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Synthesis and Characterization of Ultrafine Crystals of Zirconia

and Titania by the Solvothermal Reactions
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Zirconia and titania ceramics possess excellent physical and chemical properties and can be found wide

application as functional materials. In order to use these ceramics in industry it is important to develop the

technology to synthesize the powders with well-controlled stoichiometry, purity, agglomeration state, particle size

and crystallinity. From the view point of economy and environmental problem it is also required to develop

energy and resource saving and environmentally friendly technologies for the production of materials. The

solvothermal process has all the advantages of wet-chemical processes, which are suitable to control the

stoichiometry, purity, agglomeration state, particle size, crystallinity of products. The objectives of the present

study is to design and develop new techniques for the preparation of advanced inorganic materials such as

zirconia and titania via solvothermal reactions in aqueous and / or nonaqueous solvents. The results of the

investigations were summarized as follows:

CHAPTER 1 General Introduction
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Chapter 1 surveyed the basic physical chemistry, application and theories of zirconia and titania ceramics;
mentioned the chemical synthesis of ceramic powders, advantages of solvothermal reaction and its application on

the synthesis of ceramics; clarified the purposes of the present study.

CHAPTER 2 Crystallization and Characterization of Ceria and Yttria Co-Doped Zirconia

Chapter 2 described the crystallization behavior of amorphous ZrO, gels in air and liquid media such as
water, n-hexane, and methanol over a range of temperatures. The kinetics of crystallization in water, n-hexane
and methanol could be adequately described by the surface chemical reaction controlled shrinking core model
with activation energies of 40.4, 44.8, and 52 kJ mol™, respectively. Softly agglomerated CeO, and Y,0, co-doped
zirconia powders were fabricated by crystallizing amorphous gels of the mixtures of end members and intermediate
compositions along with the tie-lines joining 12 mol% CeO,-doped ZrO, (12Ce-88Zr0,) to 2 mol% Y,0,-doped
Zr0O, (2Y-98Zr0,) and 12Ce-88Zr0O, to 3 mol% Y,0,-doped ZrO, (3Y-97Zr0O,) in supercritical methanol at
250°C for 5 h and supercritical drying. The powders could be sintered to full theoretical density at low
temperature around 1200°C. 12Ce-88Zr0,/2Y-98Zr0, and 12Ce-88Zr0,/3Y-97ZrO, alloys containing less than
25 mol% 2Y-987Zr0, and 3Y-97ZrO, caused no noticeable tetragonal to monoclinic phase transformation by
annealing in water at 200°C for 50 h. 12Ce-88ZrO,/2Y-98ZrO, and 12Ce-88Zr0,/3Y-97Zr0, alloys containing
10 mol% 2Y-98Zr0O, and 25 mol% 3Y-97ZrO,, respectively, possessed excellent mechanical properties and

thermal stability of tetragonal phase in moist atmosphere.

CHAPTER 3 Crystallization and Characterization of Ceria and Yttria Co-Doped Zirconia / Alumina
Composites

In Chapter 3, Ceria and yttria co-doped tetragonal zirconia (Ce, Y-ZrO,)/alumina composites containing
5-30 mol% alumina were fabricated by low temperature sintering at 1200-1400 °C using powders prepared by
crystallizing amorphous gel precursors in supercritical methanol at 250 °C for 5 h and supercritical drying. Two
compositions, one containing 10.8 mol% CeQ, and 0.2 mol% Y ,0,, designated as (10.8Ce, 0.2Y)-ZrO,, and other
containing 9.0 mol% CeO, and 0.75 mol% Y,0,, designated as (9Ce, 0.75Y)-ZrO,, were used as end members for
the preparation of the composites. The addition of alumina inhibited grain growth of zirconia during sintering
and reduced the sinterability but improved the thermal stability of tetragonal zirconia in moist atmospheres. The
fracture strength and fracture toughness values of (10.8Ce, 0.2Y)-ZrO,/Al,0O, composites were higher than those

of (9Ce, 0.75Y)-Zr0,/Al1,0, Composites of (10.8Ce, 0.2Y)-ZrO, /5 ~ 10mol% Al O, sintered at 1300°C for S h
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possessed excellent fracture strength, fracture toughness and thermal stability of tetragonal phase in moist

atmosphere.

CHAPTER 4 Crystallization and Characterization of Ceria and Alkaline Earth Metal Oxide Co-Doped
Zirconia

| In Chapter 4, cheaper MgO and CaO were used as stabilizer in Ce-ZrO, instead of more expensive Y,0,.
CeO, and MO (M=Mg, Ca) co-doped zirconia powders were prepared by crystallizing amorphous gels of the
mixtures of end members and intermediate compositions along the tie-lines joining 12 mol% CeO, doped ZrO,
(12Ce0,-88Zr0,) to 9 mol% MgO doped ZrO, (9Mg0-91Zr0, ) and 12Ce0,-88Zr0, to 12 mol% CaO doped
710, (12Ca0-88Zr0,) in supercritical methanol at 250°C for 5 h and supercritical drying. The compacts of
(CeO,, MO)-ZrO, powders were sintered to almost theoretical density at low temperature (1200 ~ 1250°C).
Sintered bodies consisting of 10~15 mol% 9MgO-91ZrO, or 25 mol% 12Ca0-88ZrO, possessed excellent
mechanical properties and showed no noticeable tetragonal to monoclinic phase transformation on annealing in

water for 50 h at 200°C .

CHAPTER 5 Preparation of Porous Ceria-Doped Tetragonal Zirconia Ceramics by Capsule Free Hot
Isostatic Pressing

Chapter 5 investigated the normal sintering and capsule free hot isostatic pressing (HIPing) of 12CeO,-
88Zr0O, powder at 1100 ~ 1200°C using different starting powders. The sintering mechanism of capsule free
HIPing was proposed. Porous 12CeQ,-88ZrQ, ceramics with ~35 % open porosity, micropore diameter of ~23
nm and a narrow pore size distribution were fabricated by capsule free hot isostatic pressing at 1100°C using the
powders crystallized in methanol followed by supercritical drying. The porosity increased with decrease in

HIPing temperature and was accompanied by a steady decrease in fracture strength.

CHAPTER 6 Crystallization and Characterization of Titania Powders

Chapter 6 described the crystallization behavior of amorphous titania gels which prepared by dissolving
TiCl, to NH ,OH-CH,0H-H,0 mixed solution and hydrolysis of titanium(IV) tetraisopropoxide. Microcrystalline
anatase was fabricated by crystallizing amorphous TiQ, gels in methanol, n-hexane and water at 140 ~ 200°C
which were much lower than the crystallization temperature in air. The kinetics of crystallization in water,

n-hexane and methanol could be adequately described by the surface chemical reaction controlled shrinking core
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model with activation energies of 89.1, 88.0, and 206 kJ mol”, respectively. Crystallization in water was much
faster than in methanol and n-hexane, but the sinterability of powder prepared in water was poorer than that
prepared in organic solvents. The addition of requisite amounts of water to organic solvents was found useful in
promoting crystallization of gel without loss of powder sinterability. The crystallite size of anatase prepared in
water was larger than that prepared in organic solvents. The crystallized powders were capable of efficient
hydrogen evolution following band gap irradiation in the presence of a sacrificial hole acceptor such as methanol.

The photocatalytic activity of powder crystallized in methanol was superior to those prepared in water and air.

CHAPTER 7 Photocatalytic Properties of Titania Prepared by the Solvothermal Reactions of Protonic
Layered Tetratitanate
Chapter 7 investigated the phase transformation behavior of the protonic layered tetratitanate, H,Ti,O, *

nH,0, in air, water, methanol and ethanol. H,Ti,O, * nH,O transformed in steps to H,Ti;O,,, monoclinic TiO,,
anatase and rutile. All products remained fibrous morphology similar to that of K,Ti,O, used as a starting
material, however, the phase transformation temperature and the microstructure of the products changed significantly
depending on the heating environment. Nanosize crystals of TiO, possessing high crystallinity could be obtained
by the solvothermal reactions using water, methanol and ethanol as reaction media. The photocatalytic activity of
titania prepared by solvothermal reactions in water and alcohols at 200 ~ 325°C was much higher than that
prepared by calcination in air. The solvothermal reactions using methanol and ethanol were much more efficient
in increasing the photocatalytic activity than when water was used. When the titania formed By the solvothermal
reaction in methanol was heated in air, the photocatalytic activity decreased with increasing temperature; however,
' the powders possessed higher photocatalytic activity than those produced directly by calcining the protonic

layered tetratitanate at the same temperature without a solvothermal treatment.

CHAPTER 8 Summary and Conclusions

Chapter 8 summaried the main conclusions. In the present thesis, the solvothermal reaction process is
established as a new method for preparation of ultrafine ceramic powders with soft agglomeration and high
crystallinity. The zirconia and titania powders prepared by solvothermal reactions exhibit excellent physical and
chemical properties. It is expected that the solvothermal reaction method will be widely applied in preparation of

various functional materials.
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