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A method for the preparation of nanosized zirconium (hydrous) oxide particles
of narrow size distribution is described. The procedure yields stable dispersions a
low temperatures and short reaction times in the absence of surfactants, using ino
zirconium salts. Crystal structure, particle size distribution, electrokinetic properties
stability, and thermal behavior of the prepared particles were investigated. Colloid
dispersions were treated with ultrasound to study their effect on the crystal structu
the calcined samples.
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I. INTRODUCTION

Colloidal nanosized zirconium oxide is of inter
est for its applications as ceramic material,1 solid
electrolyte,2 corrosion product in nuclear reactors,3 and
for the fundamental understanding of the formation
colloidal metal oxides.

Common methods for the preparation of fin
particles of zirconia include hydrolysis of Zr-alkoxid
solutions,4,5 of aerosol droplets of Zr-alkoxide6 or
ZrO(NO3)2 solutions,7 or of zirconium salt solutions
by urea,8,9 hydrothermal precipitation from gels,10–13

aqueous precipitation-phase extraction route,14 and the
microwave heating of zirconium salt solutions.15

This study describes the preparation of unifor
nanosized zirconium (hydrous) oxide particles by pr
cipitation in homogeneous solutions of ZrCl4 in the
presence of triethanolamine. The samples are cha
terized in terms of particle size distribution, structur
as well as their changes on calcination and ultraso
treatment. The stability of the dispersions in the presen
of different electrolytes was evaluated.

II. EXPERIMENTAL

A. Materials

Reagent grade zirconium tetrachloride (Aldrich), tr
ethanolamine (TEA, Aldrich), sodium nitrate (J. T. Bake
Analyzed), sodium sulfate (J. T. Baker Analyzed), an
tungstosilicic acid hydrate (Fluka) were used witho
further purification. Solutions were prepared with doub
distilled water, and all solutions were filtered throug
0.2 mm pore size Nuclepore membranes to remove a
possible particulate contaminants. Zirconium chlori
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solutions were not kept for more than two days
avoid the precipitation of hydroxides. The solutions we
checked with a laser for clarity before being used.

B. Particle preparation

The precipitation procedure consisted of the fo
lowing steps: (i) Solutions of zirconium chloride an
triethanolamine (TEA) were preheated independently
the same desired temperature. (ii) The heated zirconi
chloride solution was poured into the TEA solution i
air, followed by aging at the same reaction temperatu
for 1 h with continuous agitation. (iii) The resulting
suspension was quenched to room temperature by
mersing it into an ice water bath. (iv) The particles we
separated by centrifugation at 30,000 rpm, the sup
natant solutions were then discarded, and the partic
were washed four times with doubly distilled wate
(v) The solid was dried at 60±C overnight.

To study the influence of the ultrasonic energy o
the samples, some of the final dispersions were trea
intermittently for 6 h with an ultrasonic probe, dippe
vertically into the system placed in a cylindrical coole
container. During the sonication cycle ultrasound w
on for 1 and off for 2 min.

C. Particle characterization

Zirconium (hydrous) oxide particles were examine
by scanning (SEM) and transmission (TEM) electro
microscopy. For TEM, carbon coated 200 mesh copp
grids were placed into a centrifuge tube containing a ve
dilute dispersion of the particles, and spun at 10,000 rp
for 20 min. The grids with deposited samples were dri
on a filter paper.

The particle size distribution was estimated fro
dynamic light scattering (Brookhaven Instrument Corp
with an argon-ion laser of 514.6 nm wavelength at
90± angle. The data were analyzed using theCONTIN
 1997 Materials Research Society
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program.16 In order to avoid coagulation during the
dynamic light-scattering measurements, diluted samp
were acidified to pH 4 with HCl, which yielded a very
stable dispersion.

The electrophoretic mobilities were measured as
function of the pH with a Delsa 440 (Coulter Electronics
instrument. The ionic strength was maintained consta
by dispersing the particles in a 0.01 moldm23 NaCl
J. Mater. Res., Vol. 12
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solution, and the pH of the dispersion was adjusted w
HCl and NaOH as needed.

The crystalline structures of the solids were assay
by x-ray diffraction and IR spectroscopy. The dime
sions of the coherently diffracting domains (crystalli
size) of tetragonal zirconia were determined from t
full-width of the half maximum of the peak (111) usin
the Scherrer equation.17
y aging

s) oxide
FIG. 1. Transmission (TEM) (a) and scanning (SEM) (b) electron micrographs of the zirconium (hydrous) oxide particles obtained b
at 95±C for 1 h an aqueous 0.01 mol dm23 zirconium chloride solution containing 0.2 mol dm23 triethanolamine (TEA) at pH­ 8.
(c) TEM of the sample obtained under the same conditions as above but at room temperature. (d) TEM for the zirconium (hydrou
sample illustrated in (a) after calcination at 400±C for 2 h.
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Thermogravimetric (TG) and differential scannin
calorimetry (DSC) analyses of the samples were carr
out in the flow of air, at heating rates of 20 an
40 ±C min21, respectively.

The coagulation rate in the dispersion containing d
ferent concentrations of electrolytes was followed with
universal light scattering instrument (Phoenix Precisi
Instrument Company) using an incident unpolarized lig
beam of 546 nm wavelength. The intensity of scatte
light measured at 90± was divided by the intensity of the
incident beam and plotted as a function of time.

III. RESULTS AND DISCUSSION

Zirconium (hydrous) oxide dispersions of narro
size distribution were obtained when solutions, 0.01 m
dm23 in ZrCl4 and 0.2–0.8 mol dm23 in TEA (molar
ratio [TEA]y[ZrCl4] in the range 20 to 80) were age
for different intervals of time (1–2 h) and over a rang
of temperatures (25–95±C). The reaction yield was
dependent on the [TEA]y[ZrCl4]; at the smallest ratio
([TEA]y[ZrCl4] ­ 20) the yield was 24%, calculated fo
ZrO2, and for [TEA]y[ZrCl4] ­ 80 it was 63%.

Smaller concentrations of the reactants, up to
times less, but with the same [TEA]y[ZrCl4] ratios as
above, produced similar particles. As examples, d
persions shown in Figs. 1(a)–1(c) were produced
solutions having [TEA]y[ZrCl4] ­ 20 under conditions
mentioned in the legends of these figures. Higher c
centrations of the reactants than those reported bef
produced gelatinous or aggregated materials.

Figure 2 shows the change in the particle si
distribution (established by light scattering) at 25, 5
and 95±C in a system containing 0.01 mol dm23 ZrCl4
and 0.2 mol dm23 TEA (i.e., [TEA]y[ZrCl4] ­ 20)
aged for 1 h. The aqueous dispersion obtained at 25±C
was then heated at 95±C to check for any possible
changes. In all these experiments, the ZrCl4 solution was
mixed with preheated solutions of TEA. The sampl
obtained at 25±C and 55±C had the same particle siz
distribution [Figs. 2(a) and 2(c)], as the one generated
25 ±C and then heated at 95±C [Fig. 2(b)]. The mean
hydrodynamic diameter of the last three samples w
27 6 16 nm, which is somewhat smaller than when t
system was aged at 95±C [38 6 18 nm, Fig. 2(d)]. The
average size of the same particles, as determined f
electron microscopy [Fig. 1(a)], was33 6 9 nm. A small
peak in the particle size distributions of all samples
higher particle size is probably due to minor aggregati

The importance of the mixing order of the solution
during precipitation has been recognized before,18,19 be-
cause it may alter the nucleation and growth stag
One experiment was performed to study the influence
reversing the addition order of the solutions on the fin
product. The preheated solution of TEA was poured in
3288 J. Mater. Res., Vol. 1
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FIG. 2. Particle size distributions determined by dynamic lig
scattering for the samples obtained by aging for 1 h an aque
0.01 mol dm23 zirconium chloride solution containing 0.2 mol dm23

TEA at pH­ 8, then washed several times with water and redispers
in aqueous solutions of pH­ 4. The aging temperatures were
(a) 25 ±C, (b) 25±C for 1 h and then heated at 95±C for an additional
hour, (c) 55±C, (d) 95±C, (e) 95±C and stored for 120 days, and
(f) 95 ±C but changing the mixing order.

the solution of ZrCl4, but no influence was observed in
the particle size distribution [Fig. 2(f)].

Colloid dispersions prepared at optimum condition
remained stable after washing, if acidified to pH 4 (usin
HCl) without the use of surfactants. Figure 2(e) confirm
that the particle size distribution of the sample obtain
at 95±C [Fig. 2(d)] does not change after 120 days
storage.

The IR spectrum (Fig. 3) of the particles show
in Fig. 1(a) after drying shows a strong absorption
470 cm21 due to the Zr–O vibration. The intense band
at 3385 and 1630 cm21 are characteristic of a highly hy-
drated compound. Bands at 1085, 1370, and 2880 cm21
2, No. 12, Dec 1997
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FIG. 3. IR spectrum of the particles shown in Fig. 1(a) after washi
4 times with water and drying at 60±C overnight.

can be attributed to the inclusion of a very small amou
of TEA that remains incorporated even after washing
TEA does not play a role only in the precipitation o
zirconium (hydrous) oxide by increasing the pH of th
reaction, but may also stabilize the precipitated particl

The plot of electrokinetic mobilities as a functio
of the pH for zirconium (hydrous) oxide particles [il
lustrated in Fig. 1(a)] yields an isoelectric point (i.e.p
at pH ,8.2 [Fig. 4(a)]. It is difficult to compare this
value with other literature data, since the i.e.p. poin
reported for zirconia and hydrous zirconia varied from
to 11.4, depending on the preparation method, impuriti
hydration degree, etc.3,9,10,13,14,20–26The observed i.e.p.
at pH 8.2 for zirconia may be attributed to its highl
hydrated nature.27

Electrolytic coagulation experiments of the samp
illustrated in Fig. 1(a) were conducted at pH 4,
which zirconium (hydrous) oxide particles carried
positive charge [Fig. 4(a)] using KNO3, Na2SO4, and
H4SiW12O40 as coagulants; consequently,NO 2

3 , SO 22
4 ,

and SiW12O 42
40 acted as counterions. Figures 5,

and 7 show plots of the relative intensity measured
90± as a function of time for different concentration
of these anions. A decrease inI90yI0 indicated that
the dispersion was destabilized and settled, leav
a supernatant solution of low turbidity. The critica
coagulation concentration (ccc) was taken as the low
value of the added counterion, which caused a sh
drop in the scattering intensity with time. The s
J. Mater. Res., Vol. 12
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FIG. 4. Electrophoretic mobility as a function of the pH of (a) th
zirconium (hydrous) oxide sample illustrated in Fig. 1(a) and (b) sa
sample in the presence of1 3 1024 mol dm23 H4SiW12O40.

obtained ccc forNO 2
3 was 3.5 3 1023 mol dm23, for

SO 22
4 7 3 1025 mol dm23 and for SiW12O 42

40 2 3

1024 mol dm23. The first two values are as expecte
according to the well-known Schulze–Hardy rule, whi
the ccc for the tungstosilicate ion is rather high. Th
same anion destabilizes hydrophobic colloids, such
silver halides, at a considerably lower concentrati
s,1027 mol dm23d.28 Different coagulation ability of
this anion in the case of zirconium (hydrous) oxide d
persions may be due to the complex formation betwe

FIG. 5. Relative scattering intensitiessI90yI0d as a function of time for
different concentrations of added NaNO3, for 1.5% aqueous dispersion
at pH ­ 4 of the sample illustrated in Fig. 1(a).
, No. 12, Dec 1997 3289
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FIG. 6. The same plots as in Fig. 4 for added Na2SO4.

the surface zirconium site and the heteropoly anion.
order to ascertain experimentally if such interaction tak
place, electrokinetic measurements with the zirconiu
(hydrous) oxide dispersions were performed in t
presence of SiW12O 42

40 s1 3 1024 mol dm23d, and a
shift in the i.e.p. from pH­ 8.2 to pH­ 2.7 [Fig. 4(b)]
was observed. The charge of the zirconium (hydrou
oxide particles, coagulated at pH­ 4 in the presence
of 5 3 1024 mol dm23 of H4SiW12O40, was established
to be negative by electrophoretic mobility. Thus, th
coagulation of this dispersion by the tungstosilicate i
is caused by the neutralization of the surface cha

FIG. 7. The same plots as in Fig. 4 for added H4SiW12O40.
3290 J. Mater. Res., Vol. 12
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at the low pH. The floc is then rendered negative
charged by the adsorption of excess SiW12O 42

40 .
In a separate study, it was shown that mixing so

tions of ZrCl4 and H4SiW12O40 produced precipitates
which under certain conditions consisted of unifor
spherical particles.29

The x-ray diffraction (XRD) pattern of the origina
zirconium hydrous oxide sample is characteristic
amorphous solids [Fig. 8(a)], regardless of the expe
mental conditions.

The thermogravimetric analysis of the sample
Fig. 1(a) after drying overnight at 60±C showed a
weight loss of 10.3% on heating to 200±C, 21.5%
to 300±C, 29.1% to 460±C, and 32.4% to 900±C.
The differential scanning calorimetry (DSC) (Fig. 9
indicates an endothermic process at,160 ±C, which
can be attributed to the dehydration of the samp
and an exothermic process at,355 ±C, due to the
crystallization of the amorphous particles (so-called glo
phenomenon30). This crystallization temperature is lowe
than those reported in the literature.8,30–33 which vary
between 390± and 470±C. The reason for the difference
may be in the particle size: the finely divided powd
should be more reactive than those of larger particl
The exothermic effect is broader than reported in t
literature30,33 for the crystallization process; there i
possibly a contribution of the decomposition of the TE
impurities that overlaps with the crystallization effect.

FIG. 8. XRD diagrams for the zirconium (hydrous) oxide sample
(a) original [Fig. 1(a)] and heated for 2 h at (b) 300±C, (c) 400±C,
and (d) 950±C.
, No. 12, Dec 1997
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FIG. 9. Differential scanning calorimetry (DSC) plot in air flow a
40 ±C min21 for the zirconium (hydrous) oxide sample illustrated i
Fig. 1(a).

Figures 8(b)–8(d) show the XRD spectra of th
same sample calcined for 2 h at 300, 400, and 950±C.
At 300 ±C the solid is still amorphous, as can be e
pected from the DSC results. When heated to 400±C,
which is above the crystallization temperature, the p
tern is characteristic of the tetragonal phase, in agr
ment with the IR spectrum of the same sample hea
at 400±C [Fig. 10(a)]. The absorption bands at 59
485, and 350 cm21 indicate the tetragonal structure

FIG. 10. IR spectra in the range 1100–300 cm21 of the zirconium
(hydrous) oxide sample shown in Fig. 1(a): (a) calcinated at 400±C
for 2 h, (b) first ultrasonically treated and then calcinated at 500±C
for 2 h, and (c) first ultrasonically treated and then calcined at 550±C
for 7 h.
J. Mater. Res., Vol. 12
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as described elsewhere.34 The sample heated to 950±C
is constituted of a mixture of tetragonal and monoclin
phases [Fig. 8(d)].

The full-width of the half maximum of the (111)
diffraction peak (the most intensive) for the sample ca
cined at 400±C yielded a crystallite size of 36 nm. This
finding shows that particles are aggregates of nanosi
subunits [Fig. 1(d)], consisting of single crystallites (co
herent diffraction domains), the size of which is the sam
as that of the hydrous zirconia [Fig. 1(a)]; consequent
during the calcination every original amorphous partic
is transformed into a single crystallite.

Dispersion of particles illustrated in Fig. 1(a), sub
jected to ultrasonic energy, underwent aggregation a
settling. The XRD of the sample so treated at room te
perature indicated particles to be amorphous [Fig. 11(a
but on heating the powder at 400 or 500±C for 2 h, the
XRD pattern became characteristic of the cubic structu
[Fig. 11(b)], in agreement with the IR data [Fig. 10(b)
This result differs from the behavior of the origina
sample (without ultrasonication), which changed into th
tetragonal form at the same calcination temperature. T
cubic particles eventually recrystallize into tetragonal,
kept sufficiently long.550 ±C [Figs. 10(c) and 11(c)].

The agglomeration of particles after ultrasonic trea
ment was reported previously.35,36 The smaller the par-
ticles, the stronger is the influence of the vibration
motion produced by sonication. Suslick35 explained this
effect for metallic powders by the cavitation effec
The latter produces hot spot conditions with high loc

FIG. 11. XRD patterns of the zirconium (hydrous) oxide sample af
ultrasonication: (a) without further treatment, (b) calcinated at 500±C
for 2 h, and (c) calcinated at 550±C for 7 h.
, No. 12, Dec 1997 3291
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temperatures and pressures of short duration. Sonica
was also used as a method to change crystal propertie
organic compounds37; it specifically induced the trans-
formation of tetragonal to monoclinic zirconia.38 It is
noteworthy that the amorphous particles produced in t
study subjected to ultrasounds show different behav
than so untreated solids. Ultrasonic energy produc
structural transformations in the zirconium (hydrou
oxide by stabilizing the cubic phase at room temperatu
even when the sample was calcined at temperature
high as 500±C for 1 h.
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