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Crystalline hydrous zirconia (ZrO,-2H,0) with volume-
weighted average domain size of 1.5 nm was obtained by soak-
ing zirconium tungstate (a-ZrW,QOg) in boiling 1M NaOH
solution for 5 h. The selected area electron diffraction pattern
of hydrous zirconia particles could be indexed according to a
tetragonal lattice with a = 1.463(4) A and ¢ = 2.535(6) A. Upon
heating to 60°C under a vacuum of 10~5 mbar, hydrous zirconia
dehydrates reversibly. Further heating to 850° and 1000°C
resulted in the formation of tetragonal and monoclinic zircon-
ia, respectively. Some of the nanocrystalline hydrous zirconia
produced from zirconium tungstate coalesced into transparent,
nearly pore-free aggregates. The formation of these almost fully
densified aggregates of hydrous zirconia, and the observed de-
hydration under very mild conditions, suggests that it could be
possible to obtain transparent bodies of zirconia, with unprec-
edented small crystallite size, with the controlled deposition
of the extremely small hydrous zirconia nanoparticles from a
water-based suspension.

I

ZTRCONIA (Zr0Oy) is an outstanding ceramic material, with ap-
plications that span from high performance transformation-
toughened structural engineering ceramics to catalysts, solid
electrolytes, and oxygen sensors, to cite just a few.'™ Such di-
verse applications rely on the unique properties of zirconia,
which include high fracture toughness, relatively high hardness,
wear resistance, low coefficient of friction, high melting Point,
good ionic conductivity, and low thermal conductivity.

Three polymorphs of zirconia are widely known which adopt
monoclinic, tetragonal, and cubic crystalline structures.>*>
Other crystalline polymorphs of zirconia were obtained at
high pressure and high temperature and also by fast cooling
to liquid nitrogen temperature.>®

Many properties of nanocrystalline materials are fundamen-
tally different from those of bulk materials. Some specific ad-
vantages of nanocrystalline ceramic materials include superior
phase homogeneity and the possibility of low-temperature
sintering.” Besides structural applications, nanocrystalline
ceramics have found application in areas such as electronics,
optics, and catalysis.'” In fact, the reduced size of nanosized
particulate materials, and the presence of edffres and corners, of-
ten leads to an increased catalyst activity.!'12

Zirconia has been used in heterogeneous catalysis both as a
support for the catalyst as well as the catalyst in itself.%!31°
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Because of the low concentration of Lewis acid sites, zirconia
has found application as catalyst, for instance, in the isomer-
ization of olefins and epoxides, dehydration of alcohols, and
hydrogenation of olefins and carboxylic acids.'"'?

The surface area of zirconia powder is affected by the prep-
aration conditions and is highly dependent on the precursors.
Amorphous zirconia with specific surface area of 200-300 m?/g
has been obtained by different methods.'? Indeed, several differ-
ent methods have been investigated as routes for the synthesis of
nanometer-sized zirconia, including sol-gel process, spray
pyrolysis, chemical precipitation, mechanochemical processing,
gas-phase reaction, hydrothermal synthesis, and salt-assisted
aerosol decomposition.">*7!® Among these methods, aqueous
precipitation of zirconium hydroxide or hydrous zirconia con-
stitutes an interesting route for the preparation of precursors to
make ultra fine zirconia powder." Nanocrystalline tetragonal
zirconia produced by some of these methods has been reported
with mean crystallite size in the 2.9-6 nm range.>'”"

Zirconia produced from amorphous precursors (gel,
precipitated, etc.) usually begin to crystallizes at around
400°—600°C."192! The amorphous precursors usually begin
crystallizing into the metastable tetragonal phase, not the ther-
modynamically stable monoclinic phase. The tetragonal phase
thus obtained can be retained at high temperatures. For instance,
the crystallization of zirconia gel into the 7-phase begins at 400°C
and the —m conversion occurs at 1000°C.'” 2 The crystalliza-
tion into the metastable -ZrO, phase has been explained in terms
of the similarity between the structures of the amorphous and the
t-phase, crystallite size, and deformation effects, as well as the
presence of ionic impurities.'®!” 22 Recent results, however, sug-
gest that nanocrystalline -ZrO, is not just kinetically metastable,
but can be truly thermodynamically more stable than monoclinic
zirconia below 1200°C, as long as coarsening is precluded.'®

Hydrous zirconia is very often found among the intermediate
products in the preparation of nanocrystalline zirconia. Hy-
drous zirconia is also used as catalyst for the reduction of alde-
hydes and ketones and the oxidation of secondary alcohols with
ketones.®

In this work, we report on the production of very small and
narrow size distribution hydrous zirconia nanoparticles, starting
from zirconium tungstate powder (ZrW,Og). The evolution of
hydrous zirconia toward #-ZrO, and m-ZrO, was followed by
successive thermal treatments. The product obtained from zir-
conium tungstate was characterized by transmission electron
microscopy (TEM), scanning electronic microscopy (SEM),
semiquantitative elemental analysis by energy-dispersive X-ray
spectroscopy (EDS), thermogravimetric analysis (TGA), X-ray
diffraction (XRD), and diffuse reflectance infrared Fourier-
transform spectroscopy (DRIFTS). Selected area electron
diffraction (SAED) patterns and high-resolution transmission
electron microscopy (HRTEM) images allowed to confirm the
crystalline nature of the hydrous zirconia nanoparticles and also
to determine their Bravais lattice and to estimate their lattice
parameters.
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II. Experimental Procedure

(1) Sample Preparation

A white precipitate was obtained by soaking micrometer-sized
zirconium tungstate (-ZrW,Og) powder (Wah Chang, Albany,
OR), with boiling NaOH 1M solution for 5 h, with magnetic
stirring. The precipitate was washed with water several times,
filtered (or centrifuged) and dried overnight in a oven at
120°C.2* The white precipitate powder was characterized as
obtained and after being submitted to successive 24 h thermal
treatments in a tubular furnace, in air, at increasing tempera-
tures from 500° up to 1300°C. Amorphous zirconium tungstate
was prepared by pressing o-ZrW,Og at 7.7 GPa for 15 min, fol-
lowing a procedure described previously.**

(2) Materials Characterization

X-ray powder diffraction analysis at room temperature was per-
formed with a XRD 6000 diffractometer (Shimadzu, Shimadzu
Corp., Tokyo, Japan) using CuKo radiation (A =0.15418 nm),
in the angular range from 5° to 80° (20), with a step size of 0.05°
and 2 s integration time. The diffractometer was equipped with
Soller slits both in the primary and secondary beams, a 1° di-
vergence slit, a 0.15 mm receiving slit, and a graphite mono-
chromator in the secondary beam. Peak positions and intensities
were determined by fitting a pseudo-Voigt peak profile to indi-
vidual Bragg peaks using Winplotr software, taking into ac-
count CuKo » contributions.>® The volume-weighted average
domain size was estimated from the integral width of individual
Bragg peaks according to Young.?® The instrumental contribu-
tion to the peak width was estimated using high-purity silicon
powder (Shimadzu).

TGA was performed using a TGA-50 thermobalance (Shim-
adzu). Heating rate was 20°C/min and all the runs were carried
out under a flow of 50 ml/min of high-purity nitrogen. DRIFTS
analysis was performed on a Spectrum 400 spectrometer (Per-
kin-Elmer, Waltham, MA), using KBr as dispersant and 32
scans. The measurements were carried out with samples as ob-
tained and after thermal treatment at 1300°C during 24 h.

SEM images and semiquantitative elemental analysis by EDS
were carried out using a SSX-550 scanning electron microscope
(Shimadzu) operating at 15 kV. Integral peak areas were used in
the elemental semiquantitative analysis, in which matrix effects
were corrected using the ZAF method.?” For the SEM analysis,
samples were coated either with carbon (SEM imaging) or gold
thin films (EDS).

Individual nanoparticles were observed using a transmission
electron microscope JEM2010 (JEOL, Tokyo, Japan) operating at
200 kV and equipped with an EDS system. Samples for TEM
analysis were prepared by dispersion of the powder in is-
opropanol. A small amount of this suspension was dispersed on
a holey carbon grid. Particle size distribution was determined from
the analysis of TEM images showing well-defined individual nano-
particles. The crystalline nature of the hydrous zirconia was con-
firmed by HRTEM micrographs and SAED patterns. Indexing of
the diffraction spots in the SAED patterns was performed on the
basis of the corresponding interplanar distances as obtained with
ProcessDiffraction.® Lattice parameters were calculated using
XRDA.? Optical microscopy images of micrometer-sized aggre-
gates were obtained with a Axioscope A; microscope (Carl Zeiss,
Gottingen, Germany) in transmitted-light mode.

III. Results and Discussion

The X-ray powder diffraction pattern from the white precipitate
obtained after soaking zirconium tungstate in boiling 1M
NaOH solution is typical of an amorphous or nanocrystalline
material (Fig. 1). EDS semiquantitative elemental analysis
obtained by SEM (Fig. 2) revealed that the white precipitate is
almost completely depleted of W, thus suggesting that soaking
of a-ZrW,0g in hot sodium hydroxide solution is a selective
process in which part of the structure is leached. In fact, the
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Fig.1. X-ray powder diffraction patterns of (a) the white precipitate
obtained after soaking zirconium tungstate in boiling 1M NaOH solu-
tion for 5 h and (b) pristine zirconium tungstate (o—ZrW,Og).

soaking of zirconium tungstate was accompanied by a 85%
weight loss and, according to EDS semiquantitative elemental
analysis, the tungsten content was reduced from 24%mol in zir-
conium tungstate to <0.6%mol in the white precipitate.

The selective leaching of tungsten by soaking of ZrW,Og in
boiling NaOH solution was further confirmed by chemical anal-
ysis of the filtered solution, which revealed the presence of the
WO3 2 ion by reacting it with hydrochloric acid and a small pel-
let of zinc, giving a blue coloration (tungsten blue).*® A second
test with tin chloride also confirmed the presence of the tung-
state ion in solution.® Accordingly, the reaction taking place
upon soaking of zirconium tungstate with sodium hydroxide
solution should produce either hydrous zirconia

ZrW,03 + 4NaOH — ZrO; - 2H,0 + 2Na, WO4
or anhydrous zirconium hydroxide

ZrW,03 + 4NaOH — Zr(OH), + 2Na,WO4
the latter probably getting some water from the solution to give
Zr(OH)4 - nH,0. After neutralizing the waste solution with HCI,

tungsten can be recovered in the form of calcium tungstate by
precipiting it with calcium chloride.
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Fig.2. Energy-dispersive spectroscopy analysis of (a) a-ZrW,0Og and

(b) the white precipitate obtained from soaking zirconium tungstate in
boiling NaOH solution,
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Fig.3. TGA analysis of the white precipitate dried overnight in a oven
at 120°C and them exposed to air before the measurement.

Zirconium hydroxide Zr(OH),-nH>O and hydrous zirconia
ZrO; - nH,0 are structurally very similar and have been often
treated as a single compound in the literature. In fact, according
to the literature the probable structure of hydrous zirconia
differs slightly from that of zirconium hydroxide, with Zr at-
oms bonded by an oxygen atom instead of a pair of hydroxo
bridges." Despite of the great similarity, there are some differ-
ences between hydrous zirconia and zirconium hydroxide that
may help to clarify the nature of the white precipitate obtained
from zirconium tungstate. For instance, zirconium hydroxide
readily dissolves into hydrochloric acid 1M solution, while hy-
drous zirconia is relatively impervious to acid digestion.'!

The white precipitate obtained from ZrW,Og resisted to treat-
ment with hydrochloric acid 1M solution for ten minutes with a
weight loss inferior to 9%.?' Moreover, upon heating, the white
precipitate obtained by soaking zirconium tungstate in hot
sodium hydroxide solution undergone a weight loss around
23%, as can be seen in Fig. 3. The weight loss upon heating is
reported to be around 22% and 32% for hydrous zirconia and
hydrated zirconium hydroxide (Zr(OH), - 2H,0), respectively.!
The weight loss upon heating and the resistance to acid digestion
both indicate that the white powder obtained by soaking zirco-
nium tungstate in boiling NaOH solution is, at least, mainly
composed of hydrous zirconia, ZrO, - 2H,0. Furthermore, the
weight loss of the sample in the soaking process (about 85%, by
measuring the weight of the dehydrated precipitate) is also con-
sistent with the formation of hydrous zirconia (79% weight loss
considering the dehydrated product), especially considering the
losses during the process and that some zirconia may be well
dissolving into the boiling NaOH solution. For comparison, the
weight loss for the formation of anhydrous zirconium hydroxide
should be of 74%.

Noteworthy, the 23% weight loss that the sample of hydrous
zirconia exhibits upon heating to 600°C is also observed under
very mild conditions, when the sample is submitted to a thermal
treatment at 60°C, in a vacuum of 10> mbar during 5 h. Upon
exposure to ambient conditions, samples of dehydrated hydrous
zirconia absorb water until fully recovering its initial mass. Also,
the precise weight loss exhibited by the samples of hydrous zir-
conia may vary according to the conditions under which the
sample was storaged.

The presence of water in the white precipitate is also evident
in the DRIFTS results (Fig. 4). Infrared bands assigned to O-H
stretching and to the water scissoring mode, at around 3500 and
1640 cm ™', respectively, are clearly seem in the DRIFTS spec-
trum of the white precipitate. These bands are absent (or are
very weak) in the spectrum of the sample heated to 1300°C/24 h.
Besides that, the DRIFTS spectrum of the white precipitate
clearly exhibits an infrared band at 1340 cm ™', which has been
assigned to coordinated hydroxyl groups (6Zr—O-H) in hydrous
zirconia.*?
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Fig.4. DRIFTS analysis of (—) the white precipitate obtained by
soaking of zirconium tungstate with sodium hydroxide solution (dried
overnight in a oven at 120°C and them exposed to air before the mea-
surement) and (- - - -) m-ZrO, obtained from the white precipitate by
thermal treatment at 1300°C/24 h.

The findings so far described strongly suggest that the white
precipitate obtained by soaking zirconium tungstate with so-
dium hydroxide solution can be identified as mainly composed
of hydrous zirconia, ZrO, - 2H,0. However, it is not possible to
tell, solely on the basis of XRD analysis, whether the hydrous
zirconia obtained from zirconium tungstate is truly amorphous
or just nanocrystalline. TEM analysis was thus performed and
some results are presented in Fig. 5.

TEM images show agglomerates of nanoparticles <2 nm. In
fact, the nanoparticle size distribution histogram (inset on
Fig. 5a) obtained from the analysis of TEM images reveals a
monomodal distribution with an average diameter of 1.8 nm
and a full-width at half-maximum of only 0.6 nm. Furthermore,
the HRTEM image in Fig. 5(b) clearly exhibits crystalline
planes, giving strong evidence that the hydrous zirconia nano-
particles are actually nanocrystalline instead of truly amor-
phous. This has been corroborated by the SAED pattern
shown as an inset in Fig. 5(b), which exhibits well-defined
diffraction spots. The SAED pattern was analyzed using Pro-
cessDiffraction,?® yielding a set_of four interplanar distances
(2.535, 1.465, 0.957, and 0.702 A) which could be indexed ac-
cording to a tetragonal Bravais lattice, as the (001), (100), (111),
and (201) lattice planes, with @ = 1.463(4) A and ¢ =2.535(6) A.
The actual lattice parameters should vary according to the water
content of the sample under the vacuum conditions during the
TEM analysis.

The evolution of the sample of hydrous zirconia upon suc-
cessive 24 h thermal treatments at increasing temperatures was
followed by XRD. Figure 6 shows XRD patterns taken at am-
bient temperature for a hydrous zirconia sample as prepared,
and after successive thermal treatments from 500° up to 1300°C.

The pristine sample exhibit broad peaks, characteristic of a
material with very small coherent domain size. Those broad
peaks remain almost unaltered even after prolonged thermal
treatments up to 600°C. Coarsening begins at 600°C, but rea-
sonably well-defined 7-ZrO, Bragg peaks appear only after a
800°C/24 h thermal treatment. Bragg peaks from m-ZrO, be-
came more evident in the pattern taken from the sample heated
to 1000°C. The tetragonal and monoclinic phases of zirconia
coexist in samples heated up to 1200°C. Above this temperature,
only Bragg peaks from m-ZrO, are seen in the XRD pattern of
the sample.

The high temperature needed to promote crystallization of
nanocrystalline hydrous zirconia into #-ZrQ, is noteworthy. In-
deed, while amorphous precursors usually start to crystallize
into -ZrO, at temperatures between 400° and 600°C, the hy-
drous zirconia obtained by soaking zirconium tungstate with
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Fig.5. (a) TEM image of hydrous zirconia nanoparticles. The inset
shows the particle size distribution. (b) HRTEM image exhibiting indi-
vidual hydrous zirconia nanoparticles with clearly distinct crystalline
planes. The inset shows the SAED pattern of hydrous zirconia
nanoparticles.

sodium hydroxide solution has to be heated to 850°C for 24 h to
begin exhibiting reasonably well-defined 7-ZrO, Bragg peaks.
Whether this is a consequence of a hindered kinetics or the result
of a greater thermodynamic stability due to the extremely small
coherent domain size of the hydrous zirconia remains to be fur-
ther explored.

The XRD patterns exhibited in Fig. 6 were used to evaluate
the temperature dependence of the volume-weighted coherent
domain size (crystallite size) of hydrous zirconia and the #-ZrO,
and m-ZrO, obtained from it.>° The calculations were
performed using the peaks around 26 =30.2° for hydrous
zirconia and t-ZrO, and 20 =28.2° for m-ZrO,. The results
are shown in Fig. 7.

For the sample as prepared, the coherent domain size is ex-
tremely small (1.5 nm) and is very similar to the particle size as
determined from the analysis of TEM images of individual hy-
drous zirconia nanoparticles. It is noteworthy that the volume-
weighted average crystallite size remains <3.5 nm even after a
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Fig.6. Room temperature X-ray powder diffraction patterns of hy-
drous zirconia previously submitted to successive 24 h thermal treat-
ments at increasing temperatures. The tick marks below the patterns
taken with the samples previously heated to 900° and 1300°C indicate
the expected positions of the Bragg peaks for 7-ZrO, and m-ZrO,,
respectively.

prolonged thermal treatment at 600°C. This is a key observation
for future work aiming to obtain ceramic bodies made of nano-
crystalline zirconia, as will be further discussed below.

Some experiments were also conducted with amorphous
zirconium tungstate to determine the influence of particular
features of the o-ZrW,Og structure on the production of
hydrous zirconia by soaking with sodium hydroxide solution.
a-ZrW,0g exhibits an open framework structure consisting of a
tridimensional arrangement of corner-shared ZrOgs and WO,
polyhedra. For each WO, unit, three oxygen atoms are shared
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Fig.7. Volume-weighted average domain size versus temperature of
thermal treatment of hydrous zirconia, #-ZrO, and m-ZrO,. Dotted line
is just a guide to the eye.
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Fig.8. SEM images of hydrous zirconia agglomerates at (a) low and
(b) high magnification, and (c) optical microscopy image showing trans-
parent, nearly fully densified polycrystalline agglomerates of nanocrys-
talline hydrous zirconia.

with Zr, while the fourth atom is bonded only to W and is re-
ferred to as terminal oxygen. Zirconium tungstate undergoes
pressure-induced amorphization and previous results from Ols
X-ray photoelectron spectroscopy give strong evidence that
the amount of terminal oxygen atoms is greatly reduced in the
amorphous phase.>** Accordingly, to verify to what extent the
presence of terminal oxygen in o-ZrW,0g may be determinant
for the obtainment of hydrous zirconia by soaking zirconium
tungstate with sodium hydroxide solution, the same experiment
was performed with a sample of amorphous zirconium tungstate
prepared at 7.7 GPa. Tungsten was lixiviated from amorphous
ZrW,0g the same way as with a-ZrW,Og, leading to the con-
clusion that the presence of terminal oxygen atoms in o-ZrW,Og
is not determinant for the successful production of hydrous
zirconia.

Hydrous zirconia produced from zirconium tungstate exhib-
its a tendency to form micrometer-sized agglomerates of nano-
crystalline particles. This can be seen in images obtained by
SEM and optical microscopy, as shown in Fig. 8. The images
shown in Fig. 8 exhibit what seem to be fully densified, nearly
pore-free agglomerates, some of them even transparent to visible
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light. These images were taken from the white precipitate ob-
tained after soaking zirconium tungstate with hot NaOH solu-
tion, dried overnight in a oven at 120°C, i.e., without any further
heating that could promote sintering. Indeed, given the ex-
tremely small crystallite size of the hydrous zirconia reported
in this work, the reduction of surface energy should be a very
effective driven force for sintering, even at temperatures only
slightly above room temperature. This observation, along with
the fact that hydrous zirconia dehydrates under very mild con-
ditions (for instance, by heating to 60°C under a vacuum of 10>
mbar), suggests the possibility that fully densified, transparent
ceramic bodies made of very small crystallite size anhydrous
zirconia may be obtained under controlled conditions. With this
aim in mind, further studies are being conducting trying to sta-
bilize the hydrous zirconia nanoparticles in suspension.

1V. Conclusions

Hydrous zirconia nanoparticles were produced by soaking zir-
conium tungstate in boiling 1M NaOH solution for 5 h. The
crystalline nature of the hydrous zirconia nanoparticles was
investigated by TEM and XRD. Individual nanoparticles
exhibited a narrow size distribution centered at 1.8 nm, in ac-
cordance with the volume-weighted coherent domain size of 1.5
nm, as determined by XRD. The extremely small crystalline
domain size is probably responsible for the unusually high tem-
peratures needed to promote the conversion from hydrous zir-
conia, ZrO, - 2H,0, into t-ZrO, (850°C) and m-ZrO, (1000°C)
and, also, for the formation of nearly pore-free, micrometer-sized
agglomerates. Further studies are needed in order to control the
aggregation of the hydrous zirconia nanoparticles. Once a suc-
cessful strategy has been devised, nanocrystalline hydrous zir-
conia suspensions could be used, among others possible
applications, to prepare polymer—ceramic nanocomposites with
high refraction index. Incorporation of phase stabilizers (such as
yttrium) depends on finding a suitable precursor. Furthermore,
controlled deposition from nanocrystalline hydrous zirconia sus-
pensions by ultracentrifuging, followed by removal of hydratat-
ion water under very mild conditions could allow obtaining cold
sintered bodies of anhydrous zirconia without coarsening, with
mean crystallite size in the range of a few nanometers.
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