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Abstract

The growth habits of TiO
2

and a-Al
2
O

3
crystals are observed on the synthetic crystals in the hydrothermal or

glycothermal solutions by means of TEM and ED analysis. It is concluded that the habit of a-Al
2
O

3
crystal should be

the hexagonal platy M0 0 0 1N with the M1 1 21 3N faces; the growth habit of rutile is an elongated prism, bounded by M1 1 0N,
M1 0 0N and M1 0 1N forms. These results are successfully explained by a new rule concerning growth habit proposed by
Wen-Jun Li et al. (J. Crystal Growth, 1999, to be published). Moreover, the growth habit of rutile is related to the
concentration of precursor (TiCl

4
solution). When the concentration of TiCl

4
solution increases from 0.25 to 1 mol/l, the

morphology of particles is changed from prismatic form to elongated prismatic form. Its habit change is analyzed
through the study of the growth mechanism of rutile. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The growth habit of crystals is mainly deter-
mined by the relative growth rates of various crys-
tal faces bounding the crystal, which is dependent
on internal structure factors of a given crystal and
external conditions such as temperature, concen-
tration of precursor and pH value of solution, etc.
Therefore, an explanation of the growth habit of
oxide crystal must start from studying the growth
mechanism of the crystals. The theoretical models
concerning crystal growth habit mainly include the
BFDH law [1] and the PBC theory [2]. However,
these models only consider the e!ect of interior
structure factors on growth habit, entirely ignoring

the e!ect of exterior conditions on growth habit.
Hence, the growth habit of crystal obtained by
these theories tends to be not in good agreement
with the observed growth habit. For example, for
a-Al

2
O

3
crystal, according to the PBC theory

[3}6], The habit of corundum crystals is rhom-
bohedral M11 0 1 2N. This is not in agreement with
the observed platy M0 0 0 1N growth forms. Mack-
rodt [7] allows the e!ect of surface relaxation on
equilibrium crystal morphology to be examined. It
is concluded that the habit of a-Al

2
O

3
crystal

should be rhombohedral M11 0 1 2N with small
M0 0 0 1N faces. This is also not in agreement with
the habits observed on natural and synthetic
a-Al

2
O

3
crystals. For the rutile crystal, according

to the PBC theory [8], M1 1 0N and M1 0 1N are
F forms; M0 0 1N is S form. However, the M0 0 1N
faces easily appear on the synthetic rutile crystal
[9] with the result that M0 0 1N is incorrectly de"ned
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Fig. 1. TEM photograph of powders prepared by hydrothermal
method using 1 mol/l TiCl

4
solution as precursor at 2003C.

as S faces. In a previous paper [10], we presented
the new rule of growth habit based on the study of
the growth mechanism of oxide crystal. Its main
contents include: (1) the growth rate of various
faces is related to the element of which coordina-
tion polyhedron is present at the interface. The
direction of the crystal face with the corner of the
coordination polyhedron occurring at the interface
has the fastest growth rate; the direction of the
crystal face with the edge of the coordination poly-
hedron occurring at the interface the second fastest;
the direction of the crystal face with the face of
coordination polyhedron occurring at the interface
the slowest. (2) The growth rate of various crystal
faces is also related to the number of elements per
coordination polyhedron present at the interface.
The direction of the crystal face with more elements
of the coordination polyhedron occurring at the
interface has a faster growth rate. According to this
new rule, the growth habits of ZnO and AlO(OH)
crystals, and the habit change of ZnO crystalline
particle had been explained reasonably. The aim of
this paper is to explain the growth habits of a-
Al

2
O

3
and TiO

2
crystals observed under the hy-

drothermal conditions or the glycothermal condi-
tions according to this new rule and the habit
change of TiO

2
crystal by means of the study of its

growth mechanism.

2. Experimental procedure

The reaction vessel adopted in the experiments is
a silver-lined tube-type stainless steel autoclave
about 215 ml capacity and 30 mm inner diameter.
a-alumina was prepared using the newly prepared
hydroxide colloids Al(OH)

3
as precursors by

glycothermal method in 1,4-butanediol solution or
by hydrothermal method in the mixed aqueous
solution consisting of 0.5 mol/l KOH and 5 mol/l
KBr. Aluminum hydrous oxide precursors were
precipitated from 2 mol/l Al(NO

3
)
3
) 9H

2
O solu-

tion by slowly adding 1 mol/l KOH solution with
rapid stirring of the aluminum-containing solution.
TiO

2
powder was prepared by the hydrothermal

method using TiCl
4

solution as precursors. The
TiCl

4
solution with a certain concentration was

obtained by the dilution of TiCl
4

in deionized

water. The reaction temperature range from 200 to
3503C. After the hydrothermal or glycothermal
treatment, the solid-reaction products were washed
and "ltered. The obtained powders are dried at
1203C for 24 h in air for X-ray di!raction measure-
ments, ED analysis, and TEM or SEM mor-
phological analyses.

3. Result and discussion

3.1. Growth habit of TiO2 (rutile)

The TiO
2

powders are prepared by the hy-
drothermal method using TiCl

4
solution as the

precursor at 2003C, 12 h. It was found that when
the concentration of TiCl

4
solution is equal to

1 mol/l, the crystalline phases of prepared powders
are rutile and anatase, in which the morphology of
rutile is an elongated hexagonal prismatic form. Its
TEM is shown in Fig. 1. In order to con"rm the
growth habit of rutile crystallite, the ED analysis of
rutile crystallite is done. Its result is shown in Fig. 2.
From Fig. 2, it can be obtained that the rutile
crystallite is extended along the c-axis direction,
and bounded by the M1 0 1N, M1 1 0N and M1 0 0N
faces. Its growth habit is shown in Fig. 3.

According to the new rule concerning growth
habit, the growth habit of a crystal is related to the
orientation of the coordination polyhedron at the
interface. Rutile belongs to the tetragonal crystal
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Fig. 2. ED pattern of powders prepared by hydrothermal
method using 1 mol/l TiCl

4
solution as precursor at 2003C, 1 h.

Fig. 3. Observed growth habit of TiO
2
.

Fig. 4. Structure graph of TiO
2
.

system. Its space group is D14
4)

-p4
2
/mnm. The crys-

tal lattice constants are a
0
"4.58 As , c

0
"2.95 As .

Rutile has the HCP structure of oxygen anions. The
structure consists of chains of TiO

6
octahedra, in

which each octahedron shares a pair of opposite
edges, which are further linked by sharing vertices
to form a 3D structure of 6 : 3 coordination. Its
structure is shown in Fig. 4.

In Fig. 4, it can be seen that in the structure of
TiO

2
crystal, there are two kinds of orientation of

TiO
6

octahedra. For the M0 0 1N faces, half of TiO
6

octahedra have two corners that appear at the
interface while the others have no elements that
appear at the interface. The number of corners per
TiO

6
octahedra present at interface has an average

of 1. However, for the other faces of TiO
2

crystal, in
the steric structure diagram of crystal like Fig. 4, it
is di$cult to see clearly the orientation of TiO

6
octahedra at the interface due to the complicated
structure of rutile. Hence, we adopt the projection
of TiO

2
crystal structure as a medium to represent

the orientation of TiO
6

octahedra at the interface.
Fig. 5 show the projection of structure of TiO

2
along [0 0 11 ] direction.

In Fig. 5, it can be seen that for the prismatic
form M1 0 0N, for half of TiO

6
octahedra, one corner

and one edge appear at the interface while the
others have no elements appearing at the interface.
For the prismatic form M1 1 0N, half of the TiO

6
octahedra have one corner appearing at interface
while the others have one edge which appears at
interface. Therefore, for the prismatic form M1 0 0N
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Fig. 5. Projection of structure of TiO
2

along [0 0 11 ] direction.

Fig. 6. Projection of structure of TiO
2

along [0 1 0] direction.

Fig. 7. Projection of structure of TiO
2

along [11 11 0] direction.

and M1 1 0N, the number of corners per TiO
6

oc-
tahedra present at interface has an average of 1

2
. In

Figs. 6 and 7, the projection of the structure of
TiO

2
along [0 1 0] and [11 11 0] direction is shown,

respectively.
In Fig. 6, it can be seen that at pyramidal form

M1 0 1N, every TiO
6

octahedra has one corner oc-
curring at the interface. In Fig. 7, it can be seen that
at pyramidal form M1 1 1N, half of TiO

6
octahedra

have two corners appearing at the interface while
the other TiO

6
octahedra have one corner appear-

ing at the interface. The number of corners
per TiO

6
octahedra present at the interface has

an average of 3
2
. From the analysis presented

above, it can be shown that the relationship be-
tween the number (N) of corners per TiO

6
octa-

hedra present and di!erent crystal faces should be:
N

W1 1 0X
"N

W1 0 0X
(N

W1 0 1X
"N

W0 0 1X
(N

W1 1 1X
.

According to the new rule concerning crystal
growth habit, it can be deduced that the growth
rate of M1 1 1N faces is faster than that of M0 0 1N or
M1 0 1N faces; the growth rate of M0 0 1N or M1 0 1N
faces is faster than that of M1 1 0N or M1 0 0N faces.

Compared with the terminal vertex of edge or
face of TiO

6
octahedra present at the interface,

growth units easily link to the terminal vertex of
corners of TiO

6
octahedra due to the bigger driving

force on the terminal vertex of the corner. Hence,
the more the number of the corners of TiO

6
oc-

tahedra present per unit area, the faster the growth
rate of the crystal faces. For the M1 1 0N and M1 0 0N
faces, although the average number of the corners
per TiO

6
octahedra present at the interface is the

same, the number of the corners of TiO
6

octahedra
present per unit area is di!erent. Thus, their growth
rate can be compared by means of calculating the
number of the corners of TiO

6
octahedra present

per unit area. From Fig. 5, it can also be seen that
for M1 0 0N and M1 1 0N faces, the distance between
neighboring TiO

6
octahedra is di!erent at the in-

terface: d
2
/2'd

1
/2, where d

2
/2 is the distance be-

tween neighboring TiO
6

octahedra at interface of
M1 1 0N faces; d

1
/2 is the distance between neighbor-

ing TiO
6

octahedra at interface of M1 0 0N faces.
Moreover, along the [0 0 1] direction, the distance
between neighboring TiO

6
octahedra is the same.

So, although the average number of the corners per
TiO

6
octahedra present at the interface is the same,

the number of the corners of TiO
6

octahedra per
unit area present at M1 0 0N faces is greater than that
at M1 1 0N faces. According to the new rule concern-
ing crystal growth habit, the growth rate of M1 0 0N
faces is faster than that of M1 1 0N faces. In the same
way, it can be obtained from Fig. 6 that the growth
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Fig. 8. TEM photograph of powders prepared by hydrothermal
method using 0.25 mol/l TiCl

4
solution as precursor at 2003C,

12 h.

rate of M0 0 1N faces is faster than that of M1 0 1N
faces because of d

3
'd

4
, where d

4
is the distance

between neighboring TiO
6

octahedra at M0 0 11 N
faces, d

3
is the distance between neighboring TiO

6
octahedra at M1 0 1N faces. So, from the analysis
presented above, it can be concluded that the
relationship between the growth rate and di!erent
crystal faces is: <

W1 1 0X
(<

W1 0 0X
(<

W1 0 1X
(

<
W0 0 1X

(<
W1 1 1X

. So M0 0 1N and M1 1 1N faces
easily disappear from the growth form. This result
agrees with the observed growth habit by hy-
drothermal experiment.

Moreover, the growth habit of TiO
2

crystal is
a!ected by the concentration of the TiCl

4
solution.

When the concentration of TiCl
4

solution is equal
to 0.25 mol/l, the crystalline phases of prepared
powders consists of rutile and anatase. The mor-
phology of rutile corresponds to prismatic form. Its
TEM is shown in Fig. 8.

From the microscopy point of view, the forma-
tion mechanism of oxide crystals in aqueous solu-
tion mainly results from the formation mechanism
of growth units and the incorporating mechanism
of growth units into the crystal lattice at the inter-
face. So, the formation mechanism of TiO

2
crystal

under the hydrothermal condition can be repre-
sented as follows:

(1) The formation mechanism of growth units

Ti4`#4OH~#2H
2
O"Ti(OH)2~

6
#2H`. (1)

The incorporation mechanism of growth unit into
crystal lattice by the dehydration reaction

Ti(OH)2~
6

#Ti(OH)2~
6

"Ti
2
O(OH)4~

10
#H

2
O, (2)

22

Ti
x
O

y
(OH)(z`2y~2x)~

z
#Ti(OH)2~

6

"Ti
x`1

O
y`1

(OH)(z`2y~2x`2)~
z`4

#H
2
O. (3)

22

where the subscript x, y, z represents the numbers
of Ti2`, O2~, OH~ within crystal, respectively.

So, it can be concluded that the growth rate of
TiO

2
crystals is related to the formation rate of

growth unit and the incorporating rate of growth
unit into crystal lattice. The e!ects of the exterior
condition on the growth rate of TiO

2
crystal are

the result of its e!ect on the formation rate of
growth unit. From Eq. (1), it can be seen that the
formation rate of growth unit is related to the pH
value of the reaction medium. When the pH value
of the solution decreases, the growth rate of various
faces decrease due to the smaller formation rate of
the growth unit, but the di!erence of the growth
rate of various faces increase. When the pH value of
the solution decreases to a certain value, growth
occurs only in the direction with the fastest growth
rate, while the growth rate of other directions is
almost equal to zero. Therefore, when the pH value
of solution decreases, the morphology of powder is
changed from prismatic to elongated prismatic
form. The pH value of TiCl

4
solution is related to

its concentration. When the concentration of TiCl
4

solution increases from 0.25 to 1 mol/l, the mor-
phology of powders obtained is changed from
shortened prismatic to elongated prismatic form
due to the decrease of the pH value of TiCl

4
solu-

tion.

3.2. Growth habit of a-Al2O3 crystal

The hydrothermal method is normally used to
study the growth habit of crystal because the super-
saturation of solution is low during hydrothermal
reaction. However, the minimum temperature at
which a-Al

2
O

3
forms in hydrothermal solution is

about 4003C at high pressure, this temperature and
pressure make fundamental studies on the growth
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Fig. 9. SEM photograph of powder which is prepared by
glycothermal treatment in 1,4-butanediol at 3003C, 12 h.

Fig. 10. Growth habit of a-Al
2
O

3
crystal.

Fig. 11. SEM photograph of powder prepared by hydrothermal
crystallization using 5 mol/l KBr as an additive in 0.5 mol/l
KOH solution at 3503C, 12 h.

habit of a-Al
2
O

3
crystal di$cult. The crystalline

temperature of a-Al
2
O

3
crystal can be lowered by

using KBr as an additive [11] or 1,4-butanediol
solution as a reaction medium [12]. Fig. 9 shows
the SEM photograph of a-Al

2
O

3
powders that are

prepared by glycothermal treatment in 1,4-bu-
tanediol at 3003C, 12 h. In Fig. 9, it can be seen that
the growth habit of a-Al

2
O

3
particles is platy

M0 0 0 1N, bounded by M0 0 0 1N and M1 1 21 3N faces
as shown in Fig. 10. Moreover, the growth habit of
platy crystal bounded by M0 0 0 1N faces was also
observed in the preparation of a-Al

2
O

3
particles

by hydrothermal crystalization using 5 mol/l KBr
as an additive in 0.5 mol/l KOH solution at 3503C,
12 h. Its SEM photograph is shown in Fig. 11.

a-Al
2
O

3
belongs to the trigonal crystal system;

space group is D3$
6

-R31 c; the crystal lattice constants
are a

0
"4.77 As , c

0
"13.04 As . The corundum struc-

ture is an approximate h.c.p. array of O atoms in
which Al3` ions occupy two-thirds of the octahed-
ral holes. The coordination number of O is 4. The
[AlO

6
] octahedrons constitute a layer by sharing

edge, which is perpendicular to three-fold axis, as
shown in Fig. 12a. At the direction parallel to three-
fold axis, the hexagonal prism is formed by the

interval arrangement between two kinds of oc-
tahedrons: [AlO

6
] octahedrons which are stacked

by sharing-face and hollow octahedrons which are
surrounded by O2~, as shown in Fig. 12b. Three-
fold axis is formed by the linkage of [AlO

6
] oc-

tahedrons along c-axis, as shown in Fig. 12c.
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Fig. 12. Structure of a-Al
2
O

3
crystal: (a) linkage mode of [AlO

6
] octahedrons at (0 0 0 1) face, (b) arrangement mode of two kinds of

octahedrons where black frame represents [AlO
6
] octahedron, white frame represents hollow octahedron, and (c) linkage mode of

[AlO
6
] octahedrons along c-axis.

Fig. 13. Projection of the structure of a-Al
2
O

3
along [0 1 11 0]

direction.

From Fig. 12a, it can be seen that for the
M0 1 11 0N faces, there are four corners of Al-O

6
octahedra present at the interface per space of d

7
;

there are two corners of Al-O
6

octahedra present at
the interface of M1 1 21 0N faces per space of d

8
, and

d
7
"J3d

8
"J3a

0
. Moreover, the distance be-

tween neighboring Al-O
6

octahedra is the same
along [0 0 0 1] direction. So, at M1 1 21 0N faces, the
number of corners of Al-O

6
octahedra present per

unit area is (2/a
0
)/(4/J3a

0
)"0.866 times that at

M0 11 1 0N faces. Figs. 13 and 14 shows the projection
of the structure of a-Al

2
O

3
along [0 1 11 0],

[1 11 2 0] direction, respectively.
In Fig. 13, it can be seen that for the pyramidal

faces M11 11 2 3N, there are two corners of Al-O
6

oc-
tahedron present per space of d

5
, where d

5
is the

cyclic length at M11 11 2 3N faces consisting of three
Al-O

6
octahedra. So, at M11 11 2 3N faces, there is an

average of two-third of corners per Al-O
6

oc-
tahedra present at the interface. For the M1 1 21 0N
faces, there are two corners occurring at the inter-
face in the space of d

6
, where d

6
is the cyclic length

along [0 0 0 1] direction consisting of three Al-O
6

octahedron. So, at M1 1 21 0N faces, there is an aver-
age of two-third of corners per Al-O

6
octahedra

present at the interface. Thus, at M11 11 2 3N and
M1 1 21 0N faces, every Al-O

6
octahedra has an aver-

age of two-thirds which is present at corners. How-
ever, although the average number of corners

occurring at M1 1 21 0N and M11 11 2 3N faces is the
same, the number of corners of Al-O

6
octahedra

present per unit area is di!erent. From Fig. 13, it
can be calculated that d

5
is equal to

J(a
0
/2)2#(c

0
/3)2

c
0
/3

d
6
"1.141d

6

according to the index of M11 11 2 3N crystal face.
Moreover, it can be seen from Fig. 12a that the
space between the neighboring octahedra at the
interface of M1 1 21 0N and M11 11 2 3N faces along
[0 1 11 0] direction is equal to d

8
/2. So, the number

of Al-O
6

octahedra per unit area present at
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Fig. 14. Projection of the structure of a-Al
2
O

3
along [1 11 2 0]

direction.

M11 11 2 3N faces is 1
1.141

"0.876 times that at
M1 1 21 0N faces. Thus, at the interface of M11 11 2 3N
faces, the number of corners present per unit area is
0.876 times that at M1 1 21 0N faces. In Fig. 13, it can
also be seen that for M1 1 21 3N faces, there are two
kinds of interfaces of octahedra appearing during
the growth of oxide crystals: consisting of an inter-
face made up of Al-O

6
octahedra and an interface

made up of hollow octahedra which is surrounded
by O2~, in which the ratio between interface of
Al-O

6
octahedra and interface of hollow octahedra

is 2 : 1. In addition, every Al-O
6

octahedron has
one corner appearing at the interface made up of
Al-O

6
octahedra. So, at the pyramidal faces

M1 1 21 3N, there are an average of two-thirds corner
of Al-O

6
octahedra present for every sites of oc-

tahedra in the interface. From the analysis present-
ed above, it can be seen that at M11 11 2 3N faces, every
Al-O

6
octahedra has an average of two-thirds

which is present at corners. Moreover, it can be
seen from Fig. 12a that the space between the
neighboring octahedra at the interface of M1 1 21 3N
and M11 11 2 3N along [0 1 11 0] direction is equal to
d
8
/2. So, at the interface of M11 11 2 3N faces, the

number of corners present per unit area is equal to
that at the M1 1 21 3N faces. In the same way, it can be
deduced from Figs. 14 and 12a that at the interface
of M0 11 1 0N faces, the number of corners present per
unit area is

J(J3/2a
0
)2#(c

0
/2)2

c
0
/2

"1.184

times that at M0 11 1 2N faces. Namely, at the inter-
face of M0 11 1 2N, the number of corners present per
unit area is 1

1.184
"0.845 times that at the interface

of M0 11 1 0N faces. Moreover, it can also be deduced
from Figs. 14 and 12a that at the M0 1 11 2N interface,
the number of corners present per unit area is equal
to that at the M0 11 1 2N faces. From the above pre-
sented analysis, it can be derived that at M1 1 21 0N
faces, the number of corners of Al-O

6
octahedra

present per unit area is 0.866 times that at M0 11 1 0N
interface; at M11 11 2 3N interface, the number of cor-
ners present per unit area is 0.876 times that
at M1 1 21 0N faces. So, at M11 11 2 3N interfaces, the
number of corners present per unit area is
0.866]0.845"0.759 times that at M0 11 1 0N faces.
Thus, the relationship between the number (N) of
corners per unit area present and di!erent crystal
faces is: N

W1 1 21 3X
"N

W11 11 2 3X
"0.759N

W0 11 1 0X
;

N
W0 1 11 2X

"N
W0 11 1 2X

"0.845N
W0 11 1 0X

; N
W1 1 21 0X

"0.866N
W0 11 1 0X

; N
W0 1 11 0X

"N
W0 11 1 0X

. Accor-
ding to the new rule of growth habit, the relation-
ship between the velocities of crystal growth and
di!erent directions should be: <

W1 1 21 3X
"

<
W11 11 2 3X

(<
W0 1 11 2X

"<
W0 11 1 2X

(<
W1 1 21 0X

(

<
W0 1 11 0X

"<
W0 11 1 0X

. Moreover, it can be seen
from Fig. 12a that at the M0 0 0 1N faces, every
Al-O

6
octahedra has a face occurring at the inter-

face, so the growth rate of the M0 0 0 1N faces is
the slowest. Thus, the following relationship be-
tween the velocities of crystal growth and di!erent
directions should be: <

W0 0 0 1X
(<

W1 1 21 3X
"

<
W11 11 2 3X

(<
W0 1 11 2X

"<
W0 11 1 2X

(<
W1 1 21 0X

(

<
W0 1 11 0X

"<
W0 11 1 0X

. So, M0 0 0 1N and M1 1 21 3N
faces appear easily. This is consistent with the
growth habit of a-Al

2
O

3
crystal particles resulting

from hydrothermal experiment.

4. Conclusions

The growth habit of a-Al
2
O

3
and rutile crystal,

and the habit change of rutile are successfully ex-
plained by the new rule concerning growth habit.
The main results are:
(1) The growth habit of a-Al

2
O

3
is platy M0 0 0 1N,

not rhombohedral M11 0 1 2N. Its relationship of
growth rate of various faces is: <

W0 0 0 1X
(

<
W1 1 21 3X

(<
W0 1 11 2X

"<
W0 11 1 2X

(<
W1 1 21 0X
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(<
W0 1 11 0X

"<
W0 11 1 0X

. This result is in
good agreement with the observed results by
hydrothermal experiment.

(2) The growth habit of rutile is elongated pris-
matic form. The importance of growth habit of
rutile crystal decrease in the order of
M1 1 0N'M1 0 0N'M1 0 1N'M0 0 1N'M1 1 1N.
This result agrees with the observed growth
habit on the crystal obtained from hydrother-
mal crystallization using 1 mol/l TiCl

4
solu-

tion as precursor at 2003C.
(3) The morphology of TiO

2
crystalline particles

prepared at 2003C is related to the concentra-
tion of TiCl

4
solution, and becomes elongated

as the concentration of TiCl
4

solution in-
creases from 0.25 to 1 mol/l. The growth habit
change of TiO

2
crystal is explained by the

study of its growth mechanism in hydrother-
mal solution.
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