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Titanium dioxide shows polymorphism on heating to a higher temperature. This transformation is strongly dependent on
temperature and time of heating. Pure Titania pulp containing amorphous titania was heated at different temperatures and
for different times. Above 650°C the anatase phase evolved and between 900-1000°C, an anatase-rutile transformation
occurred. The anatase-rutile transformation in TiO, in the presence of CuO and MnO, was investigated. The different phases
of TiO, were determined using powder XRD. Other methods such as chemical analysis, scanning electron microscopy, surface
area measurements and crystallite size calculations were used for the characterization of the samples. The transformation
temper ature was found to be much lowered in the presence of the above metal oxides. Also the method of preparation of metal
oxide doped TiO, affects the polymorphism.
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Introduction geneously doped TiO, easily causes the complete struc-

tural transformation of anatase to rutile modification

Titania has been an important gas sensing material, [3]. The rate of transformation of pure anatase was
mainly in lamda sensor devices due to its dua response found to be immeasurably slow below 885 K and

to both oxygen rich and oxygen lean atmospheres. Its extremely rapid above 1000 K. The transformation is a
stability up to 700°C makes TiO, a suitable gas sensor nucleation growth process and follows a first order rate

material for harsh environments, such as the flue ducts law, with an activation energy of ~90 kcal/mol [4]. It
of cars [1]. Titania is to date the most suitable photo- was reported that Fe;Os; and NiO enhance the anatase-
catalyst, semiconducting materid due to its high stability rutile transformation and the surface area decreases
towards photo-corrosion and its relatively favorable markedly on rutilation. There are significant changes
band-gap energy. Numerous investigations are in pro- occurring to the surface morphology of titania with
gress for the improvement of the catalytic activity of rutilation. TiO, in the rutile state forms solid solutions
TiO.. with other transition metal oxides and the properties of
TiO, can crystdlize in different structures, rutile transition metal oxides are modified by the presence of
being the stable one. For high temperature applications TiO, [5, 6].
of titania as a catayst, in membranes and sensors a This paper presents a study of the influence of differ-
stable anatase phase is necessary. Therefore one of the ent % of CuO and MnO, (5 and 15%) on the polymor-

problems in both catalytic and sensor applications of phism in TiO, The samples were prepared by two
anatase-based material is its transformation to rutile, a methods namely co-precipitation usng hydrazine hydrate

process that depends on both temperature and time. and wet-impregnation. The samples prepared were sub-
The anatase-rutile transformation doesn’'t have a transi- jected to heating at different temperatures and for
tion temperature because there is no phase equilibria various times in order to investigate the phase transfor-
involved [2]. Anatase transforms irreversibly and exo- mation in the presence of the above metal oxides. The
thermally to rutile in the range 880-1200 K depending heated samples were subjected to chemica analysis
on the method of preparation of the sample. The trans- and characterization was done by powder XRD, scann-
formation is time and temperature dependent and is ing electron microscopy, surface area measurements
aso a function of the impurity concentration. Co- and crystallite size determinations. The results obtained
precipitation, ion exchange and wet-impregnation are are summarized in this paper.

conveniently used for preparing doped titania. The high

temperature diffusion technique used to form homo- Experimental Procedure
*Corresponding author: Chemicals used

,ng'x 3122312254%512751% TiO, pulp (un-cacined pure hydrated TiO, containing

E-mail: daspnm@rediffmail.com 75% amorphous TiO,) obtained from a TiO, manufac-

301



302

turing factory, Travancore Titanium Products Ltd.
Trivandrum, India, Copper nitrate (A.R. S.d.Fine.
Chem. Ltd.), Manganous sulphate (A.R. S.d.Fine.
Chem. Ltd.), Manganese dioxide (A.R. S.d.Fine.
Chem. Ltd.) Hydrazine hydrate (L.R, S.d.Fine. Chem.
Ltd.), Sulphuric acid (98%, Sd.Fine. Chem), Hydro-
chloric acid (35%, Merck), Ammonium sulphate (L.R,
S.d.Fine. Chem).

Sample preparation

TiO, sample doped with 5 and 15% CuO and MnO,
were prepared using two methods namely co- precipi-
tation and wet- impregnation.

Co-precipitation

5% CuO doped TiO, was prepared by taking 40.53 g
pure hydrous TiO, which contained 37.9 g TiO, and
mixing it with 758 g ammonium sulphate and 947.5 ml
conc. H,SO,. The mixture was heated until a clear
solution was obtained. It was then cooled and diluted to
about one litre. 6.17 g Cu (NOj3), dissolved in distilled
water was added to the clear solution and mixed well.
Titanium and Cu®* were then precipitated together by
the addition of hydrazine hydrate until the pH was ~9.
The precipitate so obtained was washed with distilled
water till it was free from sulphate ions. It was filtered
through Whatman No.42 filter paper, dried in an oven
at 110°C for 3 hours and calcined in a muffle furnace
a different temperatures and times.15% CuO doped
TiO, was prepared as above by taking 35.29 g TiO,
pulp, 660 g (NH,), SO,4, 825 ml conc. H,SO, and 21.25
g CU(NOs),.

Other samples were prepared using the above proce-
dure by taking the following: 5% MnO,/TiO, was
obtained by taking 4.12 g MnSO, and for 15% MnO,/
TiO, 13.24 g MnSO, was taken, other materials being
the same as above.

Wet-impregnation

5% CuO/TiO, was prepared by taking 40.53 g of
pure hydrous TiO, which contained 37.9 g TiO, and
6.17 g Cu(NOs), dissolved in distilled water was added
to it in an agate mortar, mixed thoroughly and dried in
an air oven at 110°C. It was then calcined in a muffle
furnace at different temperatures and times. 15% CuO/
TiO, was prepared as above by taking 35.29 g TiO,
pulp and 21.25 g Cu(NOs),.

5% MnO, doped titania was obtained by taking 40.53
g TiO, pulp and 2.10 g MnO, and for 15% MnO,/TiO,,
35.29 g TiO, pulpand 7 g MnO, were taken.

Characterization of the samples

The calcined samples were subjected to chemical
analysis using standard procedures. XRD studies were
carried out by the powder diffraction technique using a
Philips X-ray diffractometer (PW, 1140) with Cu K-
Alpha radiation with a wavelength of 1.5418 A. The
percentage of rutile formed was calculated from XRD
patterns using the equation:
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% Rutile=1x100/1+0.794 14/1g

where 15 and Iy are the peak intensities of [101] and
[110] planes for anatase and rutile respectively. The ‘d’
values were compared with standard ASTM values.
The crystallite size of anatase was calculated using
the equation crystallite size=0.9A/f cosd where A isthe
wave length of the X-ray used, 8 is the haf width of
the XRD peak and 6 the angle of diffraction.
Activation energy calculations were done by plotting
a graph between % of rutile against time at different
temperatures (T). The time required for a particular
rutilation (to) was taken from the graph at each
temperature. Another graph between In toe against UT
was made, and from the dope of the straight line
obtained, the acticvation energy was calculated:

In to = —Ea/RT+n [A™ f‘ dou/F(o0)],
0

where ‘o is the degree of rutilation, to is the time
taken to achieve a transformation degree ‘o’ was used
for the calculation.

Surface area measurements were done using a Gemini
2360 V4.01 surface area analyzer (Micro Meritics
Instrument Corporation, USA).

Scanning electron microscopy studies were done by
taking 0.1 g of sample in a test tube, 10 ml of acetone
added and ultrasonicaly dispersed. One drop of this
solution was placed on a copper stud, dried in air, made
conducting by gold (99%) sputtering and anayzed
using a JS.M - 5600 instrument.

Results and Discussion

Chemical analyses of MnO, and CuO doped TiO,
samples were done as per the standard procedures avai-
lable in the literature. MO, doped TiO, prepared by
Co-precipitation contained 4.97 and 14.87% MnO, and
94.89 and 84.93% TiO, while the wet-impregnated
samples contained 4.88 and 14.91% MnO, and 94.87
and 84.77% TiO, respectively for the 5 and 15% doped
samples. The CuO doped TiO, prepared by co-precipi-
tation contained 4.88 and 14.92% CuO and 94.9 and
84.88% TiO, while the wet-impregnated samples con-
tained 4.91 and 14.82% CuO and 94.8 and 84.97%

TiO, respectively.

Transformation in MnO,doped TiO,

Both the presence and amount of MnO, influenced
the percentage of anatase and rutile present in the samples.
The powder X-ray diffraction patterns of calcined MnO,
doped TiO, samples are shown in Fig. 1. The pesk
intensities of rutile (26=27.48°) formed from anatase
are different in samples prepared by co-precipitation
and wet-impregnation. The intensities of anatase (26=
25.30°) diminished while that of rutile increased with
temperature, which shows the formation of rutile is
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Fig. 1. XRD Petterns of MnO, doped TiO, heated at different
temperatures. (a) Co-precipitated 5% MnO./TiO, (700°C). (b) Co-
precipitated 15% MnO,/TiO, (700°C). (c) Wet-impregnated 5%
MnO,/TiO, (750°C). (d) Wet-impregnated 15% MnO./TiO,
(750°C)

favored on hegting. In samples prepared by both methods,
15% doped ones gave more rutilation compared to 5%
at any particular temperature and time of heating. The
onset of rutilation also depends on the method of
preparation as well as the amount of MnO, doping.

In order to quantify the anatase-rutile transformation,
XRD peak intensity ratios were used. The fraction of
rutile formed at different temperatures and times of
heating was calculated using the equation given above
and is tabulated in Tables 1 and 2. It is found that in
co-precipitated 5% MnO,/TiO, the onset of rutilation is
at 650°C after 4h heating and 96.4% rutilation was
found a 750°C/10h. In co-precipitated 15% MnO,
doped TiO, on heating at 700°C for 10h, the rutile
formation was almost complete (95.5%) while at 650
°C for 4h, the rutilation was 8.5%. Here the amount of
MnO; in TiO, has a major influence on rutilation. The
transformation in wet-impregnated MnO, doped TiO,
was found to be different from that of the co-precipi-
tated system. Here the rutilation was sow and was
found to start at 800°C. 5% doped TiO, gave 5.1%
rutile at 800° for 4 h heating. The amount of rutile
formed was 6.8% for 4 h heating in the case of the
15% MnO, doped sample. In the case of the undoped
TiO, pulp a 800 and 900°C for 8 h heating, only the
anatase phase was present and no rutile was found. But
at 1000°C for 8 h heating, rutilation was complete.
Hence here the anatase to rutile transformation takes
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Table 1. % of rutile formed during hesting of Co-precipitated
MnO,/TiO, at different temperatures and times

5% MnO,/TiO, 15% MnO,/TiO,
Time of Rutile formed (%)
heating (h) 650°C  700°C  750°C  650°C 675°C  700°C

1 10 129 284 22 144 267
2 21 242 488 43 252 462
3 32 340 633 65 335 606
4 41 425 738 85 398 711
5 53 500 812 107 447 788
6 62 565 866 126 485 845
7 71 621 904 145 515 886
8 82 670 931 164 539 916
9 91 713 9.0 182 562 938
10 103 750 9%4 201 578 955

Table 2. % of rutile formed during heating of Wet-impregnated
MnO,/TiO, at different temperatures and times

5% MnO,/TiO, 15% MnO,/TiO,
Time of Rutile formed (%)
heating (h) go0°C 825°C  850°C 800°C 825°C  850°C

1 0 94 412 0 162 535
2 0 172 655 34 295 784
3 0 247 794 53 409 899
4 51 315 881 68 506 953
5 63 377 932 84 584 978
6 76 434 99 101 651 100
7 88 485 975 116 707 100
8 103 532 100 132 754 100
9 116 574 100 147 793 100
10 128 612 100 162 827 100

place between 900 and 1000°C. This clearly confirms
the fact that doping of TiO, by MnO, will change the
polymorphic transformation in titania and aso the
transformation temperature was lowered and the method
of preparation of doped samples decides the percentage
rutilation.

It is well known that the irreversible anatase-rutile
transformation in TiO, occurs by a nucleation and growth
process. The availability of nucleation sites may help to
achieve a critical size of particles that leads to crystalli-
zation in the rutile phase. Here MnO, is believed to
assist in the nucleation process and once nuclestion is
achieved, faster transformation takes place by crystal
growth. The nucleation process occurs at the interface
between MnO, and TiO, and the rate of the processis
determined by the contact area between the two particles.
As compared to wet-impregnated samples, in co-preci-
pitated ones, the availability of MnO, in TiO, is greater
and there is also a uniform distribution of MnO, in
TiO, since both are precipitated from a homogeneous
solution. Hence the transformation is greater in the case
of co-precipitated samples.
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Fig. 2. XRD Patterns of CuO doped TiO, heated at different
temperatures. (a) Co-precipitated 5% CuO/TiO, (700°C). (b) Co-
precipitated 15% CuO/TiO, (700°C). (c) Wet-impregnated 5%
CuOITiO, (750°C). (d) Wet-impregnated 15% CuO/TiO, (750°C)
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Transformation in CuO doped TiO,

The XRD patterns of calcined samples are shown in
Fig. 2. Peaks from rutile appeared in the patterns of
samples prepared by co-precipitation at 750°C in 5%
CuOfTiO, and in 15% CuO/TiO, a 700°C. Wet-
impregnated samples behaved differently from those
co-precipitated. Here also intensities of anatase pesks
decreased with temperature and those of rutile increas-
ed but the amount of rutile converted from anatase is
low even though the onset transformation temperature
is the same. At any particular temperature and duration,
the rutilation is lower in wet-impregnated samples
compared to those co-precipitated. In all the samples,
15% doped samples gave more rutile compared to 5%
doped samples at a particular temperature and time of
heating. Different fractions of rutile formed at different
temperatures and times of heating were caculated and
are given in Tables 3 and 4.

It has been reported that ions increasing the oxygen
vacancy concentration in the TiO, lattice will accdlerate
the transformation where as ions with a valence higher
than four which correspondingly reduce the oxygen
vacancy concentration will retard it [2]. During the
anatase-rutile transformation, some of the Ti-O bonds
are broken to form a distorted structure, which under-
goes rearrangement to form stable rutile. When CuO
enters into the TiO, lattice, a higher temperature favours
this, the bond breaking is enhanced. This may result in
the rapid transformation from anatase to rutile. Also the
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Table 3. % of rutile formed during hesting of Co-precipitated
CuOITiO, a different temperatures and times

5% CuO/TiO, 15% CuOITiO,
Time of Rutile formed (%)
heating (h) 750°C 800°C 850°C 700°C 750°C 800°C

1 16 98 257 0 128 56.2
2 32 188 448 0 241 808
3 47 268 591 15 338 916
4 63 342 695 21 423 9.3
5 78 406 773 25 497 974
6 93 465 832 32 562 993
7 10.7 517 875 39 618 100
8 122 565 907 48  66.7 100
9 136 608 931 79 712 100
10 152 647 948 108 748 100

Table 4. % of rutile formed during heating of Wet-impregnated
CuOITiO, a different temperatures and times

5% CuO/TiO, 15% CuOITiO,
Time of Rutile formed (%)
heating (h) 750°C  800°C  850°C  700°C  750°C  800°C

1 10 41 149 22 108 268
2 20 80 276 41 205 453
3 29 118 385 64 291 596
4 3.9 154 477 81 368 701
5 49 189 555 102 436 779
6 59 223 622 119 498 837
7 6.8 254 678 137 552 879
8 17 285 726 155 601 912
9 8.7 315 767 173 644 934
10 9.6 343 802 197 682 979

level of rutilation depends on the amount CuO in addi-
tion to the method of preparation of doped samples.
Therefore doping of TiO, with CuO will ater the
anatase-rutile transformation in titania Metal titanate
formation was observed in the XRD patterns of MnO,
and CuO doped TiO,. Thisindicates a reaction between
the metal oxide and titania at higher temperature to
form their titanates.

Activation energy for polymorphism in doped TiO,

In MnO, doped TiO, samples, the activation energy
for the transformation was calculated to be 128 kJ/mol
for 5% MnO,/TiO, and 109 kJmol for 15% MnO,/
TiO, in the case of co-precipitated samples and for
wet-impregnated samples 265 and 232 kJmol respec-
tively for 5 and 15% MnO,/TiO,. In the CuO doped
case the activation energy for the transformation was
calculated to be 142 kJmol for 5% CuO/TiO, and 128
kJmol for 15% CuO/TiO, in the case of co-precipitated
samples and for wet-impregnated samples 163 and 139
kJmol respectively for 5 and 15% CuO/TiO, against a
reported value of 380 kJmol for undoped TiO, [4].
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Hence it is clear that there occurs a lowering of the
activation energy on doping TiO, with MnO, and CuO,
which acce erates the anatase-rutile transformation. Hence
doping of TiO, with MnO, or CuO causes a structura
modification when heated to around 650°C depending
on the nature of the metal oxide. The lowering of the
activation energy also plays amajor role in the process.
The extent of rutilation strongly depends on the nature
of the transition metal oxide dopant and the method of
preparation. The dopant concentration is also a decid-
ing factor in the polymorphism.

Shannon and Pask [7] have verified that the trans-
formation could equally well be expressed by a first
order equation, contracting the interfacial area and
nucleation/growth equations, obtaining Ea values of
619. 778 and 811 kJmol respectively. Czanderna et al.
[8] have described the transformation using a second
order rate law and reported Ea=460 kJmol, while Rao

Table 5. Variation of Crystalite size and surface area in undoped
and MnO,/CuO doped TiO, samples

Heating Surface  Crystalitesize
Sample Temperature area of anatase
(C) (m?/g) (nm)
110 162.58 Amorphous
300 109.59 Amorphous
Undoped TiO, 700 272 4.8
900 9.13 142
1000 254 Anatase absent
c iiteted 110 95.87 Amorphous
o-precipita 700 7.07 104
9% MnO,TIO; 750 226 165
c itated 110 124.36 Amorphous
0-precipi
Siwnomo, 10 84 93
Weki el 110 90.76 Amorphous
-impregn
sewnogno, 00 0I o7
e e 110 103.81 Amorphous
-impregn
mounomG, 00 T 94
c itated 110 112.3 Amorphous
0-precipi
c initeted 110 132.2 Amorphous
O-precipi
mhoomo, 0 80 4%
Weti ted 110 2.7 Amorphous
-impregn
sicome, 0 23 23
Weti ted 110 119.7 Amorphous
-impregn
mecomo, X S5 o
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[4] has applied an exponentia transformation rate and
caculated Ea=418 kJmal.

Surface area and crysallite size measurements
(Table 5)

The surface area of doped TiO, undergoes a drastic
decrease on hesating at higher temperatures. In case of
MnO, doped TiO,, a 700°C, the 5% co-precipitated
MnO, doped sample gave 7.07 m?g surface area while
the 15% doped sample gave a surface area 6.4 m?/g.
The amount of dopant has an influence in the changes
of surface area with rutilation. 15% doped samples gave
lower surface areas than 5% samples. Also samples
prepared by the wet-impregnation method have some-
what higher surface areas than those co-precipitated.
However the crystallite size of anatase increases with
rutilation, which confirms the growth of particles with
rutilation during heating. The surface area and crystal-
lite size of MNO, and CuO doped TiO, samples dong
with undoped TiO, are shown in Table 5. CuO doped
samples aso show the same trend. During the anatase-
rutile transformation, there occurs growth of particles.
This reflects in a lower surface area and higher crystal-
lite size.

The diffuson of metal oxide into the TiO, lattice
may result in a lower surface area and a simultaneous
increase in crystalite size. The distribution of meta
oxide on titaniais different for samples prepared by co-
precipitation and wet-impregnation. Hence they behaved
differently. It was observed that the catalytic activity of
doped titania decreases with rutilation. The drastic
decrease in surface area with rutilation may result in
decreased catalytic activity.

Scanning Electron Microscopic Studies

Scanning electron micrographs of MnO, and CuO/
TiO, before and after rutilation are shown in Figs. 3
and 4. It is seen from the micrographs that in MnO,
doped TiO, before heating, when the anatase phase is
present, the surface is somewhat rough and there is a
distribution of MnO, on the surface of TiO, as evident
from Fig. 3. The particle surface becomes smooth dur-
ing heating in the presence of MnO,. Also the particle
size increased correspondingly with rutilation. The
reaction between MnO, and TiO, during heating to
form their corresponding titanates is also confirmed
since there is no free MnO, on the surface after
rutilation. XRD studies aso confirm this observation.

In the case of CuO doped TiO,, there is not much
change in the morphology of TiO, but the particles are
separated as individual ones and some changes in size
and shape are observed. These changes may occur due
to rutile formation when calcination is carried out. The
crystallites seem to expand prior to the transformation
to rutile. Therefore it is clear that CuO has somerolein
deciding the shape of particles. Hence it is evident that
the surface morphology of TiO, changes with rutilation
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Fig. 3. Scanning Electron Micrographs of MnO, doped TiO,. (a)
Beforerutilation. (b) After rutilation

in the presence of transition metal oxides and the
changes strongly depend on the nature of transition
meta oxide doped.

Conclusons

The phase transformation temperature of TiO, is
affected by the presence of MnO, and CuO. The
anatase to rutile transformation temperature decreased
greatly in the presence of CuO and MnO, The percent-
age of rutile formed strongly depends on the amount of
MnO, and CuO present in TiO,. The method of pre-
paration of samples plays a mgjor role in deciding the
anatase-rutile conversion. The activation energy for the
transformation was found to be lowered substantialy
on doping with MnO, and CuO. Also the crystalite
size of anatase increased and the surface area decreased
sharply with rutilation. The surface morphology of
TiO, changed by doping with MnO, and CuO as well
as with rutilation.
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