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Unique Properties of Selectively Formed Zirconia Nanostructures

By James L. Gole,* Sharka M. Prokes, John D. Stout, Orest J. Glembocki, and Rusen Yang

Zirconia has attracted considerable attention because of its
diverse practical applications in fuel-cell technology," its use
as a catalyst or catalyst support,”?! its ability to combine with
sulfuric acid to form extremely strong acids,”! and its use as
an oxygen sensor and as a possible high-dielectric-constant
material for large-scale integrated circuits or as a gate dielec-
tric in metal-oxide semiconductor devices.>° However, the
optical properties”’gl of this semiconductor, especially its
photoluminescence (PL) properties, are seldom reported. Be-
cause these PL properties, if properly harnessed, might play
an important role in the future improvement of information-
storage devices,” ! the characterization and enhancement of
PL from ZrO, may have important implications. Here, we ex-
pand the potential of these optical properties.

We report not only on the formation of nanometer-sized
ZrQO, structures which combine into fractal forms, but also on
the first synthesis procedure for preparing zirconia-based
nanoshells and hollow nanospheres. Our synthesis procedure
complements recent spray-pyrolysis studies, which produce
hollow nanospheres in the size range 1-10 pm."" The forma-
tion and growth of nanoshells and nanospheres can greatly
dominate the formation of other less-defined zirconia-based
nanostructures under certain experimental conditions. The
nanoshells produced do not result from solvent-induced nano-
sphere disruptionm] and they have smooth, as opposed to
fractured, surfaces. In contrast to zirconia-based nanoparticles
and nanospheres, we find that these “metal-oxide” nanoshell
configurations demonstrate a significantly enhanced PL that
may result from the geometry of the ultrathin nanoshell walls.

In Figures la—c, we present representative transmission
electron microscopy (TEM) images corresponding to the ir-
regularly shaped and distorted spheroidal structures typically
formed under a wide range of experimental conditions. These
spheroidal structures readily combine into the fractal-like
structure depicted in Figure 1c. In contrast, Figures 2a—e pres-
ent representative TEM images corresponding to the ZrO,
nanoshell and nanospherical forms, which we generated under
a set of specific conditions outlined in the Experimental sec-
tion. These structures should be compared to the nanostruc-
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tures depicted in Figure 1, which are formed over a much
wider range of conditions. Figure 2a represents an overview
of nanoshell and nanosphere formation accompanied by the
formation of a few hollow elliptical forms. Figure 2b presents
a closer view obtained from a spectrum taken of material
formed under similar conditions demonstrating both thick-
(~20 nm) and thin- (~5 nm) walled shell formation. We found
that thick-walled shells can be generated and grown in regions
of slower condensation between a source reactant oxidant
nozzle- (ZrCly) containing crucible and a downstream cold
finger at ~20 °C. More rapid condensation at the cold finger,
enhanced by a larger temperature gradient relative to the
reactant oxidation zone, produces thinner-walled shells and
some hollow spheres. Figure 2c represents the arrested forma-
tion of a hollow nanosphere as it grows from a thick-walled
nanoshell in the region (downstream) intermediate to the re-
action/oxidation zone and the system cold finger. By examin-
ing product formation across this region under appropriate
conditions, it is possible to observe several degrees of growth.
Provided that initially forming shells diffuse to the cold finger
they can be surrounded by a thin-walled shell (Fig. 2d). Fig-
ure 2d exemplifies several multishelled/-walled configurations
oriented about a central nanosphere where the outer nano-
shell is thin-walled. Figure 2e demonstrates a smaller nano-
sphere located within a thick-walled, nearly nanospherical
shell-like structure. A closer view of the hollow nanosphere
groupings reveals that they can be interconnected by a perme-
able channel.

In Figures 3a—c Raman spectra taken for the ZrO, nano-
shell- and hollow-nanosphere configurations can be com-
pared. Figure 3a corresponds to the Raman spectrum and
curve fit for ZrO, nanoshells (see Fig. 2b). The curve-fit spec-
trum is dominated by features associated with crystalline te-
tragonal (472620 cm™) and monoclinic™>'"" ZrO,. The fea-
tures associated with the spectrum of crystalline tetragonal
nanoshells are shifted from those of ZrO, powder (Fig. 3c),
where they are located at 477.5 and 616.45 cm™.. The Raman
spectrum observed for samples generated under conditions
that favor the formation of nanospheres (Fig. 3b) appears to
correspond to a broad peak located near 570 cm™. This result
suggests that the crystallinity associated with the nanoshells is
lost in sphere formation (Figs. 2c—¢), as these structures are
amorphous in character. We have not yet obtained evidence
that a crystalline structure can be associated with either the ir-
regular nanostructures of Figure 1 or the formed nanospheres.
For comparison, Figure 3c shows the corresponding Raman
spectrum of bulk ZrO, powder. The observed features are in
agreement with the observations of previous workers.">! Not
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Figure 1. TEM images of ZrO, nanostructures: a) irregular nanostructures
with partial agglomeration, b) spheroidal nanostructures (<5 nm), and c) fractal

structure of nanostructure agglomeration.

Figure 2. TEM images of ZrO, nanostructures: a) overview of nanoshells
and hollow nanospheres, and their distribution; b) closer view of vari-
able-wall-thickness nanoshells; c) arrested formation of a nanosphere;
d) interlocked nanoshell/nanosphere configurations; and e) thick-walled
hollow nanospheres within forming nanospheres.
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surprisingly, the Raman features associated with the
ZrO, nanoshells are considerably broader than those
associated with ZrO, powders.

The differences between the ZrO, nanoshells, nano-
spheres, and irregularly shaped nanostructures are
starkly evident in PL intensity measurements. Figure 4
presents the PL from ZrO, nanoshells and the corre-
sponding emission from nanospheres and irregularly
shaped nanostructures. Because the direct-band PL in
ZrO; occurs at 390 nm for the tetragonal and 475 nm
for the monoclinic phases,'! the feature near 575 nm
in Figure 4 is most likely due to an oxygen defect
site.'”] Note that it is 56.41 times more intense for
comparable samples of the nanoshell material than for
the nanospheres (Figs. 2a,c), and for the irregularly
shaped nanostructures depicted in Figure 1. Further-
more, if one takes into account the volume differences
between the nanoshells and nanospheres, there is an
additional factor of 12.7 times more material per unit
volume for the nanospheres. If we normalize the PL in
Figure 4 to the volume, we find that the PL for the
nanoshell geometry is 716 times more intense than
that of the nanospheres. The observed PL is also significantly
more intense than the PL associated with crystalline ZrO,
powders (Raman spectrum shown in Fig. 3c).

One possible explanation for this result is the reduction of
non-radiative recombination centers. This is consistent with
the crystalline quality of the nanoshells compared to that of
the nanospheres, as shown by the Raman spectra in Figure 3.
Since the Raman spectra of the nanoshells exhibit well-de-
fined lines, while the nanosphere Raman spectrum shows only
one broad and weak feature, we speculate that the crystalline
quality of the nanoshell is significantly better. Thus, we would
expect a significant reduction in non-radiative recombination
centers due to an improved crystallinity. This could account
for some of the PL enhancement.

An alternate explanation is that the non-bridging oxygen hole
center (NBOHC) defect is confined to the surface, as demon-
strated in other nanoscale systems. ' Eor such a case, the photo-
excited electrons must diffuse to the surface in order to recom-
bine. This process depends greatly on the diffusion length of the
carriers, and must be compared to the distance of these carriers
from the surface. By reducing the distance to the surface, as
in the case of the nanoshell geometry, one can significantly
increase the probability of recombination at the surface
NBOHC:s. Furthermore, the crystal quality will determine the
electron diffusion length. From the discussion above, we would
expect a significant reduction in non-radiative recombination
centers for the shell geometry, as the thin shell thickness should
greatly enhance the probability of recombination. Furthermore,
this model would account for the differences in PL between the
powders and the nanoshells, because the powders also consist of
material of high crystallinity, yet their PL is a factor of 30 times
lower. However, at this point, we cannot distinguish between
the two mechanisms, and it is possible that both mechanisms
play a role in the significant PL. enhancement we observe.
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Figure 3. Raman spectra of a) ZrO, nanoshells (shown in Fig. 1b),
b) ZrO, nanospherical shapes (Figs. 2a,c), and c) ZrO, powder.

We have successfully generated ZrO, nanoshells that dis-
play a greatly enhanced defect site PL and we have shown
that the nanoshell geometry results in better crystalline and
electronic material quality. The ability to generate hollow
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Figure 4. PL emission excited by the 514.5 nm line of an argon-ion laser
(25 mW) for ZrO, nanoshells (a) and ZrO, nanospheres (b). The PL from
the nanoshells is 56.4 times more intense.

nanospheres (see Lenggoro et al.) may provide a medium for
fuel-cell applications,[l] hydrogen storage,pl] and thermo-
power applications.””) The ZrO, nanospheres also appear to
have porous walls. If hydrogen can diffuse into these hollow
structures, which represent sufficiently porous metal oxides,
and this process can convert the inner-wall metal-oxide sur-
face to an oxyhydride, decreasing the wall porosity signifi-
cantly so as to considerably abate diffusion of hydrogen from
the central region of the hollow spheres, a storage medium
might be created. Further heating might then be used to con-
vert the oxyhydride to the oxide with subsequent release of
hydrogen. Finally, we note that the nature of arrested nano-
sphere formation, as exemplified in Figure 2c, offers the pos-
sibility for arrested gas diffusion through a partially closed
structure; this process might improve the efficiency of ZrO,-
based catalyst and catalyst support configurations.

In addition, Oldenborg,[23] in his study of light scattering
from gold nanoshells, found that by adjusting the ratio of the
radius of the dielectric core to the thickness of the shell, he
was able to tune the gold plasma resonance from 500 to
2500 nm. This tuning should vary with the dielectric core.
Oldenborg, Halas and co-workers®?* used gold sulfide and
silica-core dielectrics. We propose that it would be of interest
to compare their results with those obtained with a much
higher K dielectric, such as that of ZrO,.

In summary, unique ZrO, nanoshells and nanospheres have
been formed over a precise range of temperature and pressure.
The nanoshells exhibit a greatly enhanced PL which is well in
excess of 100 times that of either the nanospheres or irregularly
shaped Zr0, nanoparticles. This enhanced PL may be related to
the nanoshell geometry. The nanoshells can be further trans-
formed to a variety of hollow nanospheres, small numbers of
which can be made to agglomerate to interconnected chamber
arrays. Potential applications of the nanoshells, the hollow ZrO,
nanospheres, and their intermediates have been considered.
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The preparation of ZrO, nanoshells and hollow nanospheres re-
quires that we find a “sweet zone” for the synthesis. ZrO, is prepared
from the oxidation of ZrCly primarily with O,. An argon/oxidant mix
was made to flow over a crucible filled with ZrCly in the central re-
gion of a modified-tube furnace configuration [25,26]. To produce
ZrO, nanoshells and hollow nanospheres, we required operation at a
ZrCly temperature between 305 and 325 °C (corresponding to subli-
mation) depending on the particular oxidant nozzle or nozzle array
used in the experiment. These temperatures are somewhat below the
melting point of 331 °C. The gas flow rate was also varied with nozzle
configuration and was optimal when close to 12 standard cubic centi-
meters per minute (sccm) of argon was combined with between three
(smaller nozzle) and 8 sccm (flow array) of oxygen. The optimal he-
lium entrainment gas tube furnace pressure was less than 300 torr
(1 torr=133.32 Pa) but greater than 100 torr. If the system was oper-
ated at a “crucible” temperature less than 300 °C, little product was
formed. However, if the system was operated at temperatures greater
than 330 °C shells and hollow spheres were not readily produced; on
the contrary, ZrO, particulates of various sizes were formed. The
placement of the oxidant nozzle source above the crucible was also
significant as the argon entrained oxidant must flow efficiently onto
the gaseous ZrCl, created by the sublimation process. A given oxidant
nozzle was placed over the central region of the crucible containing
ZrCly or in a position further downstream in the direction of the flow
and somewhat closer to the system cold finger [25,26] and the preced-
ing region onto which both the shells and hollow spheres condense. If
the oxidizing nozzle was placed completely upstream from the cruci-
ble or if the array was rotated so that the argon/oxygen (oxidant) mix
did not flow directly onto the subliming ZrCl, mix, considerably
smaller semiporous nanostructures appeared to form.

We have combined TEM and Raman and PL spectroscopy to dem-
onstrate the significantly enhanced PL associated with spatial carrier
confinement within the ultrathin nanoshell walls. TEM analysis was
carried out at 100 KV using a JEOL 1000 TEM. The confocal micro-
Raman system that was used consisted of a Mitutoyo microscope and
a SPEX Triplemate spectrometer equipped with a charge-coupled de-
vice. The 514.5 nm line of an Ar-ion laser was used as the excitation
source and the laser had a power of 25 mW or less. The microscope
had 10x, 50x, and 100x objectives for focusing the laser light and was
coupled to the spectrometer through a fiber-optic bundle. The light
from the microscope was filtered by a 514.5 nm notch filter. The posi-
tions of the Raman lines in a given spectrum were calibrated against
the 546.0 nm line emission from a fluorescent light source. Compara-
tive PL behavior for virtually identical sized samples was evaluated
using the 514.5 nm line of the Ar-ion laser and detection of the PL
was performed using an Ocean Optics spectrometer with an optical-fi-
ber light collection system. A 514.5 nm notch filter was used to ensure
that the laser line did not enter the spectrometer or detector.
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