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Abstract

A novel zirconium oxy-hydroxy-acetate was synthesized from zirconium oxychloride and acetic acid solution by a simple meta-
lorganic precipitation process. On the basis of differential thermal, thermogravimetric, and elemental analyses of the precipitation
complex, it could be described as Zr,O3(OH);(CH3COO);-5H,0, which was further confirmed by its infrared spectra and X-ray
diffraction measurements. A tentative assignment was made for each band in the infrared spectrum of the zirconium-oxy-hydroxy-
acetate, and the assignments discordant with those in the literature proposed for some bands. The structure development in the
precipitating complex and its pyrolysis products was investigated as a function of the heat processing temperatures, showing that
the zirconium oxy-hydroxy-acetate could yield a zirconia comparable to that formed from zirconium acetate solution by the other
processes in the literature. The present process offers distinct advantages in terms of time- and energy-saving and environmental

friendliness.
© 2003 Elsevier Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Zirconia and zirconia-based ceramics are of both sci-
entific and technological interest as structural and func-
tional materials due to their superior properties such as:
excellent refractance and chemical resistance, good
mechanical strength, high fracture toughness and hard-
ness, large ionic conductivity, low thermal conductivity
at high temperature, and good thermal stability and
resistance to thermal shock. During the last decades an
active research has been undertaken in different labora-
tories, in order to obtain zirconia and zirconia-based
ceramic powders with the required characteristics of
size, purity, uniformity, crystallinity etc. As a result of
the intensive work done, a wide variety of physical and
chemical preparation techniques were found. Among
them there was a zirconium acetate precursor route. In
the literature the zirconium acetate was prepared by the
reaction of zirconium chloride with excess of pure acetic
acid below 80 °C under reduced pressure. If the reac-
tants were allowed to reflux at their boiling points, then
the product obtained was zirconium oxyacetate or a
mixture of tetraacetate and oxyacetate [1,2]. The synth-
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esis of a zirconium oxy-(or oxy-hydroxy)-acetate was
done by dissolving a small amount of zirconium oxy-
chloride or carbonate in a heavy excess of boiling pure
acetic acid, evaporating the resulting solution to a defi-
nite volume, and then cooling and allowing it to stand
for 12 h. The zirconium oxyacetate or the zirconium oxy-
hydroxy-acetate prepared in this way was characterized
as ZT4O3(CH3COO)10‘3H20 or ZI‘zO(OH)(CH3COO)5
2H,0[3]. In this work we have developed a simple
metalorganic precipitation process to obtain a zirco-
nium oxy-hydroxy-acetate with the composition and
structure significantly different from those previously
known. In addition, only by calcining the zirconium
oxy-hydroxy-acetate ZrsO3(OH); (CH3COO);3 -5H,0 a
comparable zirconia can be produced to that formed
from zirconium acetate solution either by desiccation
and pyrolysis [4,5], by boiling under reflux [6] or by
hydrolysis, drying and pyrolysis [7].

2. Experimental
2.1. Materials

Pure acetic acid (>99%), analytical reagent-grade
ammonia and zirconium oxychloride octahydrate were
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obtained from Shanghai Chemical Reagent Plant and
used as received.

2.2. Synthesis

To 100 ml of 2.6 wt.% acetic acid solution was drop-
wise added 5 ml of zirconyl chloride solution (Zr 38.76 g
171 followed by concentrated aqueous ammonia with
constant stirring. At pH 5.0 a white turbidity appeared.
When the pH value approached to 5.8, a significant
turbidity was developed. The resultant precipitate (a
zirconium acetate-complex) was aged for 2 days until
the supernatant became nearly clear, filtered, washed
with deionized water thoroughly, and dried at 70 °C for
56 h in order to make chemical analyses and physical
measurements. The resulting xerogel looked yellowish.

2.3. Analyses and measurements

The zirconium in the zirconyl chloride solution, and
in the dried precipitate, i.e., xerogel also called pre-
cursor, was assayed by inductively coupled plasma-
atomic emission spectroscopy using a IRIS Advantage/
1000 ICP-AES spectrophotometer (Thermo Jarrel Ash
Corporation, USA). The determination of carbon,
hydrogen, nitrogen, and oxygen in the xerogel and its
pyrolysis products was made by a Perkin Elmer SeriesII
CHNS/O Analyzer 2400, USA, and the determination
of chlorine by combustion process using KLY Halogen
Microcoulombmeter, China. The detection limits were
0.3% for carbon, hydrogen, nitrogen, and oxygen, and
0.5% for chlorine, respectively.

Fourier transform infrared spectra for pure acetic
acid and for the xerogel and its pyrolysis products were
recorded on a Bruker Equinox 55 spectrophotometer in
wavenumber 4000-400 cm~! range, with a resolution of
4 cm~! and a scan number of 25. The infrared spectra of
the pure acetic acid, xerogel and its pyrolysis products
were studied by putting a droplet of the acid between
two ZnSe windows, and as powder dispersed in a KBr
pellet, respectively.

The xerogel was examined by differential thermal
analysis (DTA) and thermogravimetric analysis (TGA)
with a thermal analyzer (Universal V2. 4F TA Instru-
ments, USA). These experiments were conducted up to
800 °C with a heating rate of 10 °C min~! in air.

A Bruker-AXS D8 Advance diffractometer (Ger-
many) was used to collect X-ray diffraction (XRD) data
for the structural analysis of the xerogel and its pyr-
olysis products derived from its thermal treatment at
different temperatures. The samples were scanned over a
26 range of 20-90°at a scanspeed of 0.2 sec/step with an
increment 0.02°/step using CuK,, radiation at 40 kV and
40 mA. The identification and quantitation of mono-
clinic (M), tetragonal (T) and cubic (C) zirconia were
accomplished by comparison of the XRD data to the

Powder Diffraction File according to the relationships
used by us previously [8,9]. The amount of tetragonal
phase(T) present in a powder is estimated from the fol-
lowing relationship:
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where Iio00)is the intensity of the tetragonal peak
(200)and I.200) indicates the intensity of the cubic peak
(200). The amount of monoclinic phase (M) present in a
powder is calculated from the following relationship:
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Where Iy111y denotes the intensity of the monoclinic
peak (111), Iy111) refers to the intensity of the tetragonal
peak (111) and Icq i1y represents the intensity of the
cubic peak (111). The crystallite sizes of the crystalline
pyrolysis products were estimated by applying the well-
known Scherrer equation to the half-height widths of
reflections selected from the XRD patterns.

3. Results and discussion
3.1. Infrared features

The structure of the zirconium acetate-complex syn-
thesized in this way can be identified on the basis of its
infrared spectra, X-ray diffraction, thermal and elemen-
tary analyses data. In order to make the infrared
assignments for the zirconium acetate-complex more
reliable we have compared the infrared spectrum of the
zirconium acetate-complex with that of acetic acid.
Fig. 1 presents the infrared spectrum of acetic acid,
showing the following characteristic bands: O-H
stretching around 3053 ¢cm~!, C=O0 stretching around
1714 cm~!, CH; bending and C-O-H bending around
1413 ecm~!, C-O stretching and C-O-H bending around
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Fig. 1. IR spectrum of acetic acid.
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1294 cm~!, the out-of-plane bending of the bonded O—
H around 937 cm~! [10-15]. Fig. 2 exhibits the infrared
spectrum of the zirconium acetate-complex. It is well
accepted that the most significant information about the
mode of coordination of carboxylic acids can be
obtained from the analysis of characteristic frequencies
of carboxyl groups. In the infrared spectrum the band at
3422 cm~! is due to the ~OH stretching vibration in the
acetate molecule. The bands around 1562 and 1422
cm~! are attributed to the asymmetric and symmetric
stretching vibrations of the carboxyl (-COO™) for the
acetate ion, respectively. The frequency separation
between the asymmetric and symmetric carboxyl
stretching vibrations of an acetate group is an indication
of the coordination mode of the acetate ion coordinated
to a metal cation. In general, a bridging bidentate car-
boxylate exhibits a Av value on the order of the free
ionic value of ~160 cm™!. For a chelating carboxylate
the value of Awv is less than 100 cm~!, while unidentate
coordination results in Av value greater than 200 cm™!
[16,17]. In the present case, the frequency separation is
140 cm~!, suggesting that the infrared spectrum for the
zirconium acetate-complex exhibits the bands corre-
sponding to the bridging bidentate acetate ligand.

The infrared spectra of some known zirconium acet-
ates [1] and oxy-hydroxy-acetates [3] did not contain
any intense band in the stretching frequency region
(900-1100 cm~') of most of the metal-oxygen double
bonds [18], thereby indicating the absence of zirconyl
group Zr=0 in these acetates. While Geiculescu et al.
have observed the bands at 957, 1026 and 1055 cm~! for
the zirconium acetate gel containing NO3 ions [19], and
associated the bands with the presence of double bonds
of zirconyl groups Zr=0 in the zirconium acetates, we
presume that the bands may be related to the presence
of nitrogen rather than to the presence of Z, =0O bond
in their zirconium acetate gel, because nitrogen has a
similar atomic weight to that of oxygen, which might
give rise to a similar frequency [18]. Also, the infrared
spectrum of the zirconium acetate-complex under
investigation exhibits a well-defined band at 1026 cm™!
that falls within this region (900-1100 cm™'), but we
ascribe the band to CHj; rocking rather than the zirco-
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Fig. 2. IR spectrum of zirconium acetate-complex ZrsO; (OH);
(CH5CO0);-5H,0.

nyl group (Zr=0), in line with the assignment on zirco-
nium acetates and related compounds [10,17,20,21].
Further, such an assignment of the band can be sup-
ported by taking into consideration that the previous
paper that reported the stretching frequencies of metal-
oxygen double bonds did not deal with zirconium [18§]
and that several published works on some zirconium
compounds have shown that the stretching frequencies
of the Zr=0 bond appear at 877 cm~! [22,23] and
around 780 cm™! [24,25].

Finally, it may be noted by comparing Fig. 1 with
Fig. 2 that two new bands at 650 and 474 cm™!
obviously emerges in the infrared spectrum of the zir-
conium acetate-complex. On the basis of the infrared
band assignments of zirconium acetate [1,21], oxy-
hydroxy acetate [20], related carboxylates [26], oxy-
chloride [27], zirconia [8,28], and other metal carboxy-
lates [10,17,29,30], we associate the two bands with a
deformation mode of acetate group and with Zr-O
stretching vibrations, respectively. Overall, it can be
assumed from the presence of these infrared bands that
the precipitating complex is a basic zirconium acetate-
complex in which an acetate ion is directly bonded to
the zirconium of tetramer [Zrs(OH)g]®* mainly in a
bridging bidentate coordination mode and the resulting
tetramers are linked together by the acetate ions or OH
bridges.

3.2. Thermal behaviour

Investigation of the behaviour of thermal decomposi-
tion of the xerogel may lead to clarification of the com-
position of the precipitating complex prepared by the
present process. Thermogravimetric (TGA), differential
thermal (DTA) and elemental analyses were used to
obtain information about the decomposition behaviour
of the xerogel when it was heated in air.

When the basic zirconium acetate-complex was
heated up to 800 °C in air, the TGA and DTA traces are
shown in Fig. 3. It can be seen that a one-to-one
correlation exists between the DTA and TGA traces,
indicating that the thermal effects are accompanied by
weight losses. The thermal decomposition proceeds in
three steps for the complex. An endothermic peak at
119 °C originates from the dehydration of the dried
precipitating complex, i.e., xerogel. The weight loss of
10.95% observed from the TGA curve arises from the
dehydration. After the dehydration there are two
exothermic peaks at about 396 and 545 °C, and the
corresponding weight losses are 17.38 and 10.19%,
respectively, suggesting that the major fraction of the
precipitating complex should be decomposed in the first
exothermic step. In addition, the TGA curve shows that
a gradual weight loss of the xerogel goes up to 710 °C,
no variation of weight is found above this temperature,
and at 710 °C the initial weight of 61.48% is present in



472 G.-Y. Guo, Y.-L. Chen | Ceramics International 30 (2004) 469475

the final stage as a white powder, attributed to zirconia.
In order to determine the assignments of the two exo-
thermic peaks, we have used X-ray diffraction, infrared
spectroscopy and elemental analyses to follow the
structural modification of the precipitating complex
with the thermal evolution of it.

Figs. 4 and 5 show the X-ray diffraction patterns and
infrared spectra of the xerogel and its pyrolysis products
obtained by heating it at the temperatures 396, 545 and
710 °C corresponding to the exothermic and the final
stages in the DTA and TGA curves. The as-prepared
xerogel is amorphous to XRD. The infrared spectrum
(Fig. 5a) of the xerogel displays the characteristic infra-
red bands of the acetate at 3422, 1562, 1422, 650 and
474 cm~!. Their assignments have been, in detail, dis-
cussed in the above section. The intensities of these

0.05

bands are significantly reduced in the infrared spectrum
(Fig. 5b) of the product obtained by heating the xerogel
at 396 °C, suggesting that most of the precipitating
complex has been decomposed at 396 °C. This result is
in good agreement with that from the above-mentioned
thermal analysis, and supported by elemental analyses.
Elemental analyses reveal that the carbon and hydrogen
contents in the product derived from the first exother-
mic step is much lower than those in the xerogel
(Table 1), indicating that the major fraction of the pre-
cipitating complex has been decomposed in the first
exothermic step. In addition, the product derived from
the first exothermic step has been detected by X-ray
diffraction to be a mixture of cubic and tetragonal zir-
conia (Fig. 4b), in which the cubic and tetragonal pha-
ses account for 66 and 34%, respectively. Therefore, the
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Fig. 4. XRD patterns of the zirconium acetate-complex (a) and its pyrolysis products at (b) 396, (c) 545, and (d) 710 °C.
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Fig. 5. IR spectra of the zirconium acetate-complex (a) and its pyr-
olysis products at (b) 396, (c) 545, and (d) 710 °C.

first exothermic peak may be ascribed to the decom-
position of the major fraction of the precipitating com-
plex, which gives rise to the formation of cubic and
tetragonal zirconia. It is obvious that the crystallization
of zirconia results from the pyrolytic breakdown of the
acetate groups at ca. 396 °C with the evolution of ace-
tone, carbon dioxide and water vapour.

Fig. 5c presents the infrared spectrum of the product
derived from the heat treatment of the xerogel at 545 °C.
It is clear that the bands belonging to the hydroxyl and
the acetate groups almost disappear, indicating that the
second exothermic peak is associated with the decom-
position of the residual precipitating complex. In addi-
tion, elemental analyses show that only 1.23% of
carbon and hydrogen-free remain in the product formed
by the pyrolysis of the xerogel at 545 °C (Table 1), fur-
ther confirming this assignment deduced by the infrared
spectrum. Also, it should be pointed out that the phase
transformation of zirconia occurs in the second exo-
thermic step because the diffractogram (Fig. 4c) of the
product derived from the second exothermic step dis-
plays diffraction peaks corresponding to the partial
transformation of cubic to monoclinic and tetragonal
zirconia, in other words, the diffractogram may be
clearly indexed as a mixture consisting of a small amout
(7%) of monoclinic zirconia as well as the prevalent
cubic (52%) and tetragonal (41%) zirconia.

Finally, the XRD pattern (Fig. 4d) of the pyrolysis
product at 710 °C shows a dominant presence of the
monoclinic phase (61%) as well as a small amount of
the cubic (27%) and tetrogonal (12%) phases. Con-

Table 1
Carbon and hydrogen contents in the xerogel and its pyrolysis pro-
ducts

Heat processing temperature (°C) C (wt.%) H (wt.%)
70 9.76 3.17
396 2.30 0.06
545 1.23 0.00

710 0.05 0.00

sistent with the XRD result, the infrared spectrum
(Fig. 5d) of the pyrolysis product at 710 °C exhibits the
band at 735 cm~! distinctive for the monoclinic phase,
and the bands at 495, 415 and 575 cm~! characteristic of
the tetragonal, cubic and monoclinic phases, whereas
the bands that represent the acetate group completely
disappear. The infrared result is also supported by ele-
mental analyses because they show that the pyrolysis
product at 710 °C becomes essentially complete carbon-
free (Table 1). Therefore, the temperature 710 °C pro-
vided by TGA is sufficient for calcining the xerogel to
zirconia.

It can be realized from the above discussion that as
the temperature for heat-processing the precipitating
complex is increased in the order of 70, 396, 545 and
710 °C, the sequence of phase evolution is found to be
amorphous—cubic and tetragonal—a small amount of
monoclinic—slightly predominant monoclinic phase.
Even for the high calcination temperature 710 °C, only
a part of the cubic and tetragonal phases is transformed
into the monoclinic phase. This is most likely related to
the structure and concentration of the zirconium ace-
tate-complex present in the solution, which are depen-
dent on the pH value of the solution, because a strong
pH dependency has been noticed in the formation,
polymerization, and stoichiometry of some zirconium
acetate complexes [5,6]. In Ref. [3], Z,,O(OH) (CH;COO)s-
2H,0O was prepared by dissolving a small amount of
zirconium oxychloride or carbonate in heavy excess of
boiling pure acetic acid and then evaporating the
resulting solution to a definite volume, suggesting that it
was obtained under a strong acidic condition. In the
present work, Zr;O3(OH); (CH3;COO);-5H,O was syn-
thesized from zirconium oxychloride and acetic acid
solution at pH ca. 6 and ambient temperature, resulting
in the zirconium oxy-hydroxy-acetate containing more
water molecules than that reported in Ref. [3] because in
the present case (pH 6) hydroxyl ions would compete
with acetate ions to form the acetate containing more
hydroxyl and water. In addition, Table 2 shows that on
calcinations at increasing temperature up to 710 °C, the
increment of the crystallite size of the pyrolysis products
is much pronounced and the relatively high monoclinic
content will result. It is known that small crystallite size
favourizes a tetragonal crystalline structure, and that

Table 2
Crystalline size and composition as a function of the temperature for
heat-processing the xerogel

Heat processing  Crystallite size  Crystalline composition (%)
O (nm)

Monoclinic  Tetragonal Cubic

396 243 0 34 66
545 30.4 7 41 52
710 113.1 61 12 27
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the addition of aqueous ammonia provides hydroxyl
ions in the amorphous material, which is conducive in
stabilizing the tetragonal phase against conversion to
the monoclinic polymorph.

The eclemental analysis of the dried precipitating
complex, i.e., xerogel, gave the following results (wt.%):
Zr, 45.54; C, 9.76; H, 3.17; N and Cl, below the respec-
tive detection limit. The rest was referenced to oxygen
(O, 41.53 wt.%). Based on the found values, the xerogel
can be represented as a zirconium oxy-hydroxy-acetate:
Zr,03 (OH); (CH3COO0);3-5H,0, because the zirconium,
carbon, hydrogen and oxygen contents calculated for
the proposed acetate are 45.67, 9.01, 3.25, and 42.05,
respectively, which agree well with the found values. On
the other hand, according to the thermal gravimetric
analysis as described above, the total loss of weight
obtained after the thermal decomposition of the xerogel
up to 710 °C is 38.52%, in other words, the zirconia
content in the xerogel is 61.48%, namely, zirconium is
equal to 45.54%, which is consistent with the found
value from the elemental analysis and with the calcu-
lated one for the proposed acetate. In addition, the
weight loss arisen from the dehydration of the xerogel is
10.95%, as found from TGA, is close to the calculated
value (11.26%) for the coordinated water in the pro-
posed acetate, Zr,O; (OH); (CH3;COO)5-5H,0. In
summary, the composition of the acetate proposed from
the thermal gravimetric and elemental analyses shows
that the xerogel studied is a basic zirconium acetate-
complex, as judged by the infrared spectrum (Fig. 2).
Because above pH 3 hydroxyl ions would compete with
acetate ions, the resulting precipitate may be a hydroxy
acetate complex. This study demonstrates that the zir-
conium oxy-hydroxy-acetate can yield a zirconia com-
parable to that formed from zirconium acetate solution
by the other processes in the literature. Zirconia formed
from zirconium acetate solution at 500 °C either by
dessication and pyrolysis [4,5], by boiling under reflux
[6] or by hydrolysis, drying and pyrolysis [7] exhibits
crystalline size and composition similar to those of zir-
conia produced by the present process, as shown in
Table 2. However, in the literature [1-3] the zirconium
acetate or oxy-hydroxy-acetate was prepared by the
reaction of zirconium chloride with excess of pure acetic
acid below 80 °C under reduced pressure and then
refluxing at the boiling point of the reactant, or by dis-
solving a small amount of zirconium oxychloride or
carbonate in heavy excess of boiling pure acetic acid,
evaporating the resulting solution to a definite volume,
and then cooling and allowing it to stand for 12 h,
whereas we synthesized a novel zirconium oxy-hydroxy
acetate from zirconium oxychloride and acetic acid
solution by a simple metalorganic precipitation process
at a near-neutral pH and ambient temperature. In
addition, only by calcining the zirconium oxy-hydroxy-
acetate a comparable zirconia can be produced to that

formed from zirconium acetate solution either by desic-
cation and pyrolysis [4,5], by boiling under reflux [6] or
by hydrolysis, drying and pyrolysis [7]. In other words,
the present route to a zirconium acetate and zirconia
ceramics may eliminate the need for desiccating or
boiling under reflux a precursor solution for a long
period. It is, therefore, evident that the present process
offers an easy access to a zirconium oxy-hydroxy-
acetate and to zirconia ceramics from it with distinct
advantages in terms of time-and energy-saving and
environmental friendliness.

4. Conclusions

The present process can be considered as a competitive
alternative to the existing synthetic routes to zirconium
oxy-hydroxy-acetate, and offers distinct advantages in
terms of time- and energy-saving and environmental
friendliness. The exact and unequivocal assignments of
the infrared bands for the zirconium oxy-hydroxy-ace-
tate have supplemented the existing knowledge about
the infrared spectra of zirconium acetates, and will be
useful in disentangling the spectra of more complex
molecules containing these groupings. In accordance
with infrared spectral data, we are inclined to conclude
that the precipitating complex is a basic zirconium ace-
tate-complex in which an acetate ion is directly bonded
to the zirconium of tetramer [Zr, (OH)g]®* mainly in a
bridging bidentate coordination mode and the poly-
merization of the resulting tetramers can occur either
through a COO™~ group or through OH™ bridges. Also,
the precipitating complex is identified as a new zirco-
nium oxy-hydroxy-acetate Zr,O; (OH); (CH;COO);-
5SH,O by X-ray diffraction, differential thermal, ther-
mogravimetric and elemental analyses, confirming the
conclusion from the infrared study. Thermogravimetric
and elemental analyses shows that the major fraction of
the precipitating complex has been decomposed at
396 °C, resulting in a mixture of cubic and tetragonal
zirconia, of which only a part will be transformed into
monoclinic zirconia even at high calcination tempera-
ture 710 °C, as evidenced by X-ray diffraction study.
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