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ABSTRACT

Titanium oxide was prepared under hydrothermal conditions from a very acidic solution, with titanium
butoxide as titanium precursor and hydrochloric acid as the source of protons; the pH was regulated
adding water to this solution. The H,O/HCI molar ratio was varied from 10 to 50; this ratio, together with
the synthesis temperature, which varied between 90°C and 200°C, determined the phase concentra-
tions. Samples contained mainly the titania polymorphs rutile and brookite; the highest concentration
of this last phase was obtained for the ratio of 20 and the synthesis temperature of 120°C. The syn-
thesized powder was analyzed with X-ray powder diffraction, refinement of the crystalline structures
and transmission electron microscopy. The refinement provided information not only about the average
crystallites dimensions but also about their morphologies, which were similar to those observed by trans-
mission electron microscopy. The refinement also shows that the lattice parameters of rutile changed

X-ray powder diffraction
Rietveld refinement
Crystallite morphology

with H,O/HCl molar ratio and synthesis temperature, while those of brookite were almost constant.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the last years, titania has been studied extensively, because of
its diversity of applications in high technology [1-5]. Titania more
stable polymorphs, rutile, anatase and brookite have been syn-
thesized at low temperatures [6-8]. Recently, some authors have
pointed out the potential technological applications of brookite
[5,9,10], but until now, it is difficult to synthesize samples with
only this titania polymorph; in most of the brookite-rich samples,
anatase or rutile are also present [11].

Many efforts have been made to obtain titania samples of pure
brookite in order to know better the physical and chemical prop-
erties of this titania phase [12-17]. Some authors claim to have
samples that contain only brookite, which were prepared by ther-
molysis of strong acidic solution [8], or hydrothermal synthesis
using basic solutions [11]. In both cases, the authors used TiCl4 as
the titanium precursor. They, however, did not demonstrate that
their samples contained only brookite; for example, by refining the
crystalline structure.

In the present work, we synthesized titania samples rich in
brookite, which coexisted with rutile. The synthesis was performed
under hydrothermal conditions from an acidic solution of titanium
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butoxide, at different temperatures. The samples were character-
ized with X-ray powder diffraction and refinement of the crystalline
structures using the Rietveld method as well as with transmission
electron microscopy.

2. Experimental
2.1. Sample preparation

Titania synthesis was made using titanium butoxide (Aldrich, 97%), hydrochloric
acid (J.T. Baker, 38%) and de-ionized H, O, with a constant butoxide to hydrochloric
acid molar ratio of 1:9.2. The amount of water was varied to get a water to acid
molar ratio of 10, 20, 30, 40 and 50. At room temperature, the titanium butoxide
was added to the HCI, stirring strongly. Then, the de-ionized water was added drop
by drop. The respective solution was treated under hydrothermal conditions for
15h, at temperatures of 90, 120, 160 and 200°C.

2.2. Characterization

2.2.1. X-ray powder diffraction

The X-ray powder diffraction patterns of the samples packed in a glass holder
were recorded at room temperature with Cu Ka radiation in a Bruker Advance
D-8 diffractometer that had a 6-6 configuration and a graphite monochroma-
tor in the secondary beam. Diffraction intensity was measured between 15° and
135°, with a 26 step of 0.02° for 6.0s per point. Crystalline structures were
refined with the Rietveld technique by using FULLPROF98 code [18]; peak pro-
files were modeled with pseudo-Voigt functions [19] that contained information
about the average crystallite size and the microstrain [20]. The effect of the
microstrain was included in the Gaussian part of the function, while the cor-
responding effect of the size was included in the Lorentzian one. The standard
deviations of the refined parameters, modified by taking into account serial cor-
relations, are not estimates of the probable error in the analysis as a whole, but
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Fig. 1. Typical refinement plot. Upper marks correspond to rutile and lower ones
to brookite. The experimental diffraction pattern is described by symbols and the
refined one with a continuous line. The quality of the refinement is shown by the
difference between both patterns, which correspond to the curve at the bottom of
the figure.

only of the minimum possible probable errors based on their normal distribution
[21].

The maximum number of refined parameters was 52; when anatase phase was
not in the sample this number reduced to 44. For brookite, these variables included
the scale factor, all atom fractional coordinates, isotropic atomic displacements,
atom occupancies, lattice parameters, and anisotropic crystallite size; for anatase,
similar parameters were refined. For rutile, the refined variables included scale
factor, the x and y atom fractional coordinates of oxygen atom, isotropic atomic
displacements, atom occupancies, lattice parameters and the anisotropic crystallite
size.

2.2.2. Transmission electron microscopy (TEM)

Samples were analyzed with transmission electron microscopy in a JEOL JEM-
2010F microscope. The sample powder was dispersed in ethanol, before placing it
in the copper grid with formvar.

3. Results and discussion

Depending on the H,O/HCl molar ratio and synthesis tem-
perature, samples contained the three titania polymorphs: rutile,
brookite and anatase; most of the samples, however, contained only
rutile and brookite. The initial model for the refinements included
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Table 1
Phase concentration as a function of the H,O/HCl molar ratio and the hydrothermal
synthesis temperature for all samples.

Molar ratio H,O/HCl Temperature  Rutile Brookite Anatase
(°C) (wt%) (wt%) (wt%)
10 90 100 (3)
120 74 (4) 26(3)
160 94 (2) 6(1)
200 98 (2) 2.2(1)
20 90 100 (2)
120 55(3) 45(3)
160 62(2) 38(1)
200 72(2) 28(1)
30 90 100 (2)
120 76 (2) 24.4(7)
160 80 (2) 20(1)
200 89(2) 10.8 (9)
40 90 46 (2) 38(2) 16(1)
120 78 (2) 21.9(7)
160 76 (2) 24(2)
200 96 (2) 3.9(7)
50 90 99 (2) 1.3(2)
120 59 (2) 25(2) 16.5(6)
160 69 (2) 31(2)
200 84(2) 16(1)

only these phases. For the samples synthesized with the H,O/HCl
molar ratios of 40 and 50 the fitting was improved by including
anatase in the model.

In order to perform the refinement, the crystalline structure of
brookite was modeled with an orthorhombic unit cell that had the
symmetry given by the space group Pbca; the initial atom posi-
tions were taken from the literature [22]. The crystalline structure
of anatase was modeled with a tetragonal unit cell having the sym-
metry described by the space group I4; /amd and the atom positions
reported elsewhere [6]. The structure of rutile was modeled with
a tetragonal unit cell whose symmetry is given by the space group
P4, /mnm and the atom positions described elsewhere [6].

Fig. 1 shows a typical Rietveld refinement plot; it corresponds
to the sample synthesized with the H,O/HCI molar ratio of 20 and
the synthesis temperature of 120°C. This pattern was modeled
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Fig. 2. (A) Diffraction pattern of the samples prepared with the H,O/HCI molar ratio of 20 at different synthesis temperatures. Upper marks correspond to rutile; the lower
ones to brookite. Main reflections of brookite are also starred and labeled by Miller indices. (B) Diffraction pattern of the samples synthesized at 120°C and different molar
ratios (MR). Upper marks correspond to rutile; the lower ones to brookite. Main reflections of brookite are also starred and labeled by Miller indices.



A. Garcia-Ruiz et al. / Journal of Alloys and Compounds 495 (2010) 583-587

(A) T 2,957
4.604}F
+2.956
4.602}
= 12,955
< 46000 =
[ 9L
@ [0}
£
54.593- 42.954 g
- &
] (S
4,506} 42,953
4 94[- 1 al i | _— L i 1 L

T(C)

2.952
80 100 120 140 160 180 200

(B)

2.9570

4.608

4.607

4.606

4.605

Fy
(2]
o
By

4.603

a parameter (A)

4.602

4.601

-12.9565

-2.9560

-12.9555

() Jer0wiered 2

-2.9550

-2.9545

10 20

30
HZOIHC[ molar ratio

40

L 129540
50

585

Fig. 3. (A) Lattice parameters of rutile as a function of synthesis temperature at the H,O/HCl molar ratio of 20. (B) Lattice parameters of rutile for different H, O/HCI molar
ratios at a constant synthesis temperature of 120°C.
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Fig. 4. (A) Lattice parameters of brookite as a function of synthesis temperature, at the constant H,O/HCI molar ratio of 20. (B) Lattice parameters of brookite for different

H,O/HCI molar ratios at a constant synthesis temperature of 120°C.

Table 2

Minimal (d) and maximal (L) lengths (with their directions) in the crystallites, also the average size, of the rutile phase as a function of the molar ratio H,O/HCl and the

temperature, for all samples.

Molar ratio H,O/HCl Temperature (°C) d (nm)-(Dir) L (nm)-(Dir) Av. size (sda) (nm) L/d
10 90 3.72-(200) 34.35-(002) 6(5) 9.23
120 3.05-(200) 23.45-(002) 6(4) 7.68
160 5.49-(200) 45.58-(002) 10(7) 8.30
200 16.18-(200) 89.88-(002) 29(17) 5.55
20 90 3.67-(200) 26.98-(002) 7(4) 7.35
120 3.11-(200) 41.25-(002) 7(6) 13.26
160 5.46-(200) 23.45-(002) 9(5) 5.80
200 13.78-(200) 35.92-(002) 20(6) 2.60
30 90 4.63-(200) 39.42-(002) 8(7) 8.51
120 3.72-(200) 31.03-(002) 8(5) 8.31
160 5.49-(200) 39.78-(002) 11(7) 6.94
200 13.35-(200) 41.12-(002) 20(7) 3.08
40 90 4.71-(210) 22.45-(002) 8(4) 4.66
120 4.63-(200) 30.69-(002) 9(5) 6.62
160 6.61-(200) 33.83-(002) 11(6) 5.11
200 12.54-(200) 37.14-(002) 19(6) 2.96
50 90 5.23-(200) 17.76-(002) 8(3) 3.40
120 5.92-(200) 25.78-(002) 9(5) 4.35
160 6.13-(200) 36.58-(002) 12(6) 5.96
200 13.34-(200) 30.37-(002) 19(5) 2.27
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Fig. 5. Models of the brookite and rutile average crystallites generated by using the
data obtained from the X-ray powder diffraction and the Rietveld refinement.

assuming that the sample contained only brookite and rutile. For
all samples the residua Rp and Rwp were lower than 0.11 and 0.15,
respectively.

When the synthesis temperature was 90 °C, the samples con-
tained only rutile (Fig. 2A and Table 1). For the synthesis with the
H,O/HCI molar ratios of 40 and 50, the three polymorphs coexisted
with an important contribution of brookite (Fig. 2B and Table 1);
the presence of anatase reveals that this synthesis conditions were
not favorable to stabilize brookite. In the synthesis at 120 °C, sam-
ples contained both, brookite and rutile (Table 1). At this synthesis
temperature, the H,O/HCl molar ratio 20 appeared as the most
favorable to synthesize brookite (Fig. 2A and B and Table 1).

The samples synthesized at 160 °C contained a lower brookite
concentration than those synthesized at 120 °C(Fig.2A and Table 1).
At this temperature, the H,O/HCI molar ratio of 20 appeared as the
most favorable ratio for the synthesis of brookite. When samples
were synthesized at 200 °C, the brookite concentration decreased
notably in favor of rutile (Fig. 2A and Table 1). At this temperature,
also the H,O/HCI molar ratio of 20 was the most appropriated to
get brookite.

As consequence of the above results, for the aim of this
work, we see that the synthesis temperature of 120°C and the
H,O/HCI molar ratio of 20 were the most favorable synthesis con-
ditions to get a high concentration of brookite, coexisting with
rutile. Therefore, most of the following analysis will be concen-
trated on the samples synthesized at this molar ratio and at this
temperature.

For the H,O/HCI molar ratio of 20, the lattice parameter a of
rutile decreased as the synthesis temperature increased, while the
lattice parameter c increased (Fig. 3A). When this analysis was done
as a function of H, O/HCI molar ratio, for the temperature of 120°C
(Fig. 3B), we observed that the lattice parameter a increased when
the molar ratio increased, while the lattice parameter ¢ decreased.

For the case of brookite, when the H,O/HCl molar ratio was
20, the lattice parameter a decreased as the synthesis temperature
increased; the lattices parameters b and c stayed almost constant
(Fig. 4A). For the synthesis temperature of 120 °C the lattice param-
eter a changed drastically when the H,O/HCl molar ratio changed
from 10 to 20 (Fig. 4B). The lattice parameters b and ¢ were almost
independent of this molar ratio.

The crystallites of brookite and rutile had anisotropic form
(Fig. 5): brookite crystallites were platelets while those of rutile
were needles. The dimensions of both crystallites increased with
the synthesis temperature (Table 2). The anisotropy of rutile crys-
tallites decreased with the sintering temperature (Table 2); this
is clearly observed when the ratio of the crystallite dimension

Fig. 6. TEM micrographs of (A) a rutile crystallite and (B) a brookite crystallite.
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perpendicular to the (200) and (002) was calculated (Table 2).
The anisotropy of the brookite crystallites, however, was almost
independent of synthesis temperature.

The models of the average crystallites of rutile and brookite
(Fig. 5) constructed using the data obtained from the Rietveld
refinement were similar to those observed by transmission electron
microscopy (Fig. 6A and B).

The good correspondence between the crystallite images
observed with transmission electron microscopy and those gen-
erated using the data obtained X-ray diffraction patterns and the
Rietveld refinement shows that this last technique can also be used
to obtain crystallite dimensions and morphology.

4. Conclusions

Titanium oxide was prepared under hydrothermal conditions
from a very acidic solution, with titanium butoxide as titanium
precursor and hydrochloric acid as the source of protons; the pH
was regulated adding water to this solution. The H,O/HCI molar
ratio (with a fixed alkoxide to acid molar ratio) determined the
brookite concentration, which was maximal for a ratio of 20 and
the temperature of 120°C; when this ratio was 40, anatase was
formed even at 90 °C. The synthesis temperature also determined
the brookite concentration, as well as the crystallite size of both,
rutile and brookite. The analysis of the samples with X-ray powder
diffraction and the refinement of the crystalline structures provided
information not only of the average crystallites dimensions but also
about their morphologies. The dimensions of the average crystal-
lites increased with the synthesis temperature; this temperature
affected the anisotropy of the form of rutile crystallites but not the
one of brookite crystallites. The morphologies of rutile and brookite
crystallites were similar to those observed by transmission electron

microscopy. This analysis also shows that the lattice parameters
of rutile changed with the H,O/HCI molar ratio and the synthesis
temperature, while those of brookite were almost independent of
them.
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