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Abstract: A new and simple method has been developed to synthesize large quantities of highly
monodisperse tetragonal zirconia nanocrystals. In this synthesis, a nonhydrolytic sol-gel reaction between
zirconium(IV) isopropoxide and zirconium(IV) chloride at 340 °C generated 4 nm sized zirconia nanoparticles.
A high-resolution transmission electron microscopic (HRTEM) image showed that the particles have a
uniform particle size distribution and that they are highly crystalline. These monodisperse nanoparticles
were synthesized without any size selection process. X-ray diffraction studies combined with Rietveld
refinement revealed that the ZrO2 nanocrystals are the high-temperature tetragonal phase, and very close
to a cubic phase. When zirconium(IV) bromide is used as a precursor instead of zirconium chloride, zirconia
nanoparticles with an average size of 2.9 nm were obtained. The UV-visible absorption spectrum of 4 nm
sized zirconia nanoparticles exhibited a strong absorption starting at around 270 nm. A fluorescence
spectrum with excitation at 300 nm showed a broad fluorescence band centered around 370 nm. FTIR
spectra showed indication of TOPO binding on the ZrO2 nanoparticle surface. These optical studies also
suggest that the nanoparticles are of high quality in terms of narrow particle size distribution and relatively
low density of surface trap states.

Nanocrystalline particles have attracted broad attention from
researchers in various areas for both their fundamental size-
dependent properties and their many important technological
applications.1 These nanocrystalline materials exhibit size-
dependent characteristics, and often novel electronic, magnetic,
optical, chemical, and mechanical properties that cannot be
achieved using their bulk counterparts.2 Various kinds of
nanocrystals have been used for biological labeling and detec-
tion,3 information storage media,4 lasers,5 photochemical reac-

tions,6 and catalysis.7 Recently, intensive research effort has been
focused on the synthesis of well-defined uniform nanocrystals
to identify the size-dependent properties.8-11 As compared to
the nanocrystals of II-VI semiconductors and noble metals,
relatively little work has been conducted on the synthesis of
monodisperse nanocrystals of transition metal oxides despite
their many important technological applications.12

Zirconia is a very important ceramic material and has found
applications in a number of technologies, including fuel cell
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electrolytes,13 high-performance transformation-toughened struc-
tural engineering ceramic,14 catalysts,15 buffer layers for super-
conductor growth,16 oxygen sensor,17 damage resistant optical
coatings,18 and gate dielectric.19 Zirconia can adopt three
different crystalline structures, that is, cubic, tetragonal, and
monoclinic polymorphs. The monoclinic phase, stable at room
temperature, is transformed to tetragonal at 1170°C, and then
to cubic at 2370°C. These two high-temperature phases are
unstable in bulk forms at ambient temperature, which is
unfortunate because they are more valuable for the technological
applications mentioned above than the room-temperature mono-
clinic phase. Consequently, many divalent and trivalent cationic
species such as Mg2+, Ca2+, and Y3+ have been incorporated
into zirconia to prepare cubic and tetragonal zirconia that is
stable at room temperature.20

Several different methods have been investigated as routes
for the synthesis of zirconia nanoparticles, which include the
sol-gel process,21 spray pyrolysis,22 mechanochemical process-
ing,23 salt-assisted aerosol decompositions,24 carbon nanotube
templated method,25 and emulsion precipitation.26 However,
most of these nanoparticles are poorly crystalline or exhibit
broad particle size distributions, and the successful synthesis
of uniform-sized undoped zirconia nanocrystals has rarely been
reported. In addition, a large-scale synthetic procedure should
be developed for the extensive applications of zirconia nanoc-
rystals. Recently, our research group developed a new synthetic
procedure for producing highly crystalline and monodisperse
ferrite nanocrystals without a size selection process. As part of
our continuing effort to synthesize monodisperse oxide nanoc-
rystals, here we report on the synthesis and characterization of
uniform tetragonal zirconia nanocrystals via a nonhydrolytic
sol-gel route. The nonhydrolytic sol-gel process has been
extensively applied to synthesize various oxide nanostructured
materials.27,28 The Colvin group and other groups reported the
nonhydrolytic sol-gel synthesis of titania nanoparticles. The
resulting nanoparticles, however, had a broad particle size
distribution or poor crystallinity.12b,29,30

The current synthesis relies upon a nonhydrolytic sol-gel
reaction between zirconium(IV) isopropoxide and zirconium-
(IV) chloride at 340°C. In this manner, we were able to
synthesize multigram quantities of uniform-sized nanoparticles

without a size selection process. The following describes the
detailed synthetic procedure. First, 20 mmol (7.8 g) of zirco-
nium(IV) isopropoxide propanol complex (Zr[OCH(CH3)2]4‚
(CH3)2CHOH, Aldrich Chemical Co. 99.9%) and 25 mmol (5.83
g) of zirconium(IV) chloride (Aldrich Chemical Co. 99.9%)
were added to 100 g of purified and degassed trioctylphosphine
oxide (TOPO, Aldrich Chemical Co. 90%, purified by vacuum
distillation) at 60°C in an argon atmosphere. The temperature
of the reaction mixture was raised slowly to 340°C and held at
this temperature for 2 h with vigorous stirring. During this
thermal treatment, the initial light yellow solution color was
changed to green. The reaction mixture was then cooled to
60 °C, and 500 mL of dried and degassed acetone was added
to precipitate zirconia nanoparticles. The precipitate was
retrieved by centrifugation and washed several times with
acetone to remove excess TOPO, producing deep green colored
zirconia nanoparticles. Under an optimized synthetic condition,
we can synthesize over 5 g of product, which is an extremely
large-scale production in the colloidal chemical synthesis of
monodisperse nanoparticles. The zirconia nanoparticles produced
can be readily redispersed in nonpolar organic solvents such as
hexane and toluene.

High-resolution transmission electron microscopic (HRTEM)
images of the zirconia nanoparticles, as shown in Figure 1, show
that the particles have a highly uniform particle size distribution
with a particle size of 4.0 nm and that they are highly crystalline.
Low-magnification TEM images also reveal the uniform particle
size distribution of the nanoparticles (Supporting Information).
These monodisperse and highly crystalline nanocrystals were
synthesized directly without any size selection process, which
is extremely important for large-scale production.

To investigate the mechanism of nanoparticle formation, we
characterized the byproducts of the reaction by gas chromatog-
raphy mass spectrometry (GCMS). The byproducts detected by
GCMS were 2-chloropropane and propylene. The former seems
to be produced from the nonhydrolytic sol-gel reaction between
the zirconium alkoxide and the zirconium halide, that is, Zr-
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Figure 1. High-resolution TEM (HRTEM) image of 4.0 nm zirconia
nanocrystals.
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[OCH(CH3)2]4 + ZrCl4 f 2ZrO2 + 4(CH3)2CHCl (Supporting
Information).27 The latter seems to be generated by the dehy-
drochlorination of isopropyl chloride.

Figure 2 shows an XRD pattern of the ZrO2 nanoparticles.
All peaks can be assigned on the basis of a cubic structure,
except the peaks indicated by an arrow in Figure 2. These extra
peaks originate from a noncubic structure with lower symmetry.
Because the tetragonal (P42/nmc) phase is slightly distorted from
the cubic phase (Fm3hm) and peaks are broadened from the
nanometer particle size, it is very difficult to differentiate
between these two crystal phases using the X-ray diffraction
pattern. Consequently, Rietveld refinement was carried out to
determine the crystal structure of the ZrO2 nanoparticles. Two
model structures, cubic and tetragonal phases, were used to
refine the crystal structure. As shown in Table 1, all reliability
(R) factors refined from a tetragonal structure were lower than
those refined from a cubic structure, although theR-factors of
both structures were very similar. From these results, we
conclude that the ZrO2 nanocrystals are the tetragonal phase,
and very close to a cubic phase. The refined parameters are
summarized in the Supporting Information. As mentioned above,
the formation of tetragonal undoped zirconia nanocrystals is

important for many technological applications. The particle size
calculated using the Sherrer formula was 3.1 nm. There are
several reports on the fabrication of the high-temperature
tetragonal zirconia phase, especially on thin film samples.31

Garvie explained that tetragonal zirconia can be stabilized at
room temperature without doping when the particle size is less
than 10 nm.20,32The size effect is attributed to the lower surface
free energy of the tetragonal form as compared to that of the
monoclinic phase, which becomes more prominent for nanom-
eter-sized particles. Differential thermal analysis and X-ray
diffraction patterns obtained after heating at various temperatures
of 400, 800, and 1200°C showed that the tetragonal phase is
stable up to 800°C and then transformed to the monoclinic
phase.

When zirconium(IV) bromide is used as a precursor instead
of zirconium chloride while other experimental conditions were
kept the same, zirconia nanoparticles with an average size of
2.9 nm were obtained. The TEM image of these nanoparticles
(Figure 3) again exhibited a highly uniform particle size
distribution, and a high-resolution TEM image of a single
nanoparticle illustrated its highly crystalline nature with the
{111} lattice plane shown.

The optical properties of 4 nm sized ZrO2 nanoparticles have
been characterized using electronic absorption and fluorescence
spectroscopy. The electronic absorption and fluorescence spectra
have been obtained using a Hewlett-Packard 8425A Diode Array
UV-visible spectrometer and a Perkin-Elmer fluorometer
(LS50B), respectively. Figure 4 shows a representative absorp-
tion spectrum and fluorescence spectrum of ZrO2 nanoparticles.
The absorption spectrum features weak absorption in the near
UV and visible region that is most likely a result of transitions
involving extrinsic states such as surface trap states or defect
states.33 The strong absorption starts at around 270 nm (4.6 eV),
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Figure 2. X-ray diffraction (XRD) pattern of zirconia nanocrystals.

Table 1. Summary of Reliability Factors of Rietveld Refinement
for ZrO2 Nanocrystalsa

space group Rp Rwp RB RF Re ø2

Fm3hm 6.60 8.77 2.47 1.64 8.14 1.16
P42/nmc 6.49 8.60 2.29 1.62 8.14 1.14

a ø2 (goodness of fit)) (Rwp/Re)2.

Rp )
∑ |yi(obs)- yi(calc)|

∑ yi(obs)
Rwp ) {∑ wi(yi(obs)- yi(calc))2

∑ wi(yi(obs))2 }1/2

Re ) {(N - P + C)

∑ wiyi(obs)}1/2

RB )
∑ |Ik(obs)- Ik(calc)|

∑ Ik(obs)

RF )
∑ |(Ik(obs))1/2 - (Ik(calc)1/2)|

∑ (Ik(obs))1/2

yi(obs) andyi(calc) are the observed and calculated intensities at
the ith step, respectively, andIk(obs) andIk(calc) are the observed
and calculated intensities asigned to thekth Bragg reflection.N is
the total number of points, andP andC are the number of refined
and constraint parameters.wi is the weight factor.

Figure 3. TEM image of 2.9 nm zirconia nanocrystals. The lattice image
of a nanocrystal is shown in the inset with the lattice plane of{111} marked.
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lower in energy as compared to the reported optical band gap
of 5.0 eV for bulk ZrO2.33 This indicates that there is still
contribution from extrinsic states toward absorption in this
region.

Fluorescence spectra were measured with several excitation
wavelengths from 260 to 390 nm. While the fluorescence
intensity changes somewhat with excitation wavelength, the
fluorescence peak position and band shape remained about the
same for excitations below 350 nm. This indicates that the
fluorescence involves the same initial and final states even as
the excitation wavelength was varied between 260 and 350 nm,
suggesting fast relaxation from the final state reached by
photoexcitation to the states from which the fluorescence
originates. Figure 4 shows one representative fluorescence
spectrum with excitation at 300 nm. The spectrum features a
broad fluorescence band centered around 370 nm with a fwhm
of about 80 nm. The fluorescence band appears to be asymmetric
because of the 350 nm cutoff filter used to block off scattered
incident light at 300 nm. The broad nature of the band and the
substantial red-shift of the peak position as compared to the
bulk band gap strongly indicate that the fluorescence involves
extrinsic states.33 Because the particle size distribution is very
narrow, the broad fluorescence band seems to be mostly caused
by inhomogeneous broadening from a distribution of surface
or defect states. The fluorescence quantum yield has been
calculated by integrating the fluorescence band of ZrO2 nano-
particles in cyclohexane and comparing it to that of perylene
in ethanol. The calculated yields for excitation at 390, 300, and
260 nm are 0.30%, 0.39%, and 0.44%, respectively, assuming
that the fluorescence quantum yield of perylene in ethanol
excited at 390 nm is 99%.34

It has been shown previously that the fluorescence of ZrO2

powder and colloidal particles is sensitive to molecules such as
oxygen in the solvent.33 We have studied the influence of oxygen
on the fluorescence of ZrO2 nanoparticles by bubbling Ar
through ZrO2 nanoparticles in hexane and comparing it to that
without Ar bubbling. There appears to be little difference in
the fluorescence spectra with and without bubbling with Ar.
The independence of fluorescence on oxygen is different from
previous studies where the presence of oxygen decreases the
fluorescence in ZrO2 nanoparticles.33 It was suggested that the
irradiation of oxygenated ZrO2 sols yields trapped holes at
surface defect centers, therefore increasing the rate of nonra-
diative recombination of free electrons with such centers. The
fact that the fluorescence of ZrO2 nanoparticles studied here is
not affected by oxygen indicates that they are well capped by
surfactants (TOPO) and have a relatively low density of surface
states. This is consistent with the relatively strong luminescence
observed, because most metal oxide nanoparticles show very
weak or no detectable luminescence at room temperatures.35

Therefore, the ZrO2 nanoparticles synthesized in this study are
of high quality in terms of both narrow size distribution and
surface properties.

The high quality of the sample is most likely due to capping
of the nanoparticles with TOPO. To access the interaction
between TOPO and the nanoparticles, an FTIR spectrum of the
ZrO2 nanoparticles has been obtained by using a Perkin-Elmer
1600 series FTIR spectrometer (Supporting Information). The
key difference between the spectra of the pure solvent (hexane)
and the TOPO-capped ZrO2 nanoparticles in hexane is the broad
band at 1065.4 cm-1 that is present only for the nanoparticles.
Typically, the PdO stretching mode in TOPO shows up at the
position around 1190 cm-1.36,37 The 1065.4 cm-1 mode is
tentatively attributed to the PdO stretching mode in TOPO
molecules bound to the ZrO2 nanoparticles through the O atom
in PdO. The substantial red-shift of the PdO frequency is
plausible because binding of TOPO to the ZrO2 nanoparticle
surface could significantly decrease the frequency of the PdO
stretching mode.

In summary, highly crystalline and monodisperse tetragonal
zirconia nanoparticles with a particle size of 4 nm were
synthesized by the nonhydrolytic sol-gel reaction between
zirconium(IV) isopropoxide and zirconium(IV) chloride at
340 °C. Smaller 3 nm sized zirconia nanoparticles were
synthesized using zirconium(IV) bromide as a precursor instead
of zirconium chloride. A fluorescence spectrum of 4 nm sized
zirconia nanoparticles with excitation at 300 nm showed a broad
fluorescence band centered around 370 nm. The optical studies
also suggest that the nanoparticles are of high quality in terms
of narrow particle size distribution and relatively low density
of surface trap states. The synthetic method developed here is
potentially useful for large-scale production of useful tetragonal
zirconia nanocrystals.
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