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Abstract—The effect of the precipitation pH and subsequent heat treatment is studied on the properties of
hydrous zirconium dioxide precipitated by ammonia from nitrate solutions. Precipitation at pH < 6 generates
hydrous zirconium dioxide, which contains excess sorbate nitrate ions; the product precipitated at pH = 7 con-
tains excess ammonium ions. This distinction considerably affects the course of thermolysis and the morphol-
ogy of products. The exotherm associated with the formation of the crystal structure of zirconia becomes more
pronounced with rising precipitation pH. In addition, the samples prepared at pH = 7 have a more developed
surface. The morphologic and microstructural evolution of hydrous zirconium dioxide samples during thermol-

ysis is described.
DOI: 10.1134/S0036023608030029

Zirconium dioxide is one of the most popular sub-
ject of study in materials science. Its popularity is pri-
marily due to its chemical and thermal stability as well
as to the unique conducting and sorptive properties of
materials based on it. The precursor for zirconium diox-
ide is, as a rule, hydrous zirconium dioxide. The syn-
thesis and thermolysis of this compound are abundantly
documented. The methods used to prepare hydrous zir-
conia oxide include sol-gel technology, electrochemical
synthesis, hydrothermal treatment, and others [1-5].
However, precipitation with alkalis from solutions of
zirconium salts is used far more frequently.

Hydrous zirconium dioxide is a globular hydrate [6, 7].
The core of a nanosized particle of such materials is, as
a rule, composed of oxides or hydrous oxides. Their
surface bears many hydroxide groups, which balance
the coordinative unsaturation of surface atoms. OH
groups, depending on the nature of the element to
which they are bound, can dissociate as an acid or base
and, accordingly, participate in cation or anion
exchange reactions [5-7]. In addition, such particles
adsorb water molecules, which provide for the high
proton mobility both on the surface and in the bulk of
the material [8, 9].

The surface properties of hydrous zirconium diox-
ide considerably change during heat treatment [4, 5, 8].
The specific surface area [4] and ionic conductivity [8]
of this material pass through a well-defined maximum
during thermolysis. Another factor influencing the sur-
face properties of hydrous zirconium dioxide is the pre-
cipitation pH. For example, it was shown in [9] that

composite materials prepared from hydrous zirconium
dioxide precipitated at various pHs considerably differ
in their properties. Presumably, this is because of the
adsorption of various types of cations or anions during
synthesis [10], these species considerably affecting the
agglomeration ability of the material.

This work studies the evolution during thermolysis
of hydrous zirconium dioxide samples that were pre-
cipitated with ammonia from nitrate solutions at vari-
ous pHs.

EXPERIMENTAL

Hydrous zirconium dioxide was precipitated with
concentrated aqueous ammonium hydroxide from a
0.2 M solution of zirconium oxynitrate (pure grade,
from Vekton) at various pHs (3 < pH < 10). Two sets of
samples were prepared. The samples of set I were cen-
trifuged after precipitation and, then, exposed in Petri
dishes at —12°C in a refrigerator; after thawing out, pre-
cipitates were decanted and dried in air for 2 days at
room temperature. The samples of set II were washed
six times with large amounts of water by means of
decantation and with centrifugation. Then, precipitates
were exposed in Petri dishes at —12°C in a refrigerator;
after thawing out, they were again washed with large
amounts of water, centrifuged, and dried in air at room
temperature for 2 days.

Physicochemical methods were used to characterize
test samples. X-ray powder diffraction was carried out
on a D/MAX-2000 Rigaku diffractometer (CuK,, radi-
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ation). The coherence length was calculated from the
Debye—Scherrer relationship

d =0.91/(BcosH), (D

where A is the X-ray length, equal to 1.54178 A; B is the
physical line broadening; and 0 is the line position. For
the monoclinic phase, the average width of (-111) and
(111) reflections was chosen. Sodium chloride was the
reference.

Electron diffraction patterns were recorded in the
general diffraction mode on a BR-100 transmission
electron microscope.

Microstructure was examined using a Supra 50 VP
LEO scanning electron microscope.

Potentiometric titration was carried out with an
Econix-Expert pH meter with Mettler-Toledo combina-
tion pH electrodes. The pH value was automatically
recorded every 3 s. Equilibrium pH after addition of
every aliquot of a sodium hydroxide solution was found
by extrapolation of pHs to infinite experimental time T,
which corresponded to 1/t = 0.

Thermal analysis was carried out on a TG 209 F1
Iris Netzsch thermobalance in platinum crucibles fol-
lowed by the analysis of leaving gases on an Aeolos
QMS 403 C Netzsch mass spectrometer. The heating
rate was 5 K/min; sample sizes, 50-55 mg; and temper-
ature range, 25-900°C. For selected samples, differen-
tial thermal analysis was simulated using the instru-
ment software.

Specific surface areas were determined on a volu-
metric setup as in [11].

RESULTS AND DISCUSSION

Proceeding from their thermal curves, the test sam-
ples can be categorized into two groups: A and B. For
each group (Fig. 1), samples decomposed in several
stages. For the IA and ITA group samples (Figs. 1a, 1b),
which were prepared at pH <6, loss of weakly bound
water (which is retained on the surface due to weak
hydrogen and coordination bonds) is observed at low
temperatures (below 230-250°C) (Figs. 1a, 2a), and a
far weaker peak is due to removal of molecules with the
mass number (M/z) equal to 44 (Fig. 2a). To this mass
number, carbon dioxide or nitrous oxide can corre-
spond. Almost for all samples the curve of elimination
of molecules with M/z = 44 is identical to the curve for
molecules with M/z = 12, which has a far lower inten-
sity. From this, we can infer that the curve for mole-
cules with M/z =44 describes carbon dioxide evolution.
The overall weight loss at the first stage reaches 18—
22%; then, a narrow weight-loss peak is observed with
a peak temperature of 250-275°C, which is associated
with the elimination of molecules with the same mass
number (44). The relevant DTA feature is an exotherm
(a peak with heat evolution). Proceeding from the small
width of the peak and its exothermicity, we can con-
clude that it is associated with a phase transition. In the
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Fig. 1. (a, ¢) Weight-loss curves and (b, d) differential
weight-loss curves for hydrous zirconium dioxide samples
prepared at pH equal to (a, b) 4 and (c, d) 10.

range 260-380°C, there is another broad peak. The sub-
stances lost at this stage are ammonia (M/z = 15), nitro-
gen oxides (M/z =30 (NO) and 46 (NO,)), carbon diox-
ide, and a small amount of water. The overall weight
loss for TA set samples reaches 31-33%. At 420-
450°C, another narrow peak is recorded with a far
greater intensity than the peak at 250-275°C. For the
samples prepared at low pHs, the weight loss is not
great and is determined by the evolution of ammonia
and nitrogen oxides (NO and NO,). The relevant DTA
feature is an exotherm, also associated with a phase
transition. For the samples prepared at high pHs, this
effect is so intensive that resembles a microexplosion
and is accompanied with dispersion. It cannot be ruled
out that the decomposition of ammonium nitrate, which
is pyrophoric because of decomposition to nitrous oxide
and water, is involved. This agrees with the fact that the
gas-evolution peak with M/z = 44 has the higher intensity
than the peak with M/z = 12. After this, the weight loss
almost ceases, and another 2-3 wt % is only lost in the
range 750-800°C. None of the most likely decomposi-
tion products was detected. This peak corresponds to
M/z =19 and is due to the evolution of fluorine, which
is an impurity to zirconium oxynitrate.

No. 3 2008
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Fig. 2. Gas-flow intensities for hydrous zirconium dioxide
samples prepared at pH equal to (a) 4 and (b) 10. The figures
above the curves indicate the mass numbers (M/z) for the
relevant ions.

An increase in the number of washing cycles for the
set ITA samples results in an increase in weight loss at
the first stage (25-230°C) to 22-24%. At subsequent
stages, weight loss considerably decreases with an
attendant decrease in the evolution of nitrogen oxides
and ammonia. The intensities of the relevant peaks
weaken. Thus, at T > 200°C, some amount of nitrate
ions and ammonia is remained sorbed on the surface or
in the bulk of the sample. This casts doubt on the high
concentration of surface OH groups on a monoclinic
ZrO, sample found in [5] by means of thermal analysis.
The concentration of surface OH groups was deter-
mined in [5] to be 20.2 wmol/m?, corresponding to the
occurrence of hydroxide groups at all zirconium atoms
and the protonation of all surface oxygen atoms. The
increase in the OH group concentration after the acid or
alkali treatment of zirconium dioxide is also doubtful
[5]. According to our data, only additional adsorption
of anions or cations occurs, increasing the weight loss
upon heating. The carbon dioxide evolution line (M/z =
44) changes even more greatly. At the first thermolysis
stage (25-230°C), the carbon dioxide evolution
increases noticeably, while the fraction of firmly
anchored CO, (which is lost at 420-450°C) decreases
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considerably. This is likely because the concentration
of weakly bound (physisorbed) carbon dioxide
decreases with time of water treatment.

For the set IB samples precipitated at pH = 7
(Figs. 1c, 1d), thermolysis differs from that for set IA
samples. The weight loss at the first low-temperature
stage slightly increases to reach 22-27% (Fig. 1¢). The
desorption of ammonia and nitrogen oxides (in smaller
amounts than in the preceding case) occurs simulta-
neously with dehydration (Fig. 2b). The temperatures
of all stages rise substantially. The temperature of the
first weight-loss spike increases to 307-320°C; that of
the second one increases to 460°C. The peak tempera-
tures clearly tend to rise with increasing precipitation
pH. The overall intensity of the ammonia flow rises,
whereas the overall intensity of the nitrogen oxide flow
decreases. The weight loss in the range 200—400°C
decreases considerably. The greatest changes are
observed in the region of the second exotherm: the
weight loss at this stage increases to 2-5% and becomes
a well-defined jump (Figs. 1c, 1d). The analysis of an
sample of expelled gases indicates that they mainly
consist of nitrogen oxides (M/z = 30, 44, and 46) and
ammonia. It cannot be ruled out that the weight loss at
this stage is considerably contributed by the desorption
of carbon dioxide, which is absorbed from the atmo-
sphere during the precipitation and washing of the sam-
ple because of the existence of an alkaline medium.
However, the stronger weight change and heat evolution,
as well as the occurrence of both nitrogen oxides and
ammonia in the vapor, imply that the rapid desorption of
nitrate ions and ammonia at elevated temperatures cause
them to react on the zirconia surface and induces intense
heat evolution. This implication is verified by a consider-
able decrease in the weight jump and heat evolution with
increasing number of washing cycles.

The samples of set IIB precipitated at pH > 7 have
the same distinctive features as those of set IIA, i.e., the
decreased amounts of nitrogen oxides and ammonia
evolved. At the same time, the temperatures of all trans-
formations for the set II samples are virtually indepen-
dent of pH; they are only subject to insignificant prob-
abilistic fluctuations (10 K). For comparison, for the
IA set samples (which experienced fewer washing
cycles), the exotherm temperatures increase by 40-70°C
as the precipitation pH changes from 4 to 10.

Hydrous zirconium dioxide is a good ion-exchange
material, with cation-exchange properties dominating
at high pHs and anion-exchange properties dominating
at low pHs [12]. The equivalence point for the adsorp-
tion of sodium and chloride ions is close to 6.5. From
these data, we can infer that hydrous zirconium dioxide
containing mostly adsorbate anions (NOj ) is formed at
pH < 6. A small amount of ammonia is adsorbed as
counterions. At pH = 7, ammonium ions should be
mostly adsorbed. According to thermal analysis, how-

No. 3 2008
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(b)

Fig. 3. Electron diffraction patterns for a hydrous zirconium dioxide sample prepared at pH 7 (a) without heat treatment and

(b) after treatment at 300°C.

ever, the sample also contains considerable amounts of
nitrate ions. Even careful washing does not fully
remove these ions. According to [10], the nitrate ion
concentration in solution during precipitation, e.g., at
pH 6, is about seven orders of magnitude that of
hydroxide ions. Accordingly, the surface of the sample
with well-defined ion-exchange properties adsorbs
NOj ions from solution and transforms to the substi-
tuted form. In the weakly alkaline region (pH 7-9), in
contrast, ammonium ions substitute for the hydrogen
ions of —Zr—OH groups. Nitrate ions, whose concentra-
tion is 10* to 10° times that of hydroxide ions, are simul-
taneously occluded from solution during the formation
of sparingly soluble hydrous zirconium dioxide.

Potentiometric titration data verify this suggestion.
The precipitation of hydrous zirconium dioxide occurs
fairly smoothly, without kinks in the pH versus amount
of base curve. This means that OH- ion-exchange
groups with various surroundings and dissociation con-
stants are formed in a globule. Ion exchange proceeds
over the entire range of pH values; it can involve either
the substitution of NOj; anions for OH groups in the
acidic region or the substitution of cations (Na*) for
OH- groups in the alkaline region. The ion-exchange
capacities for both substitution scenarios are compara-
ble; the equivalence point is observed at pH = 7, in
agreement with data in [12]. From the data obtained, we
can infer that the hydrous zirconium dioxide samples
precipitated at pH < 6 mostly contain sorbate nitrate
anions and those precipitated at pH = 7 mostly contain
sorbate ammonium ions. It is for this reason that the
oxides precipitated from solutions in the acidic and
alkaline regions have considerably differing properties.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 53

As expected, hydrous zirconium dioxide samples
are X-ray amorphous at room temperature. However,
their electron diffraction patterns show several weak
reflections (Fig. 3a), which indicate the appearance of a
certain structure inside globules; this structure cannot
be classified as any known phase of zirconium dioxide
or zirconium hydroxide. Temperature elevation to
350°C likewise does not induce crystallization, as
shown by X-ray powder diffraction. Electron diffrac-
tion, a more sensitive technique, shows that the glob-
ule matrix becomes crystalline after the first exotherm
(Fig. 3b).

A well-defined structure of monoclinic ZrO, is
observed starting at 400°C (Fig. 4). Crystallization is
accompanied by the expulsion of foreign species from
the matrix of globules, namely, ammonium, nitrate, and
hydrogen ions, which inhibit the formation of the zirco-
nium dioxide crystal structure. The particle size of the
monoclinic phase (the coherence length) increases as
the sample is heated from 400 to 500°C, then decreas-
ing. The minimum coherence lengths are observed for
the samples calcined at 600-700°C (Fig. 5), because the
formation of crystalline zirconia finishes at these tem-
peratures, and insignificant, remnant gas evolution
results in the destruction of crystals. Subsequently, the
crystal size again increases because of rising diffusion
mobility.

The specific surface areas measured for test samples
are listed in the table. After samples prepared at low
pHs were calcined at 100°C, their specific surface areas
remain rather low, being equal to 1-2 m?/g. For samples
prepared at pH = 7, the surface area approaches
200 m?/g. This signifies a considerable effect of the

No. 3 2008
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Fig. 4. X-ray diffraction patterns for a hydrous zirconium dioxide sample prepared at pH 9 after calcining to (a) 400°C, (b) 500°C,

(c) 600°C, (d) 700°C, (e) 800°C, and (f) 900°C.

nature of sorbate ions on the morphology of the sample.
Presumably, the adsorption of excess anions occurs
continuously while the precipitate is formed. In partic-
ular, this is confirmed by thermogravimetry. At the
same time, equilibrium anion sorption via processes
like

=Zr-O-H(solid) + H(sln) + NO;(sln) 6))

= =Zr-NO;(solid) + H,O(sln)

at high pHs does not lead to a considerable difference
in the bulk and surface properties of the precipitate.
However, removal of some protons of =Zr—O-H groups
from the surface at high pHs, which is not fully balanced
by the adsorption of bulky ammonium ions in their place,
can endow particles with a negative charge; this charge,
because of the electrostatic repulsion of similarly
charged surfaces, keeps them from aggregating.

Micrographs of samples calcined at 100°C verify
this suggestion. All samples prepared at pH < 6 are rep-
resented by bulky aggregations with smooth surfaces.
Destruction products can be found only in some regions
in the form of elongated platelets (Fig. 6a). Samples
prepared at high pHs have highly developed surfaces;
they consist of small rounded particles with sizes of
about 40-50 nm (Fig. 6b). The mean particle size of zir-
conium hydroxide calculated from X-ray powder dif-
fraction data (Fig. 5) and surface area measurements is
also close to 50 nm.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 53
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Fig. 5. Crystal size vs. treatment temperature for hydrous
zirconium dioxide samples prepared at pH equal to (a) 4 and
() 9.

An increase in the treatment temperature to 350°C
(above the first exotherm) leads to a relatively small
decrease of the surface area in the samples precipitated
from alkaline solutions. As a result, particles slightly
decrease in sizes and become more uniform (Fig. 6¢).

After structure formation at 550°C, the surface area
of crystalline ZrO, decreases to 20 m%g. Two types of
particles are clearly seen in micrographs: anisotropic
particles 30 X (100—-150) nm and rounded particles with
an average size of 37-38 nm (pH 4) and 48 nm (pH 9).

No. 3 2008
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Fig. 6. Electron micrographs for hydrous zirconium dioxide samples prepared at pH equal to (a, d, e) 4 and (b, ¢) 9 and calcined at

(a, b) 100°C, (c) 350°C, and (d, e) 550°C.

Probably, the anisotropic particles are aggregates of
several crystals and the isotropic ones are individual
crystals, whose sizes are close to the coherence lengths
of the samples. Both types of particles are observable
for samples precipitated at either low or high pHs
(Figs. 6d, 6e).

The above data supplement the interpretation of
thermolysis processes. The adsorption of excess nitrate
ions on samples prepared at high pHs stabilizes the
nanoparticles of hydrous zirconium dioxide, as men-
tioned above. The developed surface precludes the for-
mation of an ordered structure of oxide; as a result, the
aggregation and crystallization temperatures of mono-
clinic ZrO, increase. At elevated temperatures, how-
ever, the excess energy accumulated in nanoparticles of
hydrous zirconium dioxide induces crystallization with
great heat evolution. The same is enhanced by the dra-
matic decrease in the surface area of particles, accom-

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 53

panied by an extra heat evolution on account of the
decreased effect of surface tension.

Specific surface areas for selected hydrous zirconium diox-
ide samples after various heat treatments

Precursor | Lrecipita- Tr eatment Specific sur-
tion pH | temperature, °C |face area, m~/g
ZrO(NO3), 4 100 10
ZrO(NO3), 4 550 20
ZrO(NO3), 6 100 1-2%
ZrO(NO;), 7 100 203
ZtO(NOs), 9 100 199
ZrO(NO3), 9 350 173
ZtO(NO,), 9 550 17

* For these samples, the specific surface area is comparable to its
determination error; for the others, the determination error is £10%.

No. 3 2008
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