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Structure and pore characteristics of the ultrafine titania synthesized from 

Ti(OC4H9)4 in acid medium with cetyltrimethylammonium (CTMA) as tem-
plate are studied. As determined, the specific surface area and mesopores’ 

volume depend on the pH of reaction medium at the stage of titanium butox-
ide hydrolysis. The regularities of Li


-ions’ electrochemical intercalation in 

mesoporous titania with different morphologies are investigated. 

Вивчаються характеристики структури та пор ультратонкої титанії, син-
тезованої з Ti(OC4H9)4 у кислотному середовищі з цетилтріметиламмоні-
йом (CTMA) в якості шаблону. Як визначено, питома площа поверхні й 

об’єм мезопор залежать від pH реакційного середовища на стадії гідролізи 

бутоксиду титану. Досліджено закономірності електрохемічної інтерка-
ляції йонів Li


 у мезопористій титанії з різними морфологіями. 

Key words: mesoporous titania, sol–gel route, pore size distribution, ana-
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1. INTRODUCTION 

Nanostructured titania (TiO2) is one of the most wide used oxide 
nanomaterial due to its various applications in industry and medi-
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cine as a microbiocide, active material for gas sensors and photo-
catalytic systems, electrode material of dye-sensitized solar cells 
and electrochemical power sources. Functional characteristics of the 
titania depend on its phase composition, structural and electronic 
properties. Particle size and morphology are also important factors, 
which determine the electric and catalytic parameters of nanodis-
persed titania. At the same time, synthesis of homogeneous porous 
materials is an actual. The properties of TiO2 and its possibility of 
successful technological application crucially depend on the synthe-
sis method. The sol–gel synthesis of titania involves the chemical 
conversion of titanium alkoxides, titanyl compounds or titanium 
tetrachloride into a colloidal product in the liquid-phase reaction 
medium. The nucleation of specific titanium-dioxide polymorph is 
caused mostly by the spatial arrangement of the primary monomers 
[Ti(OH)h(OH2)6h]

(4h) formed at the hydrolysis and is determined by 
the pH of reaction medium [1]. 

2. EXPERIMENTAL DETAILS 

Titanium butoxide Ti(OC4H9)4 was used as a precursor for titania 
obtaining; sulphate acid (5М aqueous solution) was used as a hy-
drolysis agent, and cetyltrimethylammonium chloride (CTMA-Cl) 
was a template. The hydrolysis agent was dropwise added to 
Ti(OBu)4 (Aldrich) and CTMA-Cl (Aldrich) mixture with precision 
control of reaction media pH value under vigorous stirring for 6 
hours at 60–65С with the next sol ageing for 4 days at room tem-
perature. Five titania samples were obtained at pH values of 1.0, 
1.2, 1.4, 1.6 and 1.8 and were marked as M1–M5, respectively. Ob-
tained colloidal solution was separated by centrifugation, washed 
with distilled water and dried at 85C; additional washing with ab-
solute ethanol was used for template (surfactant) extraction. 
 The structure of materials was investigated by XRD (DRON-4-07 
diffractometer, CuK radiation, Bragg–Brentano geometry, NiK-
filter). Low-temperature nitrogen adsorption method was used for 
morphology analysis (Quantachrome Autosorb Nova 2200e porosim-
eter; adsorption–desorption isotherms were measured at 77 K). The 
samples surface area was calculated by the Brunauer–Emmett–
Teller (BET) method. 

3. RESULTS AND DISCUSSION 

It is known that the degree of hydrolysis is a function of reaction 
media pH, and it determines the type of primary monomers formed 
during the hydrolysis of titanium salts [1]. The reaction 
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Ti(OC4H9)4nH2O  Ti(OH)n(OC4H9)4nnC4H9OH occurs during the 
hydrolysis of titanium butoxide. [Ti(OH2)6]

4 monomers, where Ti4

 

ions are octahedrally co-ordinated, are formed at the final stage of 
hydrolysis. The protolysis is happened as [Ti(OH2)6]

4hH2O  
 [Ti(OH)h(OH2)6h]

(4h)yH3O

 where h is a hydrolysis ratio. In 

[Ti(OH)h(OH2)6h]
(4h), the OH groups are located in the equatorial 

planes of the octahedron, and the H2O molecules primarily occupy 
the vertex position [2]. Applying the partial charge theory [3], the 
hydrolysis ratio h was calculated from the pH (Fig. 1). It was de-
termined that, for investigated pH range, [Ti(OH)2(OH2)4]

2 species 
are the most probable hydrolysis products when the pH increasing 
leads to increasing the possibility of Ti(OH)3(OH2)3]


-complexes’ 

formation. The pH values less 2 are the preconditions of rutile 
phase nucleation because of primary monomers’ condensation by 
joint edges in equatorial planes of octahedra [4]. The increasing of 
hydrolysis ratio leads to the anatase or brookite phases’ formation 
because of the merger of co-ordination octahedra by lateral planes 
of faces. At the same time, both the chelating and bridging biden-
tate complexes’ formation between sulphate anions and octahedrally 
co-ordinated [Ti(OH)2(OH2)4]

2 monomers stimulates screw polymer 
chains formation and the nucleation of TiO2-anatase phase. 
 Hexadecyltrimethylammonium bromide (CTAB) molecules in 
aqueous solution lose Br


 and, when the surfactant concentration 

exceed threshold of 0.910
3 moleL

1 form spherical micelles [5]. In 
our experiment, the concentration of CTAB was about 1210

3 
moleL

1, so, at this condition, CTMA

 ions form a hexagonal array 

of cylindrical micellae with hydrophobic alkyl inside and charged 
hydrophilic groups on the outer side. The titania nucleation in this 
array of tubular channels with the further template extraction leads 

 

Fig. 1. Dependence of the hydrolysis ratio h of [Ti(OH)h(OH2)6h]
(4h) mon-

omers on the pH of the reaction medium. 
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to mesoporous materials obtaining. 
 All materials obtained by initial xerogels’ drying at 80C and 
ethanol extraction are amorphous (XRD data; see Fig. 2, a) states 
with anatase structural motives and crystallized to nanostructured 
anatase after annealing at 500C. It was determined (low-angle x-
ray scattering data) that the titania samples have mesoporous mor-
phology (Fig. 2, b). 
 The Bragg spacing value for (100) reflex of ordered structure is 
of 2.5 nm, and hexagonal lattice constant is of 2.9 nm. Specific 
surface areas (low-temperature nitrogen adsorption data, BET mod-
el) non-linearly vary depending on the pH in a range of 88–348 
m2/g with the maximum for M3 sample obtained at pH1.4 (Fig. 

   
                        a                                                  b 

Fig. 2. Low-angle XRD pattern for M3 sample at annealing temperatures 
of 80C (a) and 500C (b). 

    
                        a                                                   b 

Fig. 3. The specific surface area (a) and total mesopore volume (b) of tita-
nia samples obtained at different pH of reaction medium. 



TEMPLATE SYNTHESIS, STRUCTURE, MORPHOLOGY AND PROPERTIES OF TiO2 285 

3, a). Total specific volume of mesopores (equivalent model of cy-
lindrical pores) changes in the range of 0.56–1.68 cm3/g (Fig. 3, b). 
 The obtained titania samples were used as a base of the electrode 
materials for the model lithium power sources. Electrode composi-
tion consist of titania (90 mass.%), acetylene black (8 mass.%) and 
PVDF (2 mass.%). Polarizing and comparison electrodes were made 
from lithium foil; 1M LiBF4 in -butyrolactone was used as the elec-
trolyte. The discharges were carried out in galvanostatic conditions 
at current density of C/10. Character of the discharge curve is the 
result of the different processes domination at different stages of 
discharge: intercalation, formation of double electric surface layer, 
change of material phase composition (Fig. 4). 
 The obtained values of specific power density vary in a range of 
870–1750 W/kg. Specific capacity and power density increase with 
the pore volume and specific surface area enlarging (Fig. 5, a, b). 
The kinetics of the discharge process was investigated by means of 
the impedance spectroscopy. The presence of the only one kinetic 
process during discharge was determined. Diffusion coefficients, 
calculated accordingly to [6], decline exponentially with the increas-
ing of intercalation degree in a range of 110

8–210
11 cm2/s. 

4. CONCLUSIONS 

Mesoporous titania with ordered hexagonal structure has been pre-
pared using CTMA-Cl-template-assisted sol–gel route. The specific 
surface areas of titania samples change in a range of 88–348 m2/g 
depending on the pH of reaction medium during hydrolysis. The 

 

Fig. 4. The discharge curves of the model lithium power sources with the 
cathode on the base of mesoporous titania samples. 
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specific power densities of Li

-ions’ intercalation vary in a range of 

870–1750 W/kg for titania samples with different total mesopore 
volumes and specific surface areas. 
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Fig. 5. Power density of the Li+-ions’ electrochemical intercalation for 
electrode materials on the base of mesoporous titania as a function of spe-
cific surface area (a) and total mesopore volume (b). 
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