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Synthesis of zirconium oxide by hydrolysis of 
zirconium alkoxide 

L. DAVIES* ,  L. DAZA$, P. GRANGE 
Universit# Catholique de Louvain, Unite de Catalyse et Chimie des Materiaux Divises, 
Place Croix du Sud, 2/17, 1348 Louvain-la-Neuve, Belgium 

Submicrometre particles have been prepared from hydrolysis-polycondensation of 
zirconium alkoxide [Zr(n-CaH70)4] in ethanolic solution. The properties of these particles 
(morphology, specific surface area, SBET, crystal phase and size distribution) after calcination 
at 450~ for 5 h were found to depend on the conditions of synthesis, i.e. alkoxide 
concentration and mole ratio water~alkoxide. 

1. Introduction 
Modern ceramics having a well-defined mlcrostruc- 
ture are of fundamental importance. The properties of 
the final product depend on the type and source of raw 
materials as well as the processing required to prepare 
these ceramics. In order to improve the properties and 
reliability of the final product, the microstructure and 
microstructural uniformity of the green body must be 
improved. The properties of an idealized sinterable 
powder for producing a uniform, fully dense, single- 
phase ceramic at low temperature are believed to be 
a fine size (between 0.1 and 1 ~tm), a narrow size 
distribution, an equiaxed shape, a non-agglomerate 
state and high purity. In this way, particle-size distri- 
bution is important to achieve maximum particle 
packing and uniformity so that minimum shrinkage 
and retained porosity will result during densification. 
A single particle size does not produce good packing. 
An optimum packing for spherical particles having all 
the same size results in over 30% void space [1]. 
Therefore, to achieve maximum particle packing, a de- 
termined and narrow range of particle size is required. 
Real ceramic particles are generally irregular in shape 
and do not fit into ideal packing of spheres. So it is 
desirable to control particle shape and particle-size 
distribution. 

Another important aspect is the reactivity of the 
starting powder. Reactivity is related to the size and 
surface area of the particles. Very small particles with 
high surface areas have a strong thermodynamic driv- 
ing force to decrease their surface area by bonding 
together. Particles of 1 ~tm or less can be compacted 
and sintered near theoretical density at low temper- 
ature. Typically, assuming no microporosity, the finer 
the powder, the greater the surface area, the lower the 
temperature and time for densification. 

The techniques for synthesizing zirconia powders 
have been studied by many investigators. Mazdiyasni 

et  al. [2] have investigated the preparation of ZrO2 
from zirconium alkoxide. They expressed the hydrol- 
ysis of zirconium isopropoxide in a simplified form 

Zr (OR)4 + H20 -~ ZrO (OR)2 + 2ROH (1) 

2ZrO (OR)2 --* ZrO2 + Zr (OR)4 (2) 

Bradley and Carter [-3, 4] also studied the hydro- 
lysis reaction of some primary zirconium alkoxides. 
They observed that the hydrolysis of these alkoxides 
leads to the formation of polymeric oxide-alkoxide 
[,ZrOX(OR)4_ 2x], species. 

From these works, it was demonstrated that the 
hydrolysis behaviour of zirconium alkoxides differs 
fundamentally from that of silicon, aluminium and 
titanium alkoxides [-5-8]. During hydrolysis, oxo- 
groups and aqua-groups are formed rather than a true 
hydroxide. Yoldas [9] has demonstrated that the 
water-alkoxide ratio in the hydrolysis medium strong- 
ly influences the sintering and crystallization behav- 
iour of zirconia powders. In this work, the effect of 
varying the water-alkoxide ratio and the zirconium 
alkoxide concentration on the properties and mor- 
phology of ZrO2, was studied. 

2. Experimental procedure 
2.1. Preparation of samples 
Zr(n-C3HTO)4 (Fluka) and anhydrous ethanol (Carlo 
Erba) were used as-received. Zirconium oxide was 
prepared by controlled hydrolysis of zirconium n- 
propoxide in ethanol. The zirconium alkoxide was 
diluted with anhydrous ethanol in order to obtain 
solutions of different concentrations. A predetermined 
amount of distilled water was also dissolved in anhyd- 
rous ethanol and this solution was mixed with the 
alkoxide solution at room temperature. 

The ratio h, defined as mole water/mole alkoxide 
ratio, was varied from 0.5-16. The various h values 
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TABLE I Conditions of synthesis. Variation of h for [-Zr] = 0.1 M 

h Reaction time Product 

0.5 > 1 month - 
1 1 month - 
2 5 min Sol 
4 Instantly Sol 
8 Instantly Sol 

16 Instantly Sol 

TABLE II Conditions of synthesis. Variation of alkoxide concen- 
tration for h = 2 

[Zr] (mol 1-1) Reaction time (min) Product 

0.05 10 Sol 
0.1 5 Sol 
0.2 1 Sol 

studied in this work are listed in Table I. Included also 
are the times required to observe visually the changes 
in the solution due to reaction. The concentration of 
alkoxide was varied from 0.05-0.2 M. Table II lists the 
values studied for constant h, i.e. h = 2. After mixing, 
the solution turned milky. The time required to ob- 
serve this reaction is also listed in Table II. Immediate- 
ly after observing the milky appearance, the solvent 
was removed in a rotary evaporator. The resulting 
white powder was dried in air at 120 ~ overnight and 
then calcined at 450 ~ for 5 h. 

2.2. Analysis techniques 
2.2. 1. X-ray diffraction 
X-ray diffraction patterns of uncalcined and calcined 
samples were recorded using a Siemens D5000 diffrac- 
tometer with CuKa radiation. The scans were taken 
over the range of 20 = 20o-65 ~ The peaks are due to 
the (1 1 1) diffraction of the metastable tetragonal 
phase and the (1 1 1) and (1 1 - 1) diffraction of the 
stable monoclinic phase. 

2.2.2. Nitrogen physisorption 
Powder surface-area measurements of calcined sam- 
ples were evaluated by nitrogen (or krypton) adsorp- 
tion, using an automatic analyser (Micromeritics 
ASAP 2000). The samples were first outgased at 
130~ until constant residual pressure had been 
achieved. Specific surface area was calculated from the 
BET equation. 

2.2.3. Particle-size analysis 
Particle-size analysis distributions were obtained by 
light scattering with a Coulter LS 130 instrument 
which measures particles from 0.1-1000gm. The 
equipment employs two systems of measurements. 
One of them works with light at 750 nm and analyses 
the particle size from 0.4-1000 pm. The other, the 
polarization intensity differential scattering (PIDS) 
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system analyses particles in the 0.1-0.4 mm range and 
enhances the resolution of the particle size up to 1 gm. 
It is based on the difference in scattering of vertically 
versus horizontally polarized monochromatic light at 
450, 600 and 900 nm. 

Before analysis, the particles need to be dispersed in 
water. The calcined sample (50-100 mg) was placed in 
a small beaker with 5 cm 3 water and 2-6 drops of 
diluted surfactant (1% aqueous solution of sodium 
pyrophosphate). The beaker was shaken by hand, 
diluted with 10 cm 3 water and introduced into an 
ultrasonic bath for 15 min. This was followed by anal- 
ysis. The optimal amount of sample depends on the 
powder density (about 6 g cm-3), particle size and 
type of sizing run. The scatter patterns were processed 
in size (number or volume) distributions using the 
Fraunhofer model. This model is a simplification of 
the more rigorous Mie theory. It considers that the 
particles are spherical and have a smooth surface. The 
Fraunhofer diffraction theory is also valid when par- 
ticles are many times larger than the wavelength ap- 
plied and thus there is no dependence between refrac- 
tive index and wavelength. In general, it is accepted 
that a deviation from a spherical shape brings both 
shifts and broadening in the distribution. When light 
scattering and PIDS systems are combined with the 
Fraunhofer theory, accurate and reproducible size- 
sensitive results can be obtained even for submicro- 
metre samples. 

2.2.4. Transmission electron microscopy 
Transmission electron microscopy (TEM) was used to 
estimate particle morphology and agglomeration 
state. Observations were carried in a microscope (Jeol 
Temscan 100 CX) operating at 100kV. The TEM 
samples were prepared by dispersion of the sample in 
water and depositing a drop on copper grids. 

3. Results 
3.1. Variation of the water-alkoxide ratio, h 
The results obtained when varying the mole ratio 
h (mole water/mole alkoxide) are shown in Table I. 
Under the conditions tested, neither gelation nor pre- 
cipitation were observed. The reaction time was the 
time required to observe the change from a clear 
solution to a milky suspension. The reaction mixture 
turned milky at different rates depending on the value 
for h. For  an increase in h, the rate of reaction in- 
creases. For  mole ratios below 2, the reaction time was 
very long. 

The dried samples were amorphous to X-ray dif- 
fraction. Samples calcined at 450 ~ for 5 h crystal- 
lized preferentially in the tetragonal phase. This phase 
is characterized by a peak at 20 = 30.0 ~ which corres- 
ponds to the (1 1 1) line. Some spectra indicate the 
presence of a mixture of tetragonal and monoclinic 
phases. The monoclinic form presents peaks at 
20 -- 28 ~ and 32 ~ which correspond to the (1 1 1) and 
(1 1 - 1) lines. 

Fig. 1 shows the XRD diffraction patterns and indi- 
cates a decrease of the fraction of the tetragonal phase 
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Figure l X-ray spectra for calcined samples prepared with 
[Zr] = 0.1 g and h (water/atkoxide) variable: (a) h = 2; (b) h = 4; (c) 
h = 8; (d) h = 16. 

TABLE li1 Variation of the morphoiogy and texture of zirconia 
powders calcined at 450 ~ for 5 h as function of the mole ratio h for 
[Zr] = 0.1 M 

h SBE T (m2g -1) TEM 

2 11 Spherical 
4 26 Unshaped 
8 43 Unshaped 

16 70 Unshaped 

120 r_ _t12~ 
80 80 

 L__2 0 
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Figure2 Typical particle size analysis for calcined samples. (@) 
Number %; (�9 Volume %. 

This result indicates the presence of agglomerates 
which are broken by the ultrasonic waves, giving 
smaller particles. The results of size distributions were 
qualitatively confirmed by TEM. Fig. 2 shows a typi- 
cal size distribution. 

3.2. Variation of alkoxide concentration 
The results of X-ray diffraction, SBE T and TEM as 
a function of alkoxide concentration are summarized 
in Table IV. Fig. 3 shows the X-ray spectra for cal- 
cined samples as a function of alkoxide concentration 
for a mole ratio h = 2. The monoclinic phase appears 
at the lowest alkoxide concentration. Surface areas for 
calcined samples increased when alkoxide concentra- 
tion decreased. On the other hand, transmission elec- 
tron micrographs (Fig. 4) showed spherical particles 
only for samples prepared from 0.1-0.2 M alkoxide. 

and an increase of the monoclinic phase as a function 
of mole ratio, h. A better crystallinity is obtained for 
samples prepared with lower mole ratios. Table I I I  
lists the results of the surface-area measurements and 
TEM analysis of powders calcined at 450~ The 
surface area, SBET, increases with h. Samples prepared 
from h = 2 present low SBET, about  10 m 2 g - ! ,  while 
those prepared from h = 16 had an SBET of about  
70 m 2 g-~. Transmission electron micrographs show 
that samples prepared from h = 2 were well-defined 
spherical particles. On the contrary, samples prepared 
from h > 4 were porous, amorphous  (unshaped) ag- 
glomerates of very fine particles. 

Although the X-ray diffraction, SBET and TEM indi- 
cate differences between samples prepared from h = 2 
and samples prepared from h > 4, the particle-size 
analysis by Coulter LS 130 showed no important  
differences between the samples. The size distributions 
obtained by this method were broad and contained 
a variable amount  of submicrometre-sized particles 
which increases with the time of ultrasonic treatment 
before analysis in addition to a shift in the size distri- 
bution to the lowest limit of measurement (0.1 gin). 

4. Discussion 
In ethanolic solution, the zirconium alkoxide is hydro- 
lysed and condensed to form polymeric species com- 
posed of M - O - M  bonds. The process is generally 
described schematically as follows 

hydrolysis 

Z r - O R  + H - O H  ~ Z r - O H  + R O H  (3) 
esterification 

alcoxolatlon 

Z r - O R  + H O - Z r  ~ Z r - O - Z r  + R O H  (4) 
alcoholysis 

oxolation 

Z r - O H  + H O - Z r  ~- Z r - O - Z r  + H 2 0  (5) 
hydrolysis 

The structure of condensed products depends on the 
relative rates of these reactions and on external para- 
meters such as mole ratio water/alkoxide and alkoxide 
concentration. 

In an at tempt to explain the formation of spherical 
particles with low SBET when h = 2, we can consider 
the mechanism of particle formation suggested by 
Barret and Thomas [10]. Zirconium alkoxide reacts 
with water to form low molecular weight oligomers, 

5 0 8 9  



TABLE IV Properties of zirconia powders calcined at 450~ for 
5 h versus alkoxide concentration for h = 2 

[Zr] (mol 1- :) SBET (m 2 g 1) TEM 

0.05 19 Unshaped 
0.1 11 Spherical 
0.2 6 Spherical 
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Figure 3 X-ray spectra for calcined samples calcined prepared with 
h = 2 and [Zr] variable: (a) [Zr] = 0.05 M; (b) [Zr] = 0.1 M; (c) 
[Zr] = 0.2 M. 

which are soluble in ethanol. As the m o n o m e r  is 
consumed and the molecular  weight of the oligomers 
increases, the solubility of  these oligomers decreases 
up to a point  where they become insoluble. Conse- 
quently, zirconium hydrous  oxide particles nucleate, 
the size of these pr imary particles being in the collo- 
idal range. The period of nucleation and format ion of  
stable colloidal particles is p robably  short. This leads 
to a constant  number  of  particles. A constant  number  
of  particles is a necessary condi t ion in any model  for 
describing the format ion of uniform particles [11]. 
This is related to the need for colloidal stability, to 
avoid aggregation or  agglomeration.  Pr imary  par- 
ticles or nuclei can absorb free m o n o m e r  and grow 
over a longer time to reach a stable final size. The 
main mechanism of stabilization of these particles is 
probably  due to a hydrogen bond  with ethanol  
rather than electrostatic interactions. The lower 
dielectric constant  of ethanol  (er = 24.3) compared  
with water (er = 78.5) decreases the importance of 
electrostatic interactions in this medium [12]. The 
lower the dielectric constant,  the lower the dissocia- 
t ion of ionizable substances. This does not  mean  that  
electrostatic interactions are absent. They may arise as 
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Figure 4 Transmission electron micrographs of calcined samples 
with h = 2 and [Zr] variable: (a) [Zr] = 0.05 M; (b) FZr] = 0.1 M; (c) 
[Zr] = 0.2 M. 



an interracial process of adsorption, surface dissocia- 
tion and desorption leaving a charge on the particle 
surface. 

This mechanism of particle formation considers 
that there are two separate steps in the process. The 
first one, the insolubilization of oligomers leading to 
a constant number of nuclei, and the second one, the 
growth of nuclei by adding soluble species. The second 
step is longer than the first one. A similar model is 
generally accepted to describe the polymerization of 
silica in aqueous media [13]. 

Keefer [ 14] have demonstrated in computer simula- 
tions that condensation is rate-limited, e.g. the prob- 
ability that any monomer attaches to a nucleus is low 
with respect to the frequency that it meets a nucleus. 
Random monomer-cluster aggregation results in 
smooth uniform particles. This model is based on the 
supposition that throughout the reaction there is some 
free monomer available for attachment to a growing 
particle. This is possible if the rate of hydrolysis (Reac- 
tion 3) is slow and if depolymerization (reverse Reac- 
tions 4 and 5) occurs to some appreciable extent. So, in 
our case, for mole ratio h = 2, the substoichiometric 
amount of water leads to a slow hydrolysis of alkox- 
ide. Oligomers are formed up to a point where they are 
insoluble, consequently a solid phase appears at this 
point. Growth takes place for a longer time by attach- 
ing monomer (or soluble species of low molecular 
weight) to nucleus on the best site, resulting in spheri- 
cal uniform particles. The capacity for soluble species 
to select the best site for attachment leads to uniform- 
ity in shape of particles and a constant number of 
nuclei or primary particles leads to uniformity in size. 
This is confirmed by TEM. Furthermore, the BET 
area for the sample is about 10 m 2 g-~, which cor- 
responds to 0.2gin diameter (calculated from 
D = 6/pSB~T, with 9 = 5.Sgcm-3) . In addition, the 
Coulter analysis shows that more than 90% of the 
particles have a particle size below 0.5 ~tm. 

When that monomer is quickly consumed and the 
condensation reaction is essentially irreversible [15], 
a process called reaction-limited cluster-cluster ag- 
gregation (RCLA) may take place. Clusters move with 
Brownian trajectory at velocity inversely proportional 
to their masses. Clusters attach to other clusters but, 
due to steric and kinetic constraints, they are unable 
to fill the space completely. When this occurs, com- 
puter simulations indicate that branched structures 
are obtained [16]. This situation may take place when 
mole ratio h is equal to or greater than 4, thus the 
monomer is fully hydrolysed and consumed in a very 
short time. Nucleation and growth are not separate 
steps; growth occurs between clusters resulting in 
amorphous powders with open structures and higher 
surface areas (Table III). In this case, a constant num- 
ber of nuclei is never reached, so there are simulta- 
neously very small and large particles. Small particles 
are consumed by aggregation to a larger particle, the 
driving force for this association being the reduction 
in surface energy. The results for calcined samples 
prepared from h = 4 show surface areas higher than 
30 m 2 g-  1, which indicates porous powders. The par- 
ticle size calculated from this value is about 30 nm, 

which is out of the range of measurement of the 
Coulter analysis (the lowest limit of measurement is 
0.1 gin). An explanation is the formation of large ag- 
glomerates composed of very fine particles. This 
is confirmed by TEM images: large amorphous 
agglomerates are composed of very fine particles. 
In this way, Coulter analysis "sees" these agglomer- 
ates as large particles, the result is a broad size distri- 
bution. 

On the other hand, with a constant mole ratio, i.e. 
h = 2, two distinct situations are found. First, when 
the alkoxide concentration is in the range 0.1-0.2 M, 
there is a delicate balance between hydrolysis rate and 
polymerization: nucleation and growth occur as sep- 
arate steps. Nucleation leads to a constant number of 
particles. Surface-area measurements indicate a par- 
ticle size of about 0.2 gm (D = 6/9S). Number distri- 
bution from Coulter analysis agrees well with these 
values. Second, when alkoxide concentration is lower 
than 0.1 M, the higher dilution produces a larger mo- 
lecular separation, leading to a change in the growth 
mechanism. Possibly, the mechanism is no longer 
reaction-limited but is diffusion-limited (DLA) [17]. 
Clusters are attached between them irreversibly on 
first contact, leading to amorphous structures. The 
results of surface-area measurements, TEM and Coul- 
ter analysis confirm the presence of amorphous por- 
ous structures. So, dilution plays a role in changing 
the formation mechanism of these particles, and the 
final powder is comparable to that prepared from 
mole ratio h > 4. 

One additional reason for considering a change in 
the mechanism of particle formation is based on the 
results of BET areas. When analysing the evolution of 
surface area with mole ratio h (Fig. 5) and with alkox- 
ide concentration, a higher slope is observed for the 
graph SBzT versus h than for SBET versus alkoxide 
concentration. 

There is another question concerning these results, 
which is the presence of tetragonal phase at low tem- 
perature (450~ The results show that tetragonal 
phase appears only when the water/alkoxide ratio 
equals 2 and alkoxide concentration is between 0.1 
and 0.2 M. This coincides also with low surface area 
and spherical shape of the powders. Up to now, the 
factors governing the occurrence of the metastable 
tetragonal zirconia are still controversial. Several 
authors have given different explanations, such as 
effects based on surface energy considerations [18], 
the presence of impurities or lattice defects [19], struc- 
tural similarities between the amorphous state and 
tetragonal phase [20], chemical factors arising from 
conditions of synthesis [21] and conditions of calcina- 
tion [22, 23]. 

It is known that the chemistry of aqueous zirconia 
solutions is very complex. Positive polyvalent species 
have been postulated at very low pH [24]. On the 
contrary, in ethanolic solutions, polynuclear positively 
charged species may not exist due to the lower dielec- 
tric constant of ethanol compared with water, but 
some neutral polynuclear species exist. These species 
polymerize in different ways according to the amount 
of water available. So the crystal phase that appeared 
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Figure 5 Variation of specific surface area versus water/alkoxide 
molar ratio, h, and alkoxide concentration, [Zr]. 

after calcination may be determined byreaction kinet- 
ics that critically depend on water concentration, that 
is to say, h. This agrees with what was observed in 
aqueous pH-time dependent systems [-25]. However, 
further detailed studies are needed to elucidate this 
point. 

5. Conclusion 
The water-zirconium alkoxide ratio, as well as the 
alkoxide concentration, are important parameters 
which control nucleation and growth of zirconium 
hydrous oxide particles. Homodisperse, submic- 
rometre-size ZrO2 particles are obtained in a narrow 
range of experimental conditions. The optimal do- 
main is 0.1 M alkoxide concentration with water/M- 
koxide molar ratio of 2. 
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