible to shell epitaxially zirconia and europium-doped
zirconia cores with a protective layer of crystalline zirconium
or hafnium oxide. Moreover, upon shelling, europium dopants
feature a more uniform coordination environment and a longer
photoluminescence lifetime, indicating the suppression of non-ra-
diative pathways. These results!!] initiate zirconium and hafnium
oxide hosts as alternatives for the established NaYF, systems.
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