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Abstract

A high-rate synthesis ofnano-crystal zirconium oxide of tetragonal modification is performed by activation
of amorphous zirconium hydroxide in mechanochemical apparatus. Preliminary short-time mechanochemical
treatment of the hydroxide also allows one to decrease substantially (by 150—200 °C) the temperature of
subsequent crystallization of the oxide into the tetragonal form.

INTRODUCTION

Materials based on zirconium oxide ZrO, are
widely used as construction and ion-exchange
materials, selective adsorbents and catalysts due
to their high thermal stability, mechanical
strength and unique surface properties. Zirco-
nium oxide exists in several crystal modifica-
tions: monoclinic (M), which is thermodynami-
cally stable at temperatures below 1172 °C,
tetragonal (T) which is stable at temperature
within the range 1172—2347 °C, and cubic (C)
which is stable above 2347 °C. A rhombic high-
pressure ZrO, modification, which is metastable
at usual pressure, has also been synthesized.
Of special interest is metastable tetragonal ZrO,
which is being used within the recent years as
a component of acidic catalysts able to effec-
tively catalyze many reactions of organic com-
pounds. Discovery and development of this
new family of heterogeneous acidic catalysts
has been important achievement of catalysis
within the recent decade [1]. These catalysts
allow one to perform isomerization of n-par-
affins at low temperature providing high yield
of highly branched isomers [1—4]. In industry,
acidic catalysts based on tetragonal ZrO, are
increasingly widely used instead of less effi-
cient zeolites or toxic and ecologically dange-
rous aluminium halides and liquid superacids.

The tetragonal form of ZrO, can be ob-
tained by decomposition of some zirconium
compounds at high temperature (above 1200 °C)
followed by rapid quenching. Specific surface
is very low in the case of such a procedure.
Methods are known [2—5] to obtain fine dis-
persed tetragonal ZrO, at substantially lower
temperature than those mentioned above; these
methods are based on the use of stabilizing
additives including anions and/or di- or triva-
lent cations of some metals. Widespread me-
thods include obtaining a hydroxide, modify-
ing it with SOi_, MoO3~ and WO3 anions
and/or promotion by polyvalent cations, such
as Y3, Fe?*, Mn?", drying followed by an-
nealing at temperature above 500 °C for a long
time. During annealing, the promoter cations
are driven into the ZrO, lattice thus generat-
ing oxygen vacancies. The presence of these
defects is assumed [2, 6] to slow down the growth
rate of tetragonal crystallites and the trans-
formation into the stable monoclinic modifica-
tion. The same role is likely to be played by
the modifying anions bound at the surface of
the oxide phase [3]. According to [7, 8], the
formation of tetragonal ZrO, at low temper-
ature as a fine dispersed phase is due to lower
surface energy of its particles, in comparison
with the particles of the monoclinic modifi-
cation.
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Methods based on pulsed mechanical action
are of interest from the viewpoint of the syn-
thesis of the tetragonal zirconium oxide. For
many examples [9—15], it is demonstrated that
these methods allow one to perform the syn-
thesis of fine dispersed materials and compos-
ites as thermodynamically non-equilibrium
phases. According to the data of the authors
of [15], the treatment of monoclinic ZrO, in a
ball mill at room temperature causes at first
the decrease of crystallite size. After grinding
for a long time (for 30 h), after the crystallite
size decreases to 10 nm, a partial (45 %) phase
transition into the T modification occurs. The
back transition goes on much easier: the M-
modification started to form from the T-modi-
fication after only 5 min, while after 1-2 h the
T ® M phase transition was complete. Driving
forces determining phase transition were not
determined in [15]. It was assumed that one of
the factors might be connected with the di-
mension effect.

In the present work, we report the data on
mechanochemical synthesis of tetragonal zir-
conium oxide from the amorphous hydroxide
in a centrifugal planetary mill which, in com-
parison with a ball mill, provides mechanical
pulsed action of much higher intensity.

EXPERIMENTAL

Zirconium hydroxide was obtained by pre-
cipitation from the aqueous solution of zirco-
nyl chloride (chemically pure grade) by ammo-
nia solution at pH 9.5 = 0.5 and room tempera-
ture. Gels obtained by precipitation were aged
for 3 h and washed with distilled water. Then,
they were filtered and washed till the nega-
tive reaction for Cl” ions in washing water.
The precipitate was dried first in air, then in
drying chamber at 110 °C for 15 h. In some
experiments, crystalline zirconium oxide of the
stable monoclinic modification (pure reagent
grade) was used.

Thermal activation of zirconium hydroxide
was performed in a quartz reactor in air at
temperatures 300—700 °C for 3 h. Mechanoche-
mical activation was carried out in AGO-2 ac-
tivator mill of the centrifugal planetary type
with two tightly closed steel drums. Drums were

cooled with water during the operation in or-
der to prevent heating of the treated material.
Drum rotation frequency was 1820 min™!,
which corresponded to the milling bodies ac-
celeration of 600 m/s% The samples were acti-
vated in the form of dry powder and water
suspension. Steel balls (106 g) 3 mm in diame-
ter, and 3 g of zirconium hydroxide (or oxide)
were loaded into the drum. In case of the hu-
mid activation mode, 3 ml of distilled water
was added into the drum. Mechanical load was
varied by changing treatment time from 5 min
to 15 h.

X-ray diffraction patterns of the obtained
samples were recorded with a DRON-3 dif-
fractometer using filtered CuK, radiation at
the scanning rate of 1 deg/min. The dynamics
of mechanochemical processes was characteri-
zed using the relative changes of the intensi-
ties of diffraction peaks of crystal phases. Crys-
tallite size (the region of coherent scattering
of X-rays, or coherent length) was estimated
using the broadening of lines in the diffrac-
tion patterns according to the Debye — Scher-
rer equation. Particle size was estimated with
the help of micrographs obtained with the help
of the scanning electron microscope REMMA
200 M. Size distribution was calculated at the
total number of particles not less than 2000.
Specific surface was determined according to
BET procedure (thermal desorption of argon).
Mean size of particles D was estimated from
the specific surface assuming their spherical
(cubic) shape according to the equation D =
6/(rS), where r is density r = 6 /ecm?® for tet-
ragonal ZrO,).

RESULTS AND DISCUSSION

Thermal crystallization of the oxide phases
from X-ray amorphous hydroxide starts at a
temperature of about 500 °C. Two forms of
oxide are formed at first: monoclinic one, which
is prevailing (most intensive reflection corre-
sponding to d = 3.165 and 2.841), and metasta-
ble tetragonal one (the most intensive reflec-
tion being that with d = 2.96) (Fig. 1). At fur-
ther temperature raise, the fraction of mono-
clinic modification increases while that of te-
tragonal one decreases. Within temperature
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Fig. 1. Diffraction patterns of the initial zirconium hy-
droxide (1) and products of annealing at 300 °C (2), 500
(3), 600 (4), and 700 °C (5). The signs =~ and - mark
intensive and characteristic reflections of the monoclin-
ic and tetragonal forms of oxide, respectively.

range 600—700 °C, the crystal product is rep-
resented practically by a single modification,
which is monoclinic ZrO, (crystallite size being
20—30 nm); tetragonal modification is present
at a level of minor impurity. Crystallization is
accompanied by the increase of particle size,
which is observed in electron microscopic ima-
ges (Fig. 2). The data obtained are in agreement
with the general regularities of the behaviour
of the zirconium hydroxide system under ther-
mal action [2, 3].
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Fig. 2. Particle size distribution for the initial hydroxide

(2), products of annealing at 600 °C (1) and suspension
mechanically activated for 5 min (3).
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Fig. 3. Diffraction patterns of the products of mechano-
chemical treatment of dry zirconium hydroxide for
0.5 min (1), 2 (2), 5 (3), and 15 min (4). For designa-
tions, see Fig. 1.

Figure 3 shows diffraction patterns of the
products of mechanochemical activation of a
dry powder of X-ray amorphous zirconium
hydroxide in centrifugal planetary mill. Even
after short treatment (for 30 s), weak broaden-
ed reflections of crystal monoclinic and tet-
ragonal oxide modifications are detected in the
diffraction patterns (curve 1). The presence of
the cubic modification is also possible. A reliab-
le identification is hindered since its diffrac-
tion picture is similar to that of the tetragonal
modification, and lines are substantially broade-
ned. An increase of mechanical load leads to
the increase of crystallization degree. After
15 min, this process finishes; tetragonal ZrO,
with crystallite size not more than 16 nm and
specific surface of 19—-20 m?/g is predominant
in the products (Table 1). M-modification is de-
tected only at a level of impurity. No other
crystal phases are present according to the XPA
data.

Figure 4 shows X-ray diffraction patterns
of the products obtained by mechanical treat-
ment of hydroxide suspension. In the presence
of a solvent, mechanically induced strain aris-
ing as a result of defect accumulation relax
mainly by fragile crushing [12]. Experiments
show that after mechanical treatment of the
suspension, particle size distribution is shifted
to smaller size, according to electron micro-
scopic images (see Fig. 2). Specific surface in-
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TABLE 1

Characteristics of the disperse state of products of the mechanochemical activation of zirconium hydroxide

Activation time, min Activation mode Specific Particles size?, nm Size of T-crystal-
surface, m?/g lites®, nm
0 (initial) - 127 - -
2 Dry 25 39 -
5 » 19 51 -
15 » 20 49 16
2 Wet - - 9
5 » 72 14 12
15 » 14

#Estimation from specific surface.
PDetermined from X-ray line broadening.

creases to 72 m?/g after treatment for 5 min,
compared to 19 m?/g after dry activation (see
Table 1). According to X-ray diffraction data
(see Fig. 4), the crystal product of the activa-
tion of suspension is represented at all the
stages mainly by the nano-sized T-oxide, while
dry activation is accompanied also by the for-
mation of M-form at the initial stages. After
5 min, the size of T-crystallites is 12 nm, which
corresponds to the mean particle size calculat-
ed using the specific surface data (14 nm) (see
Table 1).

For comparison, experiments on zirconium
hydroxide treatment in vibratory mill were
carried out. Even after treatment for a long
time (for 10 h), no formation of the oxide
phases was detected according to XPA data.
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Fig. 4. Diffraction patterns of the products of mechano-
chemical treatment of the aqueous suspension of zir-
conium hydroxide for 2 (1), 5 (2), and 15 min (3).

The obtained results of phase analysis show
that the activation of amorphous zirconium
hydroxide in centrifugal planetary mill with
high-power mechanical pulses causes not only
dehydration and crystallization of oxide phas-
es but also a fast phase transition of the mono-
clinic modification into the tetragonal one. The
occurrence of M ® T transition under these
conditions was confirmed by special experiments
in which well-crystallized monoclinic ZrO, was
subjected to mechanical activation. After 30 s
of dry powder activation, X-ray diffraction
patterns contained weak broadened reflections
of the T-modification; the intensity of the
peaks related to the initial modification de-
creased (Fig. b). After 15 min, the M ® T phase
transition was practically over; the size of the
crystallites of new modification was about 10—
12 nm. Continued mechanical action resulted in
partial amorphization, which was exhibited by
the decrease of reflection intensity. In com-
parative tests in a vibratory mill, phase tran-
sition did not occur even after 15 h treatment
of dry powder of the monoclinic ZrO,. Crys-
tallite size decreased to 40 nm after treatment;
the intensity of diffraction peaks was observed
to decrease due to amorphization.

The effect of the conditions of mechano-
chemical activation on the dynamics of the
accumulation of tetragonal oxide is shown in
Fig. 6. The highest rate is achieved at the acti-
vation of dry monoclinic ZrO,. Dry amorphous
hydroxide gives the T-modification at lower
rate. In aqueous medium, the rate slows down
substantially; however, the synthesis goes on



HIGH-RATE DYNTHESIS OF NANOSTRUCTURIZED TETRAGONAL ZIRCONIUM OXIDE 93

r T T T T

20 25 30 35 40 20

Fig. 5. Diffraction patterns of the monoclinic zirconium
oxide (I) and products of its mechanochemical treat-
ment in dry mode for 0.5 min (2), 2 (3), 5 (4), 15 (9),
and 22 min (6).

selectively without the formation of M-modi-
fication as a by-product. It is important to note
that the mechanochemical process of crystalli-
zation is characterized by non-monotonous de-
pendence on the mechanical load. The dyna-
mics of the accumulation of T-modification
from dry hydroxide is most demonstrative: af-
ter a definite level of mechanical load is
achieved (more than 5 min), a jumpwise growth
of rate is observed, which is a characteristic
feature of mechanochemical reaction.

Figure 7 shows diffraction patterns illustrating
thermal behaviour of the hydroxide sample
subjected preliminarily to humid short-time
mechanical activation. One can see that the me-
chanically activated hydroxide, unlike non-ac-
tivated one (see Fig. 1), is crystallized ther-
mally at 320 °C giving mainly T-modification.
At 600 °C, the degree of crystallization into
T-form increases substantially. The presence of
M-form remains at a level of impurity, while
in the case of hydroxide not subjected to me-
chanical treatment M-modification was predom-
inant at the same temperature (see Fig. 1). The
size of T-crystallites increases with annealing
temperature from 13 to 22 nm. No presence of
other crystalline special was detected by XPA.
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Fig. 6. The dynamics of the accumulation of tetragonal
zirconium oxide during mechanochemical activation of
the amorphous hydroxide (2, 3) and monoclinic oxide
(1, 4): 1, 2 — aqueous suspension; 3, 4 — dry powder.

Thus, activation of amorphous zirconium
hydroxide in high-power mechanochemical
device stimulates fast reactions of the forma-
tion of nano-sized tetragonal oxide at low tem-
perature. One is likely to have no reasons to
assume that the observed mechanochemical
reactions of the synthesis of T-form are caused
by thermal activation as a result of local heat-
ing till high temperature (above 1172—1200 °C).
For the treatment of suspension, when the
probability of local heating decreases sharply
due to heat dissipation by the liquid phase, T-
modification is still formed (though at lower
rate than in dry powder). but the synthesis

|

Fig. 7. Diffraction patterns of the products of annealing
of mechanochemically activated hydroxide at 320 (1)
and 600 °C (2).
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proceeds more selectively without the forma-
tion of the M-modification. It follows from this
observation that if mechanical activation makes
a contribution into the development of mech-
anochemical crystallization under the men-
tioned conditions, it most likely leads to the
monoclinic modification.

Many authors [7, 8] connect the formation
of tetragonal modification of zirconium oxide
at low temperature with its transformation into
fine dispersed state. The surface energy of par-
ticles of the T-modification is much less
(770 erg/cm? [16]) than that of the monoclinic
one (1130 erg/cm? [8]). Because of this, at small
particle size (or large specific surface), M-
modification becomes less profitable from the
energy viewpoint in comparison with the T-
modification. As estimated [7, 8], critical crys-
tallite size is 30 nm. The achievement of small
size is provided in mechanochemical device
by means of intensive mechanical dispers-
ing; the size of crystallites in the obtained
tetragonal oxide is 9—16 nm, which corres-
ponds to the region preferable for the te-
tragonal modification. Thanks to intensive
mechanical action, the synthesis proceeds at
high rate within several minutes. For compa-
rison, we should note that the authors of
[15] observed phase transition of M-modifica-
tion into T one in a ball mill at smaller crys-
tallite size (8—10 nm). After 30 h, only 45 %
of the monoclinic oxide was converted into
tetragonal one; no complete transformation
was achieved even after 50 h. In our experi-
ments, we did not observe phase transition in
the vibratory mill after 15 h.

Comparison shows that thermal activation
of the initial hydroxide and the hydroxide
mechanochemically treated for a short time
resulted in different products: in the former
case, stable M-modification was formed, while
metastable T-modification was easily formed
in the latter case (at temperature as low as
320 °C). This feature of the thermal behaviour
of mechanically activated sample can be con-
nected with its defectiveness and/or with the
presence of T-modification nuclei generated
by mechanical treatment. One also cannot ex-
clude the effect of impurities from milling tools
and drum on mechanochemical crystallization;

however, their role is likely to be of seconda-
ry importance. In [15] cited above, monoclinic
zirconium oxide was treated in a ball mill with
drums and balls made of different materials
(tungsten carbide, corundum, and steel). Phase
transition was observed in all the three devi-
ces. In order to make a more reasonable con-
clusion concerning the effect of this factor on
mechanochemical crystallization, a detailed
analysis is necessary.

The transition of M-modification into T-
modification is accompanied by the decrease
of molar volume by about 7 %. One can expect
that high pressure in combination with in-
creased temperature, developed in local re-
gions of a solid under the action of powerful
mechanical pulse, can provide thermodynam-
ic probability of the formation of T-modifica-
tion. According to thermodynamic calculations
[17], a linear relation between the applied ex-
ternal static pressure and phase transition tem-
perature is fulfilled for the zirconium oxide
system: dT/dP = —0.032 °C/bar. It follows from
this relation that at a pressure of 2 GPa (which
can be achieved in local regions of a solid in a
mechanochemical apparatus, according to [12,
13]) the temperature of M ® T phase transi-
tion should decrease by 640 °C, 7. e. to 535—
565 °C. The possibility to achieve this tempera-
ture level in mechanical activation was stated
by many examples [12]. Experimental data on
the effect of external static pressure on phase
equilibria show [18] that the transition of mon-
oclinic ZrO, into dense rhombic modification
(which also is metastable under normal condi-
tions with respect to the monoclinic modifica-
tion) occurs at a pressure of 2.0—2.5 GPa and a
temperature of 450 °C. At pressure increased
to 3.0—3.5 GPa, temperature decreases to 400 °C.
At a pressure of 3.7 GPa, the transition into
T-modification was observed at room temper-
ature [19].

These data show that the formation of te-
tragonal ZrO, in a mechanochemical apparatus
under the action of powerful mechanical pulse
of pressure can be conditioned by the creation
of thermodynamically favourable conditions
(temperature and pressure) in separate regions
of the solid. Rapid elimination of the pulse
quenches the formed T-modification which is
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non-equilibrium with respect to normal condi-
tions. At subsequent pulses, the process can in-
volve a substantial part of a solid and further
the whole its volume. Accumulation of various
defects in oxide particles can simply this proc-
ess substantially.

CONCLUSIONS

Activation of the amorphous zirconium
hydroxide in high-energy strain mechanoche-
mical apparatus stimulates fast reactions of
the formation of nanosized zirconium oxide
of the tetragonal modification at low tempe-
rature. Its formation can be connected with
dispersing particles, inducing defects, reali-
zation of thermodynamically favourable syn-
thesis conditions in the mechanochemical ap-
paratus (high pressure and temperature in lo-
cal regions).

Mechanochemical synthesis is distinguished
by its flexibility: T-modification of zirconi-
um oxide can be prepared both from the amor-
phous hydroxide and from crystal oxide of
the stable monoclinic modification by means
of enantiotropic phase transition. Preliminary
short-time mechanical treatment of the
hydroxide also provides the possibility to de-
crease the temperature of subsequent ther-
mal crystallization of the nanosized T-modi-
fication.
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