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Structural study of lithium titanium mixed oxides
prepared by sol-gel process
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A structural study, using TGA-DSC analysis, X-ray diffraction, Raman scattering and FT
Infrared absorption, is performed on mixed titanium lithium oxide with 20% of lithium
prepared by sol-gel process. The structure is investigated as a function of the annealing
temperature. At low temperatures the sample is in the anatase phase and transforms to the
rutile phase near 500°C. The crystallite size of rutile TiO, increases from 40 to 100 nm as the
temperature increases. However the size increase presents some discontinuity at
temperature around 600°C. At thermal treatment temperatures from 500°C to 850°C the
presence of LiTi,O4 in the sample is clearly observed. Finally at 1000°C the sample is
composed by a mixture of rutile TiO, and Li;TizO7. © 2002 Kluwer Academic Publishers

1. Introduction
In the last years, the sol-gel techniques have received a
lot of attention. Since the final characteristics of sol-gel
samples depend on the precursors used in the initial so-
lutions, materials with very specials requirements can
be made. Titanium dioxide has been widely studied
due to its various applications in: ceramics [1], coat-
ings [2], thin films [3, 4], biomaterials [5], catalysts [6]
or photocatalysts [7, 8] and chemical sensors [9, 10].
Titanium dioxide gels are obtained by hydrolysis and
polymerization of an alkoxide in acid medium. Dur-
ing the preparation of the colloid, in the first step it is
possible to add ions of alcalinous metals in a simple
manner. These ions cogelify with the titanium alkox-
ide and take place in the colloid network [11]. Upon
addition of these doping agents to titanium oxide, the
physico-chemical properties are improved. In the same
way it is possible to change the crystallinity depending
on the doping ion size.

Titanium dioxide presents an amorphous phase and
three crystalline phases: anatase, rutile and brookite,
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which are obtained by changing the reaction conditions
and the doping agent [12]. Rutile is the most abundant
phase in nature and corresponds to titanium octahedri-
cally coordinated. Nevertheless when synthesized in
laboratory the first phase observed is anatase [13].
Stoichiometric titanium dioxide (TiO») is a dielec-
tric material, but it can be a semiconductor if the rela-
tion Ti/O = 1/2 is modified. The reaction mechanisms
which give semiconductor properties to titanium oxide,
where the important role of O—H groups is never for-
gotten, either as free radicals, adsorbed on the titanium
oxide or simply by the excess of hydrogen which is
generated inside the solid, which reacts easily with any
specie in contact, is actually a subject of controversy.
One of the simplest ways to obtain solids is by the sol-
gel method, which gives a great number of O—H groups
in the structure that create punctual defects [14]. An-
other way is by introducing an ion, which originates a
variation of the band gap (E,). The addition of alcali-
nous salts of metals to the samples during the gelation
process, produces titanium oxide with a small part of
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the metal M* in the network and the major part on
the surface [14, 15]. It is then a potential catalyst and
photocatalyst.

TiO,/Li materials are good photocatalysts as they
possess an adequate gap (2.7-3.1 eV) in order to decom-
pose phenol with solar light [16]. Thermal treatment is
provided in order to study the effect of deshydroxyla-
tion and expulsion of CO%‘ ions. This is very important
because it can generate defects in the solid giving semi-
conductor properties and a better photocatalyst behav-
ior. Normally, at 600°C the solid has a great quantity of
oxygen vacancies and is nearly completely deshydrox-
ylated. When carbonyl ions are extracted near 900°C
the porosity changes because the carbonate anion is
big and its desorption causes a complete modification
of texture.

In the present work, the lithium titanium oxide (20%
in weight of Li) was obtained by sol-gel process in-
volving metal-organic compounds (alkoxides) as pre-
cursors, which give a colloidal suspension and sub-
sequently a gel [17-21]. The resulting gels obtained
by this method present unusual properties. They pos-
sess stable structures at low temperatures, and thermal,
structural and textural properties unobserved in tradi-
tional solids. The particle size lays in the nanoparticle
domain [22-24]. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) of the
TiO,/Li gel followed by a structural analysis of TiO,/Li
gel at different annealing temperatures, from room tem-
perature (RT) to 1000°C, by X-ray diffraction (XRD),
Raman scattering and FT-IR absorption were used to
characterize the obtained samples.

2. Experimental procedure

2.1. Sample preparation

Various methods of preparation of composite oxides
exist, the mains are the following: (i) salts melting,
(i1) coprecipitation, where one or more soluble salts
are neutralized by the addition of a base inducing the
coprecipitation of metallic oxide gels [25], (iii) impreg-
nation, where the major component is mixed with a salt
solution of the other metal, and the resulting suspen-
sion is slowly dried to obtain an homogeneous mixture
[26-28], (iv) ionic exchange, where the less concen-
trated ion is in contact with an hydroxilated surface
which carry out the proton exchange depending of the
O—H bond nature [29].

In this paper the preparation of the sample is by
sol-gel process. For the preparation of xerogels, two
steps must be considered. The first, called pregelation,
in which the alkoxides are hydrolyzed and condensed
to form the gel. In this step the alkoxide oligomers form
hydroxi (M—OH), alcoxi (R—OH) or ether (R—O—R)
intermediate groups. The second step is the post gela-
tion which initiates after the gelation point and includes
all the phenomena that occur during the drying and cal-
cination process: (i) water desorption, (ii) solvent evap-
oration, (iii) desorption of organic residues, (iv) deshy-
droxylation, and (v) structural and textural changes.

When the gelation occurs at alcalinous pH using
NH4OH as catalyst of hydrolysis, initial particles have
an approximate diameter of 10 A and their size increase
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with time [30]. This procedure gives mesoporous solids,
these are amorphous initially and upon heating crystal-
lize to anatase and rutile phases in the specific case of
titanium oxide [31]. At pH 9 the reaction velocity of hy-
drolysis is lower than that of polymerization and linear
gels are obtained [32].

The slow addition of titanium n-butoxide (alkoxide
which is the titanium oxide precursor) to an homoge-
neous solution of lithium carbonate which is in reflux
and constant stirring, gives rise to an uniform nucleation
of the involved species. Initially, the lithium carbonate
is dissociated in Li* and CO%f which results into elec-
trostatic repulsions with the carbonate ion, but a strong
attraction with the lithium cation:

M(OR), + H,0 249" (RO); M—O~ + ROH

1 (RO)s M—O—Li + ROH 1)

Nevertheless these repulsions and attractions of the
components give an homogeneous distribution of
lithium in the titanium oxide and a 100% superficial
dispersion of the alcalinous metal (Li;O) which com-
bines with titanium oxide to form LiTi,O4 as it was
shown by the Rietveld method [16].

The crystal structure and crystallite size are direct
functions of the thermal treatment temperature. Both
properties are of great importance in the behavior of
the material when it is used as catalyst or as active
compound for special ceramics.

In the present case the samples were prepared using
the following procedure: in a flask, 150 ml of ethanol
(Baker, 99.9%) were refluxed at 70°C. Under con-
stant stirring, NH4OH (Baker, 35% NHj3 in water) were
added to adjust the pH at 9. A solution of 72.2 ml of tita-
nium n-butoxide (Aldrich, 99.9%) in 100 ml of ethanol
and 35 ml of an aqueous solution of Li,CO3 (Baker,
99.99%) was added dropwise during 2 1/2 hours un-
til a final concentration of 20% of Li atoms in weight
was obtained. The mixture was left under both stir-
ring and refluxing until the gels were formed. The as-
prepared material was a white powder. The thermal
treatments were done by heating the samples during two
hours at the desired temperature in a thermally regulated
Lindberg oven.

2.2. Thermal analysis

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of the TiO,/Li gel were
performed simultaneously on a Netzch STA-409 EP by
linearly heating (10°C/min) in a static air atmosphere.

2.3. Powder X-ray diffraction (XRD)

The X-ray diffraction patterns were obtained using a
Siemens D-5000 diffractometer with a Cu K, radiation
source (A = 1.5406 A). The average crystallite size
was calculated by the Scherrer equation.

2.4. Raman scattering spectroscopy
The Raman scattering experiments were performed at
room temperature on a computerized Spex 1403 double



monochromator, using a Lexel Art laser. We used the
514.5 nm laser line with a power of 100 mW at the laser
head and the spectral resolution was about 2 cm~"!. The
scattered light, detected in a backscattering geometry,
was collected on the photocathode of a cooled pho-
tomultiplier, followed by a standard photon counting
system. The same thermally treated samples as those
used for X-ray diffraction were analyzed by Raman
scattering.

2.5. Infrared absorption measurements
Samples for FT-IR measurements were made by mix-
ing TiO,/Li powder in KBr pellets. FT-IR spectra
were recorded on a Perkin Elmer 1600 FT-IR spec-
trometer equipped with a globar source and a TGS
(triglycine sulfate) detector. In order to eliminate the
spectral contributions of the atmospheric water va-
por and carbon dioxide, the instrument was purged
with dry air. For each spectrum, 40 interferograms at
4 cm~! resolution were collected, co-added, apodized
with a Happ-Genzel function and Fourier transformed.
The same thermally treated samples as those used
for X-ray diffraction and Raman scattering were used
for FT-IR.

3. Results and discussion

3.1. Thermal analysis

In Fig. 1 are presented the TGA and the DSC curves
of the TiO,/Li gel. Two mass losses are observed:
(i) the most important appears between 120 and 150°C
followed by a slow decrease up to 500°C with a total
mass loss of 22%; (ii) the second one between 800 and
1000°C with a 3% mass loss. At the same time the DSC
curve presents at least 5 important processes: three en-
dothermic at 155, 475 and 602°C and two exothermic
at 551 and 971°C.

The first endothermic peak, correlated to the main
mass loss, corresponds to the physisorbed water and
solvent loss in the material. The second endothermic
peak at 475°C is due to a partial deshydroxylation
of the titania and is correlated to the slow decrease
of mass. This process is associated with a superficial
free energy liberation by the breaking of Ti—OH bonds
and formation of new Ti—O—Ti bonds which increase
the particle size. The last endothermic peak (602°C)
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Figure 1 Thermogravimetric (a) and DSC (b) curves.

shows that the deshydroxylation process is still going
on. The first exothermic peak at 551°C is due to the
anatase — rutile phase transition of the titanium oxide.
The last exothermic peak is due to carbonates decom-
position releasing carbonyl groups and is correlated to
the second mass loss. Normally this process occurs at
lower temperatures (618°C), nevertheless by this sol-
gel method the carbonates are retained in the material to
higher temperatures [33]. This carbonates decomposi-
tion suggests a solid state reaction between the lithium
which is product of the decomposition and the tita-
nium oxide, which results in the formation of a new
oxide.

As we have seen on the DSC and thermogravimetric
analysis, the anatase to rutile phase transition is com-
pleted approximately at 550°C in good agreement with
a previous work [31] on TiO, nanoparticles. It seems
that lithium has not a detectable effect on the anatase to
rutile transition, as opposed to other dopants [34]. Nev-
ertheless a new oxide due to the presence of lithium
appears at high temperature.

3.2. X-ray powder diffraction

Fig. 2 shows the XRD patterns of untreated powder
(RT) together with the thermally treated powders at dif-
ferent temperatures (300, 370, 400, 500, 650, 700, 850
and 1000°C). The XRD pattern of the untreated pow-
der (RT) consists of broad bands peaking at 26 =25°,
31°, 38°,48°, 55°, 64°, 70° and 76°. This spectrum re-
veals that this sample consists of a mixture of anatase
and brookite, with anatase as the predominant phase.
After a thermal treatment at 300°C the presence of a
small broad peak centered at 26 =27.5° is observed.
This peak indicates that the rutile phase begins to ap-
pear at this temperature. Upon annealing at 370°C part
of the powder crystallizes in the rutile phase. This is
indicated by the presence of some peaks at 26 =27.5°,
36.1°,41.2°,54.3° and 56.6° characteristic of this TiO,
phase as observed on the corresponding spectrum. At
370°C the sample is composed approximately of 56%
rutile and 44% anatase. If a thermal treatment at 400°C
is applied, the obtained sample consists predominantly
of rutile (94%) with a small quantity of anatase. This
rutile-anatase relation is indicative of the phase transi-
tion anatase — rutile. The difference with DTA results
probably comes from the rate heating process which
is faster in the case of DTA than in the case of X-ray
analysis.

When the sample is thermally treated at 500°C, it
completely crystallizes into the rutile phase as ob-
served in the corresponding diffractogram presented
in Fig. 2. This diffractogram has peaks at 26 =27.5°,
36.1°, 41.2°, 44°, 54.3°, 56.6°, 62.7°, 64°, 69° and
69.8° that correspond unambiguously to the rutile TiO,
phase.

At thermal treatment temperatures from 500°C to
850°C the diffraction patterns corresponding to the ru-
tile TiO, are obtained. This is indicated by the pres-
ence of the rutile peaks shown in Fig. 2. However an
additional peak at 26 = 18.2° attributed to the pres-
ence of LiTi; Oy in the sample is clearly observed. This
new peak increases in intensity at temperatures from
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Figure 2 XRD patterns at different annealing temperatures.

500°C to 850°C indicating that this specie increases
in quantity. Even more at temperatures in the range
from 500°C to 850°C the sample consists of a mix-
ture of rutile TiO; and LiTi,O4 with rutile as the major
phase.

Finally at 1000°C the presence of additional new
peaks are clearly observed. These peaks are centered at
26 =20°, 33.3°, 35.8°, 36.5°, 40.2°, 51.5° and 52.9c,
corresponding to Li;TizO7. At 1000°C the sample is
composed by a mixture of rutile TiO, and Li;TizO5.
The existence of the new oxide is correlated by the DSC
measurements as seen above. It’s worth noting that at
1000°C the LiTipO4 phase disappears completely. It
should be noted that pure titania is a good photocat-
alyst for the 2,4 dinitro-aniline. However addition of
lithium resulting in the formation of LiTi,O4 improves
significantly this property [35].

From the sequences showed in Fig. 2 it is clearly
observed that as the thermal treatment temperature in-
creases, the peaks associated with the rutile phase be-
come sharper and more intense indicating that the crys-
tallinity of the rutile phase has improved markedly. For
this phase the crystallite size was estimated using the
Scherrer equation:

09
"~ Bcosh

2
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where A is the X-ray wavelength, 6 is the Bragg angle
and S is the pure full width of the diffraction line at half
of the maximum intensity using the peak at 27.5°.

The average crystallite sizes as a function of the ther-
mal treatment temperature are shown in Fig. 3. Using
a simple Arrhenius equation of the type [36]:

D = Dye it 3)
It is not possible to find an unique activation energy
E, for the full range of annealing temperatures. In the
present case we have fitted our data with two different
straight lines. The first having an activation energy of
0.05 eV and a Dy of 361 nm covers the low tempera-
ture range. For the high temperature range the value of
E, and Dy are 0.13 eV and 126 nm, respectively. The
intersection of the two lines occurs around 620°C. The
change of the growth rate of the nanoparticles could
be related to the appearance of the LiTi,O4 compound
however further investigations are needed to clarify this
behavior.

3.3. Raman scattering spectroscopy

In Fig. 4 the Raman spectra in the 50-950 cm~! region
of the titanium lithium oxide samples at different an-
nealing temperatures from room temperature to 850°C
are presented. Between room temperature and 370°C,
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Figure 3 Crystallite size of the TiO; as function of the annealing temperature.
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Figure 4 Raman spectra of the TiO,/Li at different annealing temperatures in the 50-950 cm ™' region.
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TABLE I Raman frequencies of the mixed TiO»/Li oxide at different annealing temperatures in the 50-950 cm™~! region

RT 350°C 370°C 400°C 500°C 650°C 700°C 850°C Assignment
96 98 96 101 vw
127 127 127 Ajg Brookite
151 146 146 145 Eg Anatase
142 w 142 w 142 w 142 w Big Rutile
153 sh Ay Brookite
198 vw 197 198 vw Eg An. Ay Br.
213 vw 214 213 Big Brookite
236 234 233 231 Rut. Dis or 2nd ord.
248 248 248 248 Ay Brookite
288 286 278 sh 289 278 sh 269 sh LiTip Oy
325 322 322 325 320 vw 320 B¢ Brookite
363vw 366 368 366 By Brookite
353 351 351 LiTip Oy
406 404 407 404 sh 405 sh 404 401 sh Big An. Ay Br.
420 sh 422 sh 422 sh 422 sh LiTipOy4
448 449 448 448 447 Eg Rutile
454 vw 456 451 B3y Brookite
503 sh Ajg An. Byg Br.
518 521 521 521 vw Ajg An. Bjg Br.
546 sh 542 sh 547 vw
589 sh
612 sh 612 612 612 612 612 Az Rutile
638 638 638 Eg An. Ajg Br.
650 sh 657 656 659 671 LiTipOy4

sh, shoulder; vw, very weak; An, anatase; Br, brookite.

the samples are characterized by a strong vibration at
146 cm™~! and small bands at 127, 198, 213, 248, 322,
366, 404,456,521, 546 and 638 cm~!. All the observed
vibration modes with their possible attribution are re-
ported in Table L.

It is well known [37-40] that a strong band near
145 cm~! and small bands near 198, 395, 514 and
638 cm~! are signature of anatase phase. The weak
bands that appear at 127, 248, 322, 366 and 456 cm™!
on the sides of the anatase bands indicates that there is
also a small quantity of brookite phase [39, 40]. This
result is in accordance with the X rays results described
above. It can be observed that from 500 to 1000°C the
sample is in part in the rutile phase as indicated by
the strong bands at 233, 446, 610, and a weak band at
827 cm~!. Many of the bands attributed to vibrations
of the brookite phase have disappeared at 500°C, nev-
ertheless the small band at 320 cm™! still appears at
650°C and another one at 401 cm™! is still present at
700°C. Above 850°C the Raman spectra corresponds
closely to TiO; in the rutile phase however some small
bands that appear peaking at 101, 270, 351, 422 and
660 cm~! between 370 and 850°C are unknown in the
Raman spectra of anatase, brookite and rutile. In or-
der to assign these bands, a powder of LiTi,O4 was
prepared. The Raman spectrum (spectrum not shown)
shows bands at: 144, 235,271, 355, 415, 447, 612, 676
and 760 cm~!. The bands observed at 270, 351, 422
and 660 cm™! at temperatures above 370°C could be
attributed to the LiTi;O4 phase that was observed in
small quantity in the XRD patterns.

When the same compound is thermally treated at
1000°C, we can observe a change in the part of the spec-
trum below 200 cm™! (spectrum not shown). Bands at
126 and 161 cm~! appear that were not observed in
the spectrum at 850°C (Fig. 4) and could probably be
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due to the new oxide (Li;Ti3O7) observed at 1000°C
by XRD and suggested by DSC results.

From Raman scattering we observe the intense band
of anatase between 151 and 145 cm™". Music et al. [40]
have shown that a Raman shift higher than 142 cm™!,
could be due to the vibrational mode of nano-sized
particles.

3.4. Infrared absorption

In Fig. 5 are presented the FI-IR absorption spectra
in the 2503850 cm~! region of the TiO,/Li samples
at different annealing temperatures. All the infrared
absorptions in this frequency range are reported in
Table II. At room temperature, the FT-IR spectrum is
characterized by a very strong absorption band cen-
tered near 600 cm™! with maxima at 480, 598 and
735 cm~!. These absorptions are assigned to vri_o
(550-653 cm™!) and 81_o_; (436—495 cm™!), respec-
tively [41, 42]. At lower frequency a strong and sharp
absorption is observed (343 cm™!).

At higher frequency two strong and sharp absorp-
tions are observed at 1399 and 1632 cm~! which are
probably due to the carbonate stretching vibrations and
to the bending mode of adsorbed water, respectively. In
some spectra very weak absorptions are observed near
2859 and 2926 cm™~! corresponding to C—H stretching
vibrations due to residual titanium n-butoxide chain
used in the preparation. Two very strong absorptions at
higher frequencies are observed at 3216 and 3405 cm™!
at room temperature corresponding to vo_y stretching
modes of water occluded in the titania network, to some
alcohol residues and to hydroxy groups (Ti—OH) bound
to the titanium atoms. This part of the spectrum is anal-
ogous to that of pure water [43] and indicates that is
mainly due to residual crystallization water.



TABLE 11 Infrared absorption bands of the mixed TiO,/Li oxide at different annealing temperatures in the 250-3850 cm ™' region

RT 300°C 350°C 400°C 500°C 650°C 700°C 850°C Assignment
343 343 343 343 343 343 343 343
419 409 414 414 414 STi—O—Ti
480 492 492 ST O—Ti
553 548 548 537 542 542 531 Vo
598 598 603
648 670 650 653 636 Vo
735 715 731
870 870 sco
904 909
1120 1126 1159
1399 1399 1399 1399 1399 1399 1399 1399 wcH
1438 1438 ¥co
1499 1499 1510 Yco
1632 1627 1627 1632 1632 1630 1632 o
1654 1655 1655 1650
2859 2859 2859 2859 2853 2853 2865 2859 Ve
2926 2932 2432 2926 2920 2920 2937 2926 Ve
3020 3015 3015 3015 3015 3015 Ve
3216 3204 3149 3171 3199 3137 3143 3154 Vou
3405 3394 3399 3404 3432 3388 3443 3426 VOH
850°C
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Figure 5 FT-IR absorption spectra of the TiO,/Li samples at different annealing temperatures in the 250-3850 cm ™' region.
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At300°C, the spectrum does not change except that a
loss of water can be observed. At 350°C, the absorption
spectrum has changed in this region. The more intense
band is the 3149 cm~! one, showing that the residual
OH are mainly due to Ti—OH bonds. Up to 850°C,
the intensity of this band diminishes slowly indicating
the slow desydroxylation observed by TGA and DSC
measurements.

At the same time a first phase transition is observed
on the 400°C spectrum, where absorptions near 419,
648 cm~! are observed and those observed near 492
and 603 cm™! have vanished. These absorptions are
assigned to bending and stretching modes of Ti—O—Ti
in the rutile and anatase phases, respectively.

Small absorption bands appear on the spectrum at
400 and 500°C near 870, 1438 and 1499 cm~!. These
bands are observed when the anatase — rutile phase
transition occurs and disappear at higher temperatures.
These are probably due to §co and yco vibrations of
carbonates. As the carbonates decomposition occurs
these bands vanish.

From FT-IR measurements Ocaiia ef al. [37] have
shown that the IR spectrum can vary with the size of
the particle. They have shown that the absorptions near
650 and 540 cm™' correspond to two different mor-
phologies, i.e., spheres and oblate spheroids, respec-
tively. But they did not discard that the 540 cm~' ab-
sorption could be due to spheres with a high state of
aggregation.

At 850°C a small change is observed in the low fre-
quency region where the band at 531 cm~! has a higher
intensity than the band at 636 cm~'. We can also ob-
serve a strong absorption at 1159 cm™"'. The same char-
acteristics are observed on the LiTi,O4 powder in agree-
ment with Raman results. At 1000°C (spectrum not
shown) the obtained spectrum is almost identical to the
one obtained at 850°C, but the Ti—OH stretching bands
are at 3131 and 3413 cm™!.

4. Conclusion

TiO,/Li gels were obtained by sol-gel process. DSC,
XRD, Raman and FT-IR results are in agreement and
have shown that the structure of the fresh material is in
the anatase phase. The gels still contain some residuals
of the sol-gel process as shown by FT-IR. XRD spectra
show that the mean crystallite size increases from 40 to
105 nm as a function of the annealing temperature.
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