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A careful design of nanocrystal architecture can strongly enhance
the nanocrystal function. So far, this strategy faced a synthetic bot-
tleneck in the case of refractory oxides. Here, we demonstrate the
epitaxial growth of hafnia shells onto zirconia cores, and pure zir-
conia shells onto europium doped zirconia cores. The core/shell
structures are fully crystalline. Upon shelling, the optical properties
of the europium dopant are dramatically improved (featuring a
more uniform coordination and a longer photoluminescence
lifetime), indicating the suppression of non-radiative pathways.
These results launch the stable zirconium and hafhium
oxide hosts as alternatives for the established NaYFs systems.
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Zirconium and hafnium oxide nanocrystals (NCs) are ap-
pealing (host) materials due to their high thermal and chem-
ical stability, and large band gap.' Colloidal ZrO, NCs are
components for (in)organic composites®* while HfO, NCs
find applications in memory devices.> ¢ Due to the high
atomic number of hafnium and the high density of hafnia,
HfO, NCs are developed as CT contrast agents,” scintilla-
tors,!” and as radiation therapy enhancers.!!"!3

Both ZrO, and HfO, NCs serve as hosts for optically active
lanthanide ions, e.g, europium.! 1417 Fluorides (e.g., NaYF;,
or NaGdF,) are another class of nanocrystals that are widely
used as host for lanthanides with application in both upcon-
version and downconversion.'®2? In the fluoride system, the
syntheses are well developed, allowing the precise position-
ing of dopants inside the nanocrystal and the growth of un-
doped shells on the doped core. This procedure protects the
lanthanides from surface effects and thus increases the quan-
tum efficiency of both up- and downconversion processes.?
Additionally, layered structures offer controlled energy cas-

cades.?* Higher quantum efficiencies coupled with long life-
times enabled their use in, e.g., time-gated fluorescence im-
aging.!>2% The oxide hosts have found less widespread use,
due to the synthetic challenge of producing colloidally stable
oxide nanocrystals with a complex (e.g., core/shell) archi-
tecture.?® However, the oxide hosts are more chemically sta-
ble while the fluorides dissolve in highly dilute aqueous me-
dia.?’

Surfactant-assisted, nonaqueous syntheses have allowed to
synthesize ZrO; and HfO, NCs and gain control over their
size.!> 2834 Even more, solid solutions of various composi-
tions (ZrxHf1x0,) were obtained as colloidal nanocrystals.>"
33:36 Hfy sZr9 5O, is an interesting ferroelectric material, mak-
ing it promising for non-volatile memory devices.>’-3¢

Here, we leverage the control of nonaqueous synthesis and
report metal oxide core/shell nanocrystals. We epitaxially
grow HfO» onto ZrO», and ZrO; onto ZrO»:Eu**. The bene-
ficial effect of the shell on the optical properties of the euro-
pium dopant is established. Having access to these novel het-
erostructures (unavailable in bulk) opens up possibilities for
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their application in different areas, from microelectronics to
scintillators.

Zr and Hf are chemically very similar and both oxide nano-
crystals can be synthesized at 340 °C from the metal choride
and isopropoxide in tri-n-octylphosphine oxide (TOPO).!
Under these conditions, HfO, forms nanorods with the mon-
oclinic crystal structure, while ZrO; forms spheres with the
tetragonal crystal structure. We first focus on the ZrO,»/HfO,
core/shell structure, since one can conveniently distinguish
growth of HfO, onto the spherical ZrO, cores from sepa-
rately nucleating HfO; nanorods. ZrO, and HfO, form simi-
lar crystal structures (monoclinic, tetragonal and cubic) with
negligible lattice mismatch, thus allowing for epitaxial
growth. We follow a two-step approach towards the
core/shell structure. In a first step, we synthesize and isolate
7ZrO, cores from ZrCly(THF), and Zr(O'Pr)s.'PrOH in
TOPO.?® The cores are spherical, with an average diameter
of 3.8 nm according to bright field transmission electron mi-
croscopy (BF TEM, Figure 1B). The cores have the tetrago-
nal (P4,/nmc) crystal structure (Figure S1), and their surface
is covered with a mixture of protonated TOPO, di-
octylphosphinate and dioctyl pyrophosphonate (Figure
1D).* In a second step, the purified cores are added to a new
reaction mixture of HfClLy(THF), and Hf(O'Pr)s.'PrOH in
TOPO, see Figure 1A.
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Figure 1. (A) ZrO»/HfO; core/shell synthesis, where HfCla,
THF, propene and isopropanol are obtained as by-prod-
ucts.?® 2 BF TEM images of (B) ZrO, cores and (C)
ZrO,/HfO, core/shells. The histograms are based on more
than 100 particles. (D) Solution 3'P NMR spectra of ZrO,
and ZrO,/HfO, NCs.

After 2 hours at 340°C, the core/shell structures are isolated
and purified. The nanocrystal surface is covered by the same
ligands as mentioned before (see Figure 1D for the 3'P NMR
spectrum). Atomic resolution, high angle annular dark field
(HAADF) scanning TEM (STEM) analysis shows that the
resulting nanocrystals are no longer spherical, but more
clearly faceted, exposing {01-1} and {10-1} surfaces (Fig-
ure S2-S3). Nevertheless, to compare to the core diameter,
we analyze the BF TEM image (Figure 1C) by measuring
the projected area of the faceted nanocrystals and calculate
an apparent ‘diameter’, using the formula of a circle. The
core/shell structures have an average ‘diameter’ of 4.9 nm,
clearly indicating that the cores have grown to larger sizes.
Crystal growth is further confirmed by the narrower reflec-
tions peaks in XRD (Figure S1).

The core/shell interface was further analyzed by atomic res-
olution HAADF STEM, see Figure 2 (and Figures S2-S3).
From the contrast we can recognize the presence of a
core/shell structure as the shell appears brighter with respect
to the core, due to the higher atomic number of Hf compared
to Zr. The power spectrum (FFT) analysis in the reciprocal
space, shows that that the ZrO, core has the P4,/nmc tetrag-
onal structure and that the HfO> shell has a similar structure.
Tetragonal HfO, has the following lattice parameters at
room temperature: a=b= 3.65 A, ¢c=5.33 A, slightly higher
than tetragonal ZrO, with a=b= 3.59 A, ¢=5.18 A.*>4! This
is in good agreement with the observed crystal arrangement
in our core/shell nanoparticles. The (101) and (10-1) reflec-
tions are ‘elongated’ or doubled, indicating the presence of
HfO, that grows epitaxially and partially relaxed onto the
indicated surfaces of the ZrO» core. The frequency filtered
map displays clearly the core in green and the shell in red.
While pure HfO, nanocrystals would crystallize in the mon-
oclinic P21/c structure, epitaxial growth thus stabilizes haf-
nia in its tetragonal structure. Final confirmation of the
core/shell structure is provided by energy-dispersive X-ray
spectroscopy (EDX) compositional mapping in Figure 2. It
shows regions with zirconium in the center and hafnium in
the shell.
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Figure 2. HAADF STEM image of a core/shell ZrO,/HfO,
nanocrystal, the corresponding power spectrum (FFT) anal-
ysis in the reciprocal space along the [010] zone axis, and
the frequency filtered map HAADF STEM image and corre-
sponding EDX compositional maps, featuring hathium and
zirconium.
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Second, we turn to the optically active ZrO,:Eu/ZrO,
core/shell system. We synthesize europium doped zirconia
(10.0% nominal doping) from europium acetate, zirconium
propoxide and benzyl alcohol.!> After synthesis, we func-
tionalize the nanocrystal surface with dodecanoic acid lig-
ands (Figure S4). The ZrO,:Eu cores have an average diam-
eter of 3.5 nm (Figure 3), possess the tetragonal crystal struc-
ture (Figure S1) and have an actual doping concentration of
9.0 % (determined by ICP-OES).
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Figure 3: ZrO,:Eu/ZrO, core/shell synthesis, with ZrCly,
THF, propene and isopropanol as by-products.?®:2° BF TEM
images of ZrO,:Eu cores and ZrO,:Eu/ZrO; core/shells are
shown. The histograms are based on more than 100 particles.

The cores were subjected to the shelling procedure using
ZrCl(THF), and Zr(O'Pr)4..PrOH. After 2 hours at 340°C,
colloidally stable nanocrystals were isolated and purified
(Figure S5 for 3'P NMR and Figure S6 for DLS). BF TEM
imaging shows an increase in the average ‘diameter’ to 5.1
nm (Figure 3) and again sharper reflections are observed in
XRD, confirming growth of the tetragonal crystal (Figure
S1). HAADF STEM and powder spectrum analysis further
confirm that both ZrO:Eu cores and ZrO,:Eu/ZrO,
core/shells have the tetragonal structure (Figures S7, S8).
The europium content decreases in the core/shells to 1.8%
metal content. This is close to the expected 2.25% consider-
ing the four-fold volume increase of the nanocrystals upon
shelling, and also taking into account the limitations in de-
termining the nanocrystal volume given the faceted nature
of the core/shell nanocrystals.

The optical properties of the europium dopant change sub-
stantially when the cores are shelled, see Figure 4A. The
emission spectrum of Eu in the ZrO,:Eu cores is consistent
with previous reports of Eu doped into colloidal ZrO, nano-
crystals or ZrO; powders.'> 17424 Upon shelling, certain
transitions disappear and the remaining emission peaks are
more narrow. This indicates a change in the coordination
around the europium ion. This is further demonstrated by the
shape of the 3Dy-F transition around 580 nm, measured at
10K (Figure S9). This J=0 - J’=0 transition is not split by
the crystal field, and thus spectrally different contributions
for this transition can be assigned to different coordinating

environments. For the core/shells, the emission band corre-
sponding to this transition is narrower and more symmetric,
indicating a highly uniform environment for europium.
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Figure 4: (A) Photoluminescence emission spectra of
Z107:Eu cores and ZrO;:Eu/ZrO; core/shells, measured un-
der direct excitation at 394 nm.* (B) Lifetime decay at var-
ious emission wavelength for both type of particles. Excita-
tion at 238 nm (maximum of charge transfer bands).

The shell has also a big impact on the lifetime of the excited
state (Figure 4B). For the ZrO»:Eu cores, the luminescence
decay depends on the monitored wavelength but all feature
a biexponential decay. This variation in lifetime points again
to different europium coordination environments. We fit the
decay using the formula:

I(t) =1, +a,e”™ + a,e V™

At 606 nm, we determine a slow component of 2.7 + 0.1 ms
and a fast component of 1.2 = 0.1 ms. The slow component
contributes 86% to the total emission, calculated via:

T

b=

For the core/shells, the decay is monoexponential and inde-
pendent of the monitored wavelength. We determine a life-
time of 5.3 £ 0.1 ms. This is similar to the longest values
reported,* indicating that the contribution of non-radiative
decay, e.g. via interaction with surface or other defects, is
limited. In the literature, long lifetimes of 4-5 ms only appear
for low doping percentages (1%). Higher doping percent-
ages are typically associated with shorter lifetimes.* Here
we report a core doped with 9% Eu, which features a lifetime
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of 5.3 ms after shelling and thus passivating of the surface
defects. Some authors attribute the faster decay to mono-
clinic crystals phase and the slower decay to the tetragonal
phase.*® Given that we find no evidence for a monoclinic
phase, we assign the fast decay for the ZrO, cores to Eu ions
that are at the nanocrystal surface.

Based on the changes in the emission spectrum and the in-
crease in lifetime, we conclude that the shelling improves the
incorporation of the Eu ions in the crystal. Indeed, Eu*" ions
act as a probe for their local environment.* 4749

Finally, we measured the emission spectra of the core/shell
particles at low temperatures (Figure S10). When excited at
300 nm, they feature the 4f-4f transitions of Eu’*, and a
broadband contribution ranging from 350 nm to 600 nm, re-
lated to defect emission in ZrQ,.2% 30-52 This indicates that
the Eu ions remain located in the core during the shelling,
since the presence of Eu ions in the shell would suppress the
710, defect emission (either by preventing the defect to form
or by energy transfer to Eu).>3-> Therefore, the overall emis-
sion spectrum of the core/shells contains emission from Eu®*
in the core and defect emission from the shells. This also ex-
plains the drastic increase in the lifetime of the core/shell
particles, since the Eu?" ions are now in a perfect environ-
ment far from the outside.

In summary, we reported the use of crystalline zirconium or
hafnium oxide to shell nanocrystals. This method was ap-
plied to improve the local environment of europium dopants
in zirconia nanocrystals and to suppress non-radiative de-ex-
citation pathways. Our results are an invitation to explore in-
tricate nanocrystal architectures with oxide hosts materials.
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