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High temperature–pressure synthesis of Ti-doped tohdite
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Abstract

Hydrous Al2O3–TiO2 (78:22 in molar ratio) gel was fired at various P–T conditions using a piston-cylinder apparatus and identified by XRD,
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TIR, optical microscopy and electron microscopy. Below 675 ◦C, the sample remained amorphous at ambient pressure, yet transformed at
.5 kbar to Ti-doped tohdite, which is elongated along the crystallographic c-axis, with well-developed (0 0 0 1) base and {1 0 1 0} ledges.
ohdite has a significant water/hydroxy content and is therefore susceptible to pore coalescence parallel to the basal layer upon electron
osage. Tohdite also contains Ti4+ up to 3 at.%, which replaces Al3+ in tetrahedral and/or octahedral sites to form superstructures and defect
icrostructures. In contrast, a higher T–P condition (above 675 ◦C and 8 kbar) caused the formation of more stable Ti-doped corundum, which

s hexagonal-rhombohedral in shape and in epitaxial association with rutile nuclei. Ti-doped tohdite and corundum shed light on a sol–gel
oute for their occurrence in peraluminous metamorphic rock. The nanoporous and nanodelaminated tohdite may have potential catalytic
pplications.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Alumina hydrates, namely gibbsite, bayerite, nordstran-
ite, boehmite, diaspore and tohdite, are the main precursors
f various alumina polymorphs including the �-form, i.e.
orundum with the packing of oxygen anions in hexagonal
lose packed scheme.1,2 (Refer to Ref. 2 for the structure and
tability of aluminum hydroxides from the theoretical view-
oint.)

Tohdite is Al2O3·0.2H2O with hexagonal crystal struc-
ure (space group P63mc) originally named for a synthetic
roduct.3 It can be hydrothermally synthesized in the corun-
um T–P stable region4–6 and transforms to corundum via
ntermediate phases, i.e. �′-Al2O3 and then �-Al2O3.7 Miner-

∗ Corresponding author. Tel.: +886 7 5252000 4060; fax: +886 7 5254099.
E-mail address: pshen@mail.nsysu.edu.tw (P. Shen).

alizers were known to modify the shape of tohdite, e.g. hexag-
onal plates in the presence of aluminum fluoride4 and needles
in the presence of titanium sulfate.6 Tohdite in the form of
nano crystallites embedded in an amorphous structure, was
synthesized by ultrasonic spray pyrolysis in the presence of
water mist.8 Recently, we reported the discovery of natural
Ti-bearing tohdite as submicrometer-size inclusions in garnet
from whiteschist of the Kokchetav ultrahigh-pressure terrane,
Kazakhstan.9

Ti-doped corundum has superior mechanical, thermal,
optical, electrical and chemical properties for wide appli-
cations as microelectronics, optoelectronic devices, lasing
crystals10 and protective coatings on various substrates.11

The asterism (star effect) in gem-quality star sapphire
has long been known to be corundum associated with Ti
impurities forming twin variants of titania via a solid state
precipitation process.12 It is however not clear whether

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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titania is genetically related to Ti-doped tohdite and/or
corundum in a sol–gel process.

The motivation for the present synthesis of Ti-doped
tohdite and corundum from hydrous Al2O3–TiO2 gel at
high temperature and pressure is three-fold. Firstly, to link
crystalline alumina hydrates and alumina to paleosols and
metamorphism of hydrous gel at crustal depths. Secondly, to
clarify the catalytic effect, if any, of Ti ion and/or TiO2 on
the nucleation of Ti-doped tohdite or corundum. Thirdly, to
characterize the morphology and defect microstructures of
Ti-doped tohdite and corundum that are of concern to the
science and technology of alumina hydrates and alumina.13

2. Experimental procedure

2.1. Materials

The (hydrothermal) high T–P experiments were carried
out by first synthesizing a Al2O3–TiO2 (78:22 in molar ratio
or 82:18 in weight ratio) gel after the method of Montoya
et al.14 In this sol–gel route, acid co-hydrolysis of precur-
sors, i.e. aluminum tri-sec-butoxide Al(OBus)3(ATSB) and
titanium(IV) tetrabutoxide Ti(OBun)4(TTB), was conducted
in isopropanol solvent. Aluminum and titanium alkoxides
were dissolved in 300 ml of isopropanol at 25 ◦C. The mix-
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sample numbers in Table 1) using a 1/2-in. piston. The chosen
P–T conditions fall into the range of amphibolite to granulite
facies metamorphism. The furnace assembly was constructed
from graphite, talc and pyrophyllite. The pulverized gel was
sealed in gold capsules with or without 10 wt.% addition of
H2O and then subjected to high T–P conditions. The temper-
atures, measured with chromel-alumel thermocouples, were
accurate to ±10 ◦C. The hydraulic pressure was measured
using a Heise gauge. All runs were brought to 2 kbar above
the desired experimental pressure at room temperature. Then
the pressure was adjusted to the experimental pressure after
raising the temperature to the experimental temperature. The
reported pressure is nominal. The gel powder under high T–P
and hydrothermal conditions was not sintered, i.e. it remained
as a loose aggregate, ready for phase identification by pow-
der X-ray diffraction (XRD) in the 2θ range of 10–70◦ using
a D-5000 Siemens diffractometer with Cu K� radiation at
40 kV and 30 mA.

FT-IR spectroscopy (BRUKER IFS 66 v/s, resolution
<0.25 cm−1, spot size 1.2× the current aperture diame-
ter, SiC glowbar as black body emitter, frequency range
7500–370 cm−1, operation vacuum <3 mbar inside the optics
bench) was used to characterize OH bands of Ti-doped tohdite
mixed with KBr. Optical microscopy under plane polar-
ized light and scanning electron microscopy (SEM, using a
JSM-6400 instrument coupled with energy-dispersive X-ray
(
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ure was maintained under vigorous stirring for 3 h, followed
y the dropwise addition of water. Isopropanol and HNO3
olution, with specific reactants, were used in order to obtain
he following molar ratios: HNO3/(ATSB + TTB) = 0.2;

2O/(ATSB + TTB) = 20; ROH/(ATSB + TTB) = 75 where R
enotes radical. Beyond the gelation point, the material was
ged without agitation for 4 days, and heated in oven for
h (at a final temperature of 85.5 ◦C) to form wet gel with
8 wt.% TiO2 in solid solution.

.2. Methods

Experiments were further performed in a piston cylinder
pparatus at various T–P conditions (500 ◦C and 1.5 kbar,
75 ◦C and 8.5 kbar, 800 ◦C and 9 kbar) for up to 72 h (cf.

able 1
igh T–P experimental results of hydrous Al2O3–TiO2 gel determined by X

ample T (◦C) P (kbar) t (h)

1 500 1.5 40
2 500 1.5 40
3 675 8.5 72
4 675 8.5 72
5 800 9 72
6 800 9 72
7 800 Ambient 12
8 500 1.5 2
9 500 1.5 2
10 675 8.5 1
11 675 8.5 1
a Optional 10 wt.% H2O dilution.
EDX) operated at 20 kV with a collector receiving counts
t 36◦ to the top surface of the specimen holder) were used
o study the microstructure and composition of the phases.
he point count EDX analyses were also performed at 15 kV
ith a sintered specimen as standard to ensure that the semi-
uantitative determination of the Ti or Al content in the phases
s accurate within ±1 at.%. Analytical electron microscopy
AEM, JEOL3010 instrument operating at 300 kV) coupled
ith point-count EDX analysis at a beam size of 10–15 nm
ere used to determine local composition. The EDX anal-
sis was performed using K shell counts for Al, Ti and
, and the ratio method without absorption correction.15

ransmission electron microscopy (TEM) was used to take
right field image, dark field image and selected area electron
iffraction (SAED) patterns for the identification of crys-

2Oa Phases in the order of increasing content

s Anatase, rutile, tohdite
o Anatase, rutile, tohdite
s Rutile, �-Al2O3, �-Al2O3

o Rutile, �-Al2O3, �-Al2O3

s Rutile, �-Al2O3

o Rutile, �-Al2O3

o Rutile, �-Al2O3

s Rutile, anatase, nordstrandite, tohdite, �-Al2O3,boehmite
o Boehmite, rutile, nordstrandite, �-Al2O3, tohdite, anatase
s Nordstrandite, �-Al2O3, tohdite, rutile, anatase

o Nordstrandite, �-Al2O3, tohdite, rutile
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talline phases and their defect microstructures. The sample
grains are generally too thick to allow for conventional thin-
film diffraction contrast. Nevertheless, the structure, shape
and epitaxial crystallographic relationship of the crystalline
phases, which are the foci of this study, were unambiguously
determined by TEM. The thin areas at the corners and edges
of the tohdite grains also gave valuable information of their
cracking/coalescence behavior.

3. Results

3.1. XRD

XRD indicated that the sample remained amorphous up
to 500 and 675 ◦C, but transformed to rutile, and �-Al2O3
(JCPDS file 46-1131) when fired at 800 ◦C under ambient
pressure (not shown). This is consistent with the previous
DTA report that the sol–gel Al2O3–TiO2 remains amorphous
up to ca. 780 ◦C under ambient pressure.14 (The typical DTA
results gave an exothermic peak i.e. crystallization event at
840 ◦C for the sample with 86 wt.% Al2O3 and 14 wt.% TiO2,
and 782 ◦C for the sample with 56 wt.% Al2O3 and 44 wt.%
TiO2.14)

Under high P–T conditions, however, the hydrous gels
transformed to crystalline aluminum hydrates, alumina and
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Fig. 1. X-ray diffraction (Cu K�) traces of hydrous Al2O3–TiO2 gel fired at
various T–P and water dilution conditions specified in Table 1: (a) prolonged
experiments for ≥12 h, samples #1–#7, (b) additional short experiments for
≤2 h, samples #8–#11. Notations: alumina (�-, �-, �- and �-type), tohdite
(T), nordstrandite (N), boehmite (B), rutile (R), anatase (A). Gold (Au) and
Au2O3(Au2) are due to contamination from capsule.

(JCPDS file 10-0414), but 30:50 for �-Al2O3 (JCPDS file
10-173).) The present �-Al2O3 has a smaller lattice param-
eter (a = 0.4750 nm, c = 1.2980 nm) and a larger c/a ratio
(c/a = 2.733) than that of JCPDS file 10-173 (a = 0.4758 nm,
c = 1.2991 nm, c/a = 2.730), indicating a significant Ti disso-
lution in a corundum structure. The samples fired at 9 kbar
and 800 ◦C for 72 h contain rutile and �-Al2O3 regardless of
H2O dilution (Fig. 1a).

Additional experiments conducted for a short time at
relatively low P–T conditions, i.e. 500 ◦C, 1.5 kbar for
2 h and 675 ◦C, 8.5 kbar for 1 h (Fig. 1b), showed that
boehmite and/or nordstrandite transformed to tohdite and
anatase changed to rutile. The identification of these and
additional metastable aluminum hydrates and alumina was
based on JCPDS files: boehmite (AlO(OH), JCPDS file21-
1307), nordstrandite (Al(OH)3, JCPDS file 24-0006), �-
Al2O3 (JCPDS file 34-0493). (According to Ref. 6 boehmite
and even �-Al2O3can transform to tohdite under hydrother-
mal conditions.) It is noteworthy that the presence of addi-
tional H2O in such synthesis conditions facilitated the crystal-
itania with or without 10 wt.% H2O dilution, as indicated
y XRD traces in Fig. 1. The specific phases obtained in the
rder of increasing content were compiled in Table 1. Occa-
ionally contamination by the Au capsule was shown by the
RD peaks of Au (JCPDS file 04-0784) and Au2O3 (JCPDS
le 43-1039). In general, water dilution of the hydrous gel
ad little effect on the phase assemblages for a long experi-
ental time at high P–T conditions (i.e. samples #1–#7 in
ig. 1a), but facilitated significantly the crystallization of
luminum hydrates for a short experimental time at rela-
ively low P–T condition (i.e. samples #8–#11 in Fig. 1b)
s addressed respectively in the following.

Anatase, rutile and tohdite were found for the sample
red at 1.5 kbar and 500 ◦C for 40 h regardless of H2O dilu-

ion (Fig. 1a). Tohdite has a hexagonal structure with lattice
arameters similar to those that were hydrothermally synthe-
ized at 0.8–1.5 katm and 480–520 ◦C in the presence of min-
ralizer (JCPDS file 22-1119, a = 0.5575 nm, c = 0.8761 nm
nd c/a = 1.571).6 The d-spacings and structure refinement
ndicated that tohdite has a = 0.5571 nm and c = 0.8759 nm
hen synthesized from hydrous gel, and a = 0.5584 nm and
= 0.8788 nm when synthesized with extra H2O. In both
ases, there is the additional effect of Ti dissolution on the cell
arameters as discussed later. The samples fired at 8.5 kbar
nd 675 ◦C for 72 h contain rutile, �-Al2O3 and �-Al2O3
egardless of H2O dilution in the synthesis (Fig. 1a). The iden-
ification of �-Al2O3and �-Al2O3was based on the relative
ntensity of the two peaks at 0.140 and 0.137 nm, the former
eing stronger for �-Al2O3 but weaker for �-Al2O3. (The
elative intensity I/I1of the two peaks is 100:50 for �-Al2O3
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Fig. 2. FT-IR spectrum of Ti-containing tohdite in sample #2, showing bands
at 3269 and 1089 cm−1 for the OH stretching and deformation modes, respec-
tively. The Ti free tohdite synthesized at 1000 atm and 480 ◦C has bands
at 3260 and 1140 cm−1 for the OH stretching and deformation modes,
respectively.5 A higher frequency for OH stretching, yet lower frequency
for OH deformation in the present sample may be due to a higher synthesis
pressure and/or Ti content. Extra absorption at 779 and 630 cm−1 can be
attributed to Al-doped anatase having slightly higher wave numbers than
undoped anatase, i.e. 739 and 611 cm−1, respectively.17

lization and polymorphic change of both aluminum hydrate
and titania in the incipient stage.

3.2. FT-IR spectrum

Ti-dissolved tohdite synthesized at 1.5 kbar and 500 ◦C
for 40 h without additional H2O showed IR bands at 3269
and 1089 cm−1 for the OH stretching and deformation
modes, respectively (Fig. 2). The Ti-free tohdite synthe-
sized at 1000 atm and 480 ◦C showed bands at 3260 and
1140 cm−1 for the OH stretching and deformation modes,
respectively.5 The OH deformation band can be assigned to
a bulk OH group16 whereas the broad OH stretching band
with a relatively high wave number, i.e. above 3260 cm−1,
can be attributed to water molecules analogous to the assign-
ment (near 3400 cm−1) for poorly crystalline boehmite.16

A higher frequency for OH stretching, yet lower frequency
for OH deformation in the present sample, may be due
to a higher synthesis pressure (1.5 kbar) and/or the Ti dis-
solution. Additional absorption at 779 and 630 cm−1 can
be attributed to Al-doped anatase having slightly higher
wave numbers than undoped anatase, i.e. 739 and 611 cm−1,
respectively.17
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3.3. Optical polarized microscopy

Fig. 3a shows the representative optical micrograph of rod-
like tohdite formed under 500 ◦C and 1.5 kbar for 2 h with
ig. 3. Optical micrographs of crystalline aluminum hydrate/alumina and
itania formed under specified P–T conditions: (a) rod-like tohdite in sample
8, (b) rod-like rutile in epitaxial association with hexagonal corundum in
ample #5, (c) geniculated twin of rutile in epitaxial association with hexag-
nal corundum in sample #6. Panel (a) was taken under open polarizer,
hereas panels (b) and (c) under crossed polarizers with additional � plate

o show otherwise unrecognized corundum in extinction orientation.
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10 wt.% H2O addition. The high relief under open polar-
izer (Fig. 3a) and low birefringence under crossed polariz-
ers (not shown) are in accord with the reported refractive
indices ω = 1.738–1.748, ω − ε < 0.01.4 The rod-like rutiles
with a high birefringence, length-slow and parallel extinction
were found to be in association with hexagonal corundum
as viewed in extinction orientation under crossed polariz-
ers for the sample fired at 800 ◦C and 9 kbar for 72 h in the
presence of additional 10 wt.% H2O (Fig. 3b). Geniculate
twins of rutile and hexagonal-rhombohedral �-Al2O3 were
also observed for the sample fired at 675 ◦C and 8.5 kbar for
72 h unaffected by the absence of H2O (Fig. 3c). The sample
fired at 800 ◦C under ambient pressure contained �-Al2O3
and rutile according to XRD. Gel devitrification of this sam-
ple was indeed manifested by interference color; however,
the individual crystallites were too small to be resolved by
optical microscopy (not shown).

3.4. SEM

SEM image of the samples fired at 500 ◦C/1.5 kbar for
40 h without the addition of H2O (Fig. 4a) indicated that
tohdite typically formed rugby-like rods ca. 1 �m in width
and 5 �m in length. The samples fired at 675 ◦C/8.5 kbar for
40 h (Fig. 4b) and 800 ◦C/9.0 kbar for 72 h (Fig. 4c) typically
showed hexagonal-rhombohedral �-Al O ca. 2∼50 �m in
s
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Fig. 4. SEM micrographs of crystalline aluminum hydrate/alumina and tita-
nia formed under specified P–T conditions: (a) SEI of rod-like tohdite ca.
1 �m in width and 5 �m in length in sample #2, (b) BEI of rod-like and
geniculate twinned rutile and hexagonal-rhombohedral corundum in sample
#4, and (c) SEI of geniculate twinned rutile and hexagonal-rhombohedral
corundum in sample #6.

the basal layers and the growth ledges at lateral faces (1 0 1̄ 0)
can be accounted for by the enrichment of OH− and/or H2O
along the (0 0 0 1) and (1 0 1̄ 0) planes (cf. Appendix A).

The �-Al2O3 typically formed hexagonal-rhombohedra
with well-developed (1 1 2 0), (0 1̄ 1 2̄) and (1 0 1 2) faces
as shown edge-on in the [2 2̄ 0 1] zone axis (Fig. 7a) for
the representative sample fired at 675 ◦C and 8.5 kbar for
2 3
ize, which were penetrated by rutile in the form of rods or
eniculate twins. There are ca. 2 ± 1 at.% Ti in tohdite and
-Al2O3 and ca.3 ± 1 at.% Al in rutile according to point-
ount EDX analysis (not shown), consistent with the AEM
nalysis addressed later.

.5. TEM

The SAED pattern of tohdite in the [1 1̄ 0 0] zone axis
riginally showed no extra spots (Fig. 5a). A tohdite rod is
lways elongated along its crystallographic c-axis and has a
ell-developed (0 0 0 1) face and {1 0 1̄ 0} faces as shown by
FI of the examples in end-on view (Fig. 5b) and side view

n the [1 2 1̄ 0] zone axis (Fig. 5c). Upon electron irradiation,
he tohdite (1 0 1 0) diffraction became dimmed in the [1 2 1̄ 0]
one axis (Fig. 5d), which can be attributed to the epitaxial
ehydration product of tohdite, i.e. �-Al2O3 (a = 0.469 nm,
= 0.818 nm, c = 0.887 nm, space group Pna21,18,19) follow-

ng specific crystallographic relationship to tohdite (denoted
s t): [1 2 1 0]t//[0 1 0]�; (0 0 0 1)t//(0 0 1)�.

The tohdite rods showed growth ledges (Fig. 6a) and pores
Fig. 6b) and microcracks parallel to the basal layers (Fig. 6c)
s represented by the sample fired at 500 ◦C and 1.5 kbar for
0 h with additional 10 wt.% H2O. The nano and microcracks
ended to coalesce to form large cracks with resultant delam-
nated nanosheets parallel to the basal layer upon electron
rradiation for minutes (Fig. 6d). This cracking/coalescence
ehavior is analogous to the dehydroxylation of interstrati-
ed phyllosilicates20 or the dehydration of gibbsite to form
ores and �-Al2O3.21 The well-developed microcracks along
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Fig. 5. TEM of tohdite in sample #2. (a) SAED pattern of tohdite in [1 1 0 0] zone axis. (b and c) BFIs of tohdite in end-on ([0 0 0 1] zone axis) and side view
([1 2 1 0] zone axis) orientation, respectively. (d) SAED pattern of tohdite (denoted as t) in the [1 2 1 0] zone axis upon electron irradiation to form �-Al2O3

(denoted as �) following specific crystallographic relationship: [1 2 1 0]t//[0 1 0]�; (0 0 0 1)t//(0 0 1)�. Note (0 0 1)� and (0 0 0 1)t are double diffractions according
to the space group selection rule of Pna21 and P63mc, respectively.

72 h with 10 wt.% H2O. These faces are all about the Wulff
shape of crystal due to a beneficial lower (h k l)-specific sur-
face energy.22 Geniculated twins of rutile and corundum, as
revealed by optical microscopy under plane polarized light in
Fig. 3c, were further characterized by TEM BFI and SAED
pattern to follow a specific crystallographic relationship, i.e.
[0 0 1]R//[0 0 0 1]�; (0 1 1)R//(1 2 1 0)� (Fig. 7b).

Point count EDX analysis indicated that tohdite has ca.
3 at.% Ti in solid solution as represented by the sample fired at
500 ◦C and 1.5 kbar for 40 h without additional H2O (Fig. 8a).
Previous determination by the colorimetric analysis method
for the samples synthesized at 480–520 ◦C and 800–1500 atm
gave similar results.6 �-Al2O3has ca, 2 at.% Ti in solid solu-
tion as indicated by the sample fired at 675 ◦C and 8.5 kbar for
72 h with additional 10 wt.% H2O (Fig. 8b). Rutile, which is
stable at 800 ◦C and 9.0 kbar, was found to contain ca. 2 at.%
Al (Fig. 8c).

4. Discussion

4.1. Catalytic nuclei and energetics for tohdite and
corundum

It is unclear whether or not the tohdite formation in the
hydrous Al O –TiO gel is a nucleation and growth process,
a
t
f
e

minum hydroxide to form tohdite. Their theory accounts for
difficulty of tohdite production by simple dehydration of alu-
minum hydroxide at a low water vapor pressure. Only under
conditions of hydrothermal synthesis tohdite may be formed.
It is also noteworthy that the structure of tohdite is the only
one (among aluminum hydrates) in which simple hydrogen
jumps are not sufficient to generate internal water molecules.
Hydrogen atoms have to diffuse into the structure to form
H2O groups, which tend to be removed upon calcination.28

Tohdite formation has nothing to do with crystalline
titania, yet may possibly be catalyzed by Ti4+, because
of its coordination and polymerization effects in the
Al2O3–SiO2–ZnO melts23,24 or gel.25 Tohdite in the form
of nano crystallites embedded in an amorphous structure,
was synthesized by ultrasonic spray pyrolysis in the pres-
ence of water mist.8 This implies that tohdite was stabilized
in a nanosize regime analogous to �-Al2O3 having a lower
surface energy and higher entropy due to cation occupancy
in both the tetrahedral and octahedral sites. The domination
of �-Al2O3 at nanosize is due to its lower surface energy yet
higher entropy than �-Al2O3.26 (�-Al2O3 has fair random
distribution of Al3+ and vacancies over tetrahedral and octa-
hedral sites in the spinel-type structure, whereas �-Al2O3 has
all Al3+ in octahedral sites.26) Ti dopant may further increase
the configurational energy of tohdite.

As for the corundum formation in the present system, it is
a
a
r
t

2 3 2
n ordering reaction or some form of spinodal decomposi-
ion. In any case, a hydrous sol–gel component is essential
or the present formation of tohdite. Theoretically, Mathieu
t al.28 declared that there is no temperature range for alu-
pparently an epitaxial nucleation and growth process taking
dvantage of the catalytic effect of titania. In fact, the present
utile crystallized first as rods and geniculated twins, which
hen acted as heterogeneous nuclei27 for the epitaxial nucle-
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Fig. 6. TEM (BFI) for defect microstructures of tohdite in sample #1: (a) growth ledge (denoted by an arrow), (b) nanopores indicated by an arrow, (c) nano-
to micro-cracks (light) and delaminated nanosheets (dark) parallel to the basal layers, (d) a large microcrack (arrow) formed by coalescence of the smaller ones
parallel to the basal layer during electron irradiation for minutes.

ation of Ti-doped �-Al2O3. Rutile was indeed formed before
�-Al2O3 upon short firing at 675 ◦C and 8.5 kbar, analogous
to ambient pressure segregation of titania component from
sol–gel Al2O3–TiO2 mixed oxides to form rutile nuclei which
induces further formation of �-Al2O3 at high temperature.14

4.2. Transient phases at specific T–P path

Fig. 9 is a tentative time–temperature-transformation
(TTT) diagram showing the evolution of alumina
hydrate/alumina phase assemblages observed at speci-
fied pressures and temperatures. The onset devitrification of
hydrous sol–gel Al2O3–TiO2 at relatively low temperature
and pressure (∼500 ◦C and 1.5 kbar) caused the formation
of �-Al2O3, tohdite, nordstrandite, boehmite, and titania in
the form of anatase and rutile (Table 1). Tohdite appeared
to form at the expense of more hydrated species upon

further dwelling under such a low grade T–P condition. A
higher T–P path (above ca. 675 ◦C and 8 kbar) caused direct
formation of less hydrated alumina species, i.e. tohdite
and nordstrandite in the incipient devitrification stage and
�-Al2O3 and �-Al2O3 after a longer dwelling time (cf.
Fig. 9 and Table 1).

The evolution of transient alumina hydrate/alumina phases
was little affected by the presence of additional water except
at relatively low temperature and pressure (cf. Table 1). The
observed transformation route is consistent with the reported
sequence.4,6,7 Tohdite, in particular, has been suggested by
Yamaguchi and others.4,6 as an intermediate phase of corun-
dum for the system Al2O3·H2O. Okumiya et al.,7 showed
further that tohdite dehydrated as �-Al2O3via intermediate
�′-Al2O3 and then �-Al2O3. Tohdite could also be an inde-
pendent phase of corundum because they are not found to
associate with each other epitaxially in the present study.
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Fig. 7. TEM BFI and inset SAED pattern of (a) typical hexagonal-
rhombohedral corundum in [2 2 0 1] zone axis with well-developed (1 0 1 2),
(1 1 2 0), and (0 1 1 2) faces edge-on, in sample #3, and (b) epitaxial rutile
and corundum in [0 0 1] and [0 0 0 1] zone axis, respectively in sample #4.

4.3. Superstructure and defects of Ti-doped tohdite

The present hydrous sol–gel Al2O3–TiO2 fired at various
T–P conditions showed decomposition defect microstruc-
tures for tohdite but not corundum despite nearly the same
dopant level of Ti and common hexagonal symmetry with
close-packed oxygen ion layers. This is due to significant
amounts of H2O in the former but not the latter. In fact,
infrared absorption spectra indicated the presence of water
molecules with characteristic band at 3269 cm−1 for tohdite.
A higher frequency for OH stretching, yet lower frequency

Fig. 8. Point count EDX spectrum of (a) tohdite with 3 at.% Ti in sample
#2. (b) corundum dissolved with 2 at.% Ti in sample #3, and (c) rutile with
2 at.% Al in sample #5.

for OH deformation in the present sample, can be attributed
to Ti content as mentioned. There are two types of aluminum
positions for tohdite, i.e. four-fifths in octahedral and the rest
in tetrahedral sites.3 The ionic radii of Ti4+ and Al3+ are
0.0605 and 0.0535 nm, respectively, in coordination number
(CN) 6, and 0.042 and 0.039 nm, respectively, in CN 4.29 The
superstructure and defect microstructures of Ti-doped tohdite
may be caused by the substitution and ordering of Ti4+ with
Al3+ in coordination number 6 and/or 4 with Al vacancies
as charge and volume compensation defects. The substitu-
tion scheme is that three Ti4+ ions substitute for four Al3+

ions and leave one Al site vacant according to the following
equation and the defect notation of Kröger and Vink30:

3TiO2
Al2O3−→ 3TiAl

• + V ′′′
Al + 6Ox

O

As the aluminium vacancy is triply charged, the site fractions
of defects produced are related by12:

[V′′′
Al] = 1/3[TiAl

•]
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Fig. 9. A tentative and simplified TTT diagram showing alumina hydrates
and alumina polymorphs were developed sequentially from hydrous
Al2O3–TiO2 gel when fired at specified pressures and temperatures without
additional water. Solid, dotted and dot-dashed lines denote the TTT bound-
aries based on the present experimental results of 1.5 kbar, 500 ◦C; 8.5 kbar,
675 ◦C; and 9.0 kbar, 800 ◦C, respectively.

Given the cation dimensions and charges, it is clear that the
Ti doping has to change the vacancy or interstitial defect
concentration, but these defects are likely to be ordered in
the lattice. The point defect distribution, whether it is random
or orderly, should have a large effect on the diffusion and
transformation rate of Ti-doped tohdite upon dehydration.

Decomposition of tohdite was previously studied
using differential thermal analysis and thermogravimetric
measurements7 and electron irradiation.31 The present elec-
tron irradiation in addition showed the formation of microc-
racks in accompaniment with the decomposition. The micro-
cracks were observed to coalesce significantly to form large
cracks parallel to the basal layer upon electron irradiation
for minutes. This crack-coalescence behavior is analogous
to electron-irradiation induced dehydroxylation of interstrat-
ified phyllosilicates under the influence of capillarity effect
and shear stress with accompanying faulting and shuffling of
basal layers.20 It is an open question whether or not the for-
mation of pores and microcracks parallel to the basal layers
of tohdite were due to specific water/hydroxy ion occupancy
or aluminium vacancy clusters in the basal layers, besides
the electron bombardment effect. In any case, microcracks
were affected by anisotropic volume shrinkage involved in
the transformation of tohdite to more stable alumina. (The
densities of all the transition aluminas are appreciably lower
t
i
v

4
t

S

Ti-doped tohdite and alumina with specific microstructures
may have potential engineering applications. Ti ion termi-
nation in basal layers or ledged lateral surfaces and nano
to mesosize pores in coalescence along the basal layer are
expected to affect the catalytic properties of activated alu-
mina, i.e. porous alumina which were extensively used as an
industrial adsorbent, catalyst, and catalyst support.32,33 The
delaminated alumina sheets of nanometer thickness would
provide large surface areas as alumina nanofibers fabricated
from aluminum hydrates in the presence of poly(ethylene
oxide) surfactant.34 Ti-doped �-Al2O3 is also important to
gem business and industrial applications.

As for geological implications, Ti-bearing tohdite was
recently found as inclusion in garnet from whiteschist of
the Kokchetav ultrahigh-pressure terrane, Kazakhstan9 and
metamorphosed paleosols in the Tananao metamorphic com-
plex of Taiwan (Hwang et al., in preparation). In the for-
mer case, tohdite co-exists with quartz and rutile as inclu-
sions in garnet. The peak metamorphic P–T condition
of the whiteschist was estimated to be 720–760 оC and
34–36 kbar.35 In the latter case, tohdite co-exists with rutile,
quartz and zircon in garnet. The peak metamorphic condition
for the paleosols was 660–690 ◦C and 8.3–8.8 kbar.36 The
present HTHP experimental results of hydrous TiO2–Al2O3
gel showed that tohdite can be synthesized as a transient
phase in the latter T–P range and a higher temperature
l
t
f
e

5

1

2

3

4

han that of corundum, so that significant volume shrinkage is
nvolved in any transformation to corundum. Moreover this
olume change is significantly anisotropic.)

.4. Industrial and geological implications of Ti-doped
ohdite and α-Al2O3

No commercial use of tohdite has been reported in the
cience technology handbook for alumina.13 The present
ed to �-Al2O3. Tohdite, in both natural occurrences, is
herefore more like a retrograde phase, and was probably
ormed in a water-deficient micro-environment during rock
xhumation.

. Conclusions

. Ti-doped �-Al2O3 was synthesized from sol–gel
Al2O3–TiO2 at relatively high T–P conditions (above
675 ◦C at ca. 8 kbar), and optimum T–P conditions (e.g.
500 ◦C and 1.5 kbar) favored tohdite formation. The
sol–gel remained amorphous when fired below 675 ◦C at
ambient pressure. Additional water affects little the phase
assemblages except in the incipient devitrification stage
at lower P–T conditions.

. Ti-doped tohdite crystals are elongated along the crystal-
lographic c-axis with well-developed (0 0 0 1) base and a
full set of ledges {1 0 1 0}. A significant water/hydroxy
ion content, the substitution of Ti4+ and Al3+ in tetrahe-
dral and/or octahedral sites with charge compensating Al
vacancies, and electron dosage account for the superstruc-
tures and defect microstructures of the tohdite lattice.

. The formation of Ti-doped tohdite and �-Al2O3 was cat-
alyzed by Ti4+ coordination effect and epitaxial rutile
nuclei, respectively.

. The status report on the stability of Ti-doped alumina
hydrate and alumina phases sheds light on the natural
genesis of tohdite from paleosols and peraluminous meta-
morphic rocks.
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Appendix A

(a) and (b) are, respectively, the top view of the unrelaxed
(0 0 0 1) and {1 0 1 0} faces of tohdite with crystallographic
directions specified. Large gray circles, medium light gray
circles and small dark circles denote O, Al and H atoms,
respectively. A tohdite unit-cell contains four closely packed
yet distorted oxygen layers stacked in ABAC sequence along
the c-axis (Yamaguchi et al.37). There are total 10 Al atoms
in the unit cell, two at (2/3, 1/3, ∼1/8) equivalent positions
in octahedral sites, six at equivalent (∼1/6, ∼1/3, ∼3/8)
positions in octahedral sites, and two at (1/3, 2/3, ∼1/16)
equivalent positions in tetrahedral sites.
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