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Preambule: ORGANIZATION OF THE THESIS 

This PhD thesis is based on publications (1-12) which are attached in-extenso at the 

end of this text. They make an integral part of the thesis, i.e. the text below is consi-

dered just a general introduction into the subject, as well as an extended summary 

of the mentioned papers.  Additionally, this entrance text is upgraded by new, so far 

unpublished data, wherever they are relevant to the subject of the thesis. In particu-

lar, this concerns the novel solar test data on mesoporous TiO2 films composed of up 

to 10 layers (Table II.3.2.1). In addition to this some recent results are attached. 

They deal with solar tests performed on novel kind of TiO2 material, nanofibrous 

anatase prepared by means of electrospinning from the polymer solution containing 

a titanium dioxide precursor. The fibers were combined with mesoporous TiO2. The 

fibrous, as-made product contains 20% of TiO2 and 80% of the polymer, which is 

finally removed by calcination. The first measurements on this material confirmed 

its large application potential for dye sensitized solar cells. The fibrous TiO2 in the 

bottom layer of the electrode composite is able to transport generated electrons to 

the current collector faster than commonly used nanoanatase and at the same time 

the upper layer consisting of mesoporous TiO2 provides sufficient surface area for a 

dye adsorption.  

 

I. GENERAL OVERVIEW 

I.1. Titanium dioxide 

 

Titanium dioxide was discovered in 1791 by the British amateur chemist Willem Gregor. 

He used a magnet to extract the mineral ilmenite (FeTiO3) from the sand of the local riv-

er, and treated it with hydrochloric acid to remove the iron13. The residue was the rutile 

form of TiO2. The industrial production of TiO2 started after the First World War in 

1918, when it replaced the toxic and unstable lead oxides as a white pigment in paint in-

dustry. Initially, the anatase form was used for paints, but was later replaced by rutile be-
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cause of its superior optical properties. Since then, TiO2 has remained the most important 

white pigment.  

 

Titanium is the 9th most abundant element on the Earth, and comprises 0.63% of the 

Earth’s crust13. Pure titanium dioxide does not occur in nature but is derived from ilmen-

ite or leuxocene ores. It is also readily mined in one of the purest forms, rutile beach 

sand. Ilmenite is converted to TiO2 by the sulfate or chloride process. In the first case, 

sulfuric acid reacts with the mineral to form water-soluble sulfates of titanium and iron. 

After extraction of the iron sulfates, titanium dioxide is formed by calcination. In the 

chloride process, mineral rutile is treated with chlorine to form titanium tetrachloride 

(TiCl4), a colorless liquid. After purification, the TiCl4 is converted in a reaction with 

oxygen at elevated temperature to form high-purity TiO2 and Cl2.  

 

Crystal structure 

 

 Several TiO2 polymorphs have been identified or proposed to exist under varying physi-

cal conditions14. Rutile, anatase, and brookite are well known naturally occurring poly-

morphs, and to this group Banfield et al15 added TiO2(B) as the fourth naturally occurring 

modification. The mineral is found in weathering rims on tektites and perovskite and as 

lamellae in anatase from hydrothermal veins and has a density lower than that of the oth-

er three polymorphs. Among these, rutile has been generally regarded as the stable poly-

morph under ambient conditions, with anatase, brookite, and TiO2(B) being metastable 

modifications16. Two more metastable modifications obtained in ambient pressure syn-

thesis are hollandite-structured TiO2(H)17 and ramsdellite-structured TiO2(R)18. In addi-

tion to the low-pressure phases, a number of high-pressure polymorphs has been identi-

fied experimentally or suggested from theoretical calculations. These high-pressure phas-

es have known crystal structures, and depending on the pressure, TiO2 adopts a structure 

isotypic with that of one of the following compounds: orthorhombic PbO2 (columbite-

type), baddeleyite (ZrO2), cottunite (PbCl2), pyrite (FeS2), or fluorite (CaF2). The cottu-

nite-structured TiO2
19 has been denoted as the hardest known oxide, with the hardness 
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approaching that of diamond. The columbite-type TiO2, referred to as TiO2-II, was first 

characterized by Bendeliani et al13 in samples quenched from 4-12 GPa and 400-1500oC. 

TiO2-II can be prepared from anatase, rutile or brookite in the pressure range 5-12 GPa 

and also at ambient pressures as a metastable phase by acid dissolution of Ti3O5.  At 

pressures higher than about 12 GPa, TiO2 adopts the monoclinic baddeleyite struc-

ture20,21.  

 

 So far, practical applications have been limited to the anatase and rutile forms, which are 

most easily produced and seemed to have the most interesting properties. Rutile is the 

thermodynamically stable structure for crystallites with particle size larger than ca.10 nm. 

It can be obtained by heating other polymorphs to high temperatures (700 to 1000oC). 

Anatase is generally formed by chemical reactions at temperatures below 500oC. Recent-

ly,  new prospects of monoclinic TiO2(B) applicability have been reported, based on ei-

ther its fibrous morphology or special electrochemical behavior7. High electrochemical 

charge storage capacity and higher rate capability of TiO2(B) resulting from its open 

structure and one dimensional morphology predetermine its promising application in Li-

ion battery industry.  

 

The crystal structures of anatase and rutile are based on a tetragonal symmetry, in which 

the Ti4+ ions are 6-fold coordinated to oxygen13. The principle difference between both 

structures is the arrangement of the oxygen ions. The rutile structure (space group 

P42/mmm) is based on a slightly distorted hexagonal close packing of oxygen ions, whe-

reas the oxygen sub-lattice in anatase (space group I41/amd) is near cubic close packed. 

Both structures have edge-sharing TiO6 octahedra, with two and four edges shared in ru-

tile and anatase, respectively. Furthermore, the octahedra in anatase are slightly more dis-

torted than in rutile. Orthorhombic brookite (space group Pbca) is of a lower symmetry, 

its short-range order is less regular, in brookite all six nearest-neighbor Ti-O bond lenghts 

are different. The crystal structure of TiO2(B) was determined by Marchand et al16. 

TiO2(B) has monoclinic unit cell (space group C2/m). The structure is isotypic to that of 

NaxTiO2 (bronze), x~0.2, where the name “TiO2(B)” comes from7. The structure of 

TiO2(B) is characterized by two edge-sharing TiO6 octahedra which are linked to the 
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neighboring doublet of octahedra by corners. Heating at temperatures higher than 550oC 

under atmospheric pressure causes slow transformation of TiO2(B) to anatase7. 

 

Electronic structure 

 

Titanium in TiO2 having donated its 3d and 4s valence electrons to the oxygen 2p orbitals 

has empty d band13. TiO2 is a wide-band-gap semiconductor, the band gap energy is 

3.03 eV for rutile and 3.18 eV for anatase. Titanium dioxide, both natural and synthetic is 

usually slightly oxygen-deficient, TiO2-x (x ≈ 0.01). This small oxygen deficiency, which 

can also be considered as Ti3+ impurity, provides n-type doping to the semiconductor ma-

terial.  Consequently, as an n-type semiconductor, it acts as a photoanode in an electro-

chemical cell upon photoexcitation across the band gap. The electronic structure of 

TiO2(B) was calculated by Nuspl et al22. TiO2(B) is a semiconductor with a band gap of 3 

- 3.2 eV. Similar to anatase and rutile, also the n-doped TiO2(B) shows photoanodic and 

photocatalytic23,24 activity in UV light. The photocatalytic activity may be even superior 

to that of Degussa P2523,24, the material considered to be all purpose photocatalyst with 

excellent performance. The unique properties of this Degussa product arise from its spe-

cial composition; it is actually mixture of anatase and rutile, while the rutile content is 

about 30%.   

 

 

Applications 

 

Titania has relatively high refractive index and other favorable optical properties to be 

used as a white pigment. Its value determines the opacity that the material confers to the 

matrix in which the pigment is housed. Hence, with its high refractive index, relatively 

low levels of titania pigment are required to achieve a white opaque coating. Therefore, it 

is widely used in paints and coatings (including glazes and enamels), plastics, paper, inks, 

fibers, food and cosmetics. One of the major advantages of the material for exposed ap-

plications is its resistance to discoloration under UV light. 
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Titania acts as an electrode material for dye sensitized photoelectrochemical cells. This 

device is based on charge injection from photoexcited organic or organometallic dye 

which is adsorbed on the TiO2 surface.    

Even in mildly reducing atmospheres titania tends to lose oxygen and become sub stoi-

chiometric. In this form the material becomes an n-type semiconductor and the electrical 

resistivity of the material can be correlated to the oxygen content of the atmosphere to 

which it is exposed.  Hence titania can be used to sense the amount of oxygen (or reduc-

ing species) present in an atmosphere. 

The photocatalytic activity of titania results in thin coatings of the material exhibiting self 

cleaning and disinfecting properties under exposure to UV radiation25,26. These properties 

make the material a candidate for applications such as medical devices, food preparation 

surfaces, air conditioning filters, and sanitaryware surfaces. 

Titanium dioxide can electrochemically accommodate Li+ which is useful for a design of 

new Li-ion batteries. Whereas the charge storage in anatase or rutile is based on the diffu-

sion-controlled Li-insertion into the bulk crystal, the monoclinic TiO2(B) exhibits an un-

usual pseudocapacitive Li-storage mechanism7. Due to its open structure, TiO2(B) ac-

commodates hydrogen via electrochemical reduction of inserted protons, and this hydro-

gen can be extracted  photoelectrochemically in visible light27.  

 

I.2. Spinel Li4Ti5O12  

Spinel oxides Li1+xTi2-xO4; 0 ≤ x ≤ 1/3 (space group Fd3m) were described in 1971 by 

Deschanvres et al28, and electrochemically characterized in the early 1990s by Dahn, 

Thackeray, and Ohzuku et al29. The cubic lattice constant, a scales with composition (x) 

according to Eq. I.2.1 (for a in nm) 

0.8405 0.0143                                     (I.2.1)                                     
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 The end members of the series, i.e., LiTi2O4 and Li4/3Ti5/3O4 (Li4Ti5O12) are metallic (su-

perconducting below 11 K) and semiconducting, respectively. Both materials exhibit sim-

ilar Li-insertion electrochemistry, the formal potential (vs. Li/Li+ reference electrode) of 

Li insertion being (1.36-1.338) V for LiTi2O4 and (1.55-1.562) V for Li4Ti5O12, respec-

tively.  

Li4Ti5O12 accommodates Li with a theoretical capacity of 175 mAh/g (based on the mass 

of the starting host material) according to the equation  

Li4Ti5O12 +3 e- + 3 Li+ ↔ Li7Ti5O12                            (I.2.2) 

The spinel host structure accommodates Li+ without significant changes of lattice con-

stants, hence, it is called “zero strain material”. Consequently, these materials show ex-

cellent cycle life, and Li+ diffusion coefficients of about 10–6 cm2/s (from neutron radio-

graphy) or 2.10–8 cm2/s (from electrochemistry) have been reported4.  

Applications 

A promising application of spinel Li4Ti5O12 is as an anode material for lithium ion batte-

ries or hybrid capacitance/insertion devices. The Li4Ti5O12 electrode provides outstanding 

structural stability for many hundreds of cycles. The excellent structural and chemical 

stability of Li4Ti5O12 under the working conditions of the cell represent characteristics of 

an ideal insertion electrode. Because of its relatively low voltage vs lithium, Li4Ti5O12 is 

not used as a positive electrode in practical lithium cells; this compound is of greater in-

terest as a negative electrode because it is safe compared to metallic lithium or graphite 

intercalation compounds, and because it can be coupled with “4 V“ positive electrodes 

such as LiCoO2, olivines LiMPO4 (M=Fe, Mn) and LiMn2O4 or “3 V“ LiXMnO2 elec-

trodes to provide 2.5 V and 1.5 V cells, respectively29-31,31. 
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II.  NANOCRYSTALLINE TiO2-BASED MATERIALS: SYNTHESES, CHARAC-

TERIZATION, ELECTROCHEMICAL PROPERTIES  

INTRODUCTION:  Properties of nanocrystalline materials in general  

Nanostructured materials are those with at least one dimension falling in nanometer scale, 

and include nanoparticles, nanorods and nanowires, thin films, and bulk materials of na-

noscale building blocks or consisting of nanoscale structures. Materials in the micrometer 

scale exhibit physical properties identical to these of macroscopic crystals. however, ma-

terials in the nanometer size (<1 μm) may exhibit physical properties distinctively differ-

ent from those of macroscopic crystals. A transition from atoms or molecules to bulk 

crystals takes place in this size range. The peculiar properties of nanomaterials arise from 

different fundamentals. For example, crystal structures stable at elevated temperatures are 

stable at much lower temperatures in nanometer sizes, bulk semiconductors increase their 

bandgap (quantum-size effect), and eventually become insulators when the characteristic 

dimension is sufficiently small (typically several nanometers), the huge surface energy is 

responsible for reduction of thermal stability32 and melting point. The phase stability of 

two polymorphs may be reversed because their surface energies are different. Size con-

finement results in a change of both electronic and optical properties of nanomaterials. 

Size has other implications. Small crystals grow by different pathways than big crystals33. 

The crystal growth pathway that may predominate under some conditions has been de-

scribed as "oriented attachment" or "oriented aggregation".  In this pathway, crystals no 

more than a few nanometers in diameter aggregate and rotate so that adjacent surfaces 

share the same crystallographic orientation. The pair of adjacent interfaces are eliminated 

and the pair of nanoparticles are converted to a larger single crystal. 

Nanocrystalline TiO2 (anatase) has attracted considerable interest for applications in   

photoelectrochemical solar cells. Nanostructures are advantageous for photoelectro-

chemical cell devices for highly efficient conversion of light to electrical power due to its 

large surface area at which photoelectrochemical processes take place. Also for the appli-

cation in Li-ion batteries, the nanocrystalline morphology is beneficial, especially if fast 

charging/discharging of a battery is requested. Obviously, there is a motivation for ex-
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ploring of electrochemical properties of nanocrystals in general, and Ti(IV) oxides in par-

ticular. The impact of nanocrystalline oxide materials to Li-ion batteries is highlighted by 

larger charging rates due to small transport distances in the solid host34. By decrease of 

the crystal dimensions, the solid-state Li+ diffusion is progressively replaced by surface-

confined Li-storage, i.e. there is a natural link between batteries and supercapacitors in 

the area of nanosized crystals34. However, ultrasmall crystals are handicapped by slug-

gish Li-transport4,35,36 and by charge irreversibility due to parasitic surface reactions4. 

Hence, there is certain optimum of crystal size for the given host material and fast Li-

charging/discharging4.  

 

TiO2 nanomaterial in the Q-size domain has the electronic band gap larger than that of  

macroscopic crystal, which manifests itself as a blue-shifted absorption in the UV region. 

Its optical properties allow it to be a good candidate for UV protection applications37. The 

photocatalytic activity of amorphous titania is negligible; that of nanocrystalline anatase 

is greater than that of rutile; and that of nanocrystalline rutile increases with decreasing 

particle size. Due to its high photocatalytic activity, stability and non-toxicity, TiO2 

represents a promising photocatalyst for the decomposition of various liquid and gaseous 

pollutants. TiO2 photocatalyst can also be used to kill bacteria. Various glass products 

(i.e. mirrors, eyeglasses) can now be imparted with antifogging functions with TiO2 na-

nomaterials having superhydrophilic or superhydrophobic effect. On extremely 

hydrophilic surfaces, a water droplet will completely spread (an effective contact angle of 

0°). This occurs for surfaces that have a large affinity for water (including materials that 

adsorb water). On many hydrophilic surfaces, water droplets exhibit contact angles of 10° 

to 30°. The water on the superhydrophylic surface does not form droplets, just a thin 

transparent film. On highly hydrophobic surfaces, which are incompatible with water, 

one observes a large contact angle (70° to 90°). Some surfaces have water contact angles 

as high as 150° or even nearly 180°. On these surfaces, water droplets simply rest on the 

surface, without actually wetting to any significant extent. These surfaces are termed 

superhydrophobic.  
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II.1. SYNTHESES OF MATERIALS  

II.1.1. Aluminum - stabilized anatase TiO2 

The Al13O4(OH24)7+ solution (0.12 mol/L) was prepared by dissolving 13.1338 g of 

AlCl3.6H2O in 420 ml of water, and the pH was adjusted to 3.95 with concentrated am-

monium hydroxide. This solution was slowly added to a solution of 

(NH4)2Ti(OH)2(C3H2O3)2 (Tyzor LA, DuPont) and cetyltrimethylammonium chloride 

(CTAC, Lonza) as described below.  

Sample A: 8.27 g of Tyzor (15.2 mmol Ti) and 8.82 g of CTAC solution (8 mmol) were 

combined. 6.62 ml (0.8 mmol) of the above described aluminum solution was diluted to 

80 ml with water, and then was slowly added to the Tyzor/CTAC mixture at vigorous 

stirring. 

Sample B: 6.82 g of Tyzor (12 mmol Ti) and 8.82 g of CTAC solution (8 mmol) were 

combined. 33.09 ml (4 mmol) of the above described aluminum solution was diluted to 

80 ml with water, and then was slowly added to the Tyzor/CTAC mixture at vigorous 

stirring. 

Sample C: 4.54 g of Tyzor (8 mmol Ti) and 8.82 g of CTAC solution (8 mmol) were 

combined. 66.18 ml (8 mmol) of the above described aluminum solution was diluted to 

80 ml with water, and then was slowly added to the Tyzor/CTAC mixture at vigorous 

stirring. 

II.1.2. Organized mesoporous TiO2 films 

Titania films were grown from stock solution made by the slow addition of 9.7 g of con-

centrated HCl (Aldrich) to 12.7 g of titanium ethoxide (Aldrich) under vigorous stirring. 

Separately, 4.0 g of block copolymer Pluronic P123 

(OH(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H, (BASF) was dissolved in 36.3 g of 

1-butanol (Aldrich) and than added to the HCl/Ti(EtO)4 solution. This solution was aged 

with stirring at ambient temperature for at least 3 hours. The films were deposited onto F-

doped SnO2 conducting glass (TEC 8 from Libbey-Owens-Ford, 8 Ω/square) and 7.5 cm 
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x 2.5 cm2 sized slides of soda-lime-silica glass. The dip coating was carried out at the 

withdrawal rate of 0.8 mm/s. The green layer was aged at about 75% relative humidity 

and temperature 24 – 25 °C for 30 hours. Subsequently, the layer was calcined in air at 

350 °C for 2 hours (heating rate: 1 °C/min). For the preparation of thicker films consist-

ing of more layers, the described procedure was repeated. 

II.1.3. Anatase inverse opal 

Thin-film electrodes were fabricated with the aid of a latex template film on conducting 

glass electrode (F-doped SnO2, TEC 8 from Libbey-Owens-Ford, 8 Ω/square). The con-

ducting glass was cleaned by sonication in methanol, water and finally by the ozone UV 

cleaner (Jelight Co., Inc). The  layer of latex template was grown by evaporation accord-

ing to Ref. 6 as follows: Aqueous suspension (0.1 wt%) of monodisperse, carboxylate-

modified polystyrene latex spheres (Seradyn Co.) was sonicated for 30 min. (The pur-

chased suspension of latex spheres was diluted by  ultrapure deionized water (Milli-Q 

System, Millipore), 18 MΩ.cm.) The latex film was grown on vertically positioned con-

ductive glass by complete evaporation of this suspension at 60 oC during 2 days. The 

template layer was reasonably uniform, ca. 3 μm thick (alpha-step profilometer, Tencor 

Instruments). The voids in the opal template layer on conducting glass were filled by 

three different methods (electrodeposition, liquid-phase deposition and vapor-phase de-

position) as specified below. Finally the latex template was removed by calcination at 

450oC during 30 min.  The three methods of titania deposition in the voids of latex tem-

plate were as follows: (1)   Electrochemical deposition from 50 mM aqueous solution of 

TiCl3, pH 2.4 by galvanostatic oxidation at 10 μA/cm2 for 10 hours38, (2) Liquid phase 

deposition from a mixture of 0.2 M (NH4)2TiF6 + 0.3 M H3BO3, pH 3, adjusted by HCl. 

The solutions of (NH4)2TiF6 and H3BO3 were prepared separately and mixed only before 

application. The reaction was carried out at 60oC during 30 min39-41. (3) Deposition from 

a vapor phase: the glass-supported template layer was exposed to vapor of titanium(IV) 

tetraisopropoxide at 100oC for 10 min42.   For the methods ad 1 and 2, also blank (non-

templated) layers were prepared. The synthetic protocol was identical, except the layer 

was deposited on bare conducting glass, without any latex template. 
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The inverse opal powder was prepared according to a modified protocol43,44. The solution 

of latex particles in water (4.5vol.%, 500 nm in diameter, provided by the Max Planck 

Institute of Colloids and Interfaces, Germany) was centrifuged at 4000 rpm for 26 hours. 

After drying at ambient temperature, 1 g of the template was disintegrated into lumps and 

soaked with 2-propanol. Subsequently 20 ml of titanium(IV) isopropoxide was added 

drop vise and the mixture was filtered on a Buechner funnel. The composite was dried in 

air and then under vacuum at room temperature for 7 hours and annealed at 575°C for 2.5 

hours under air flow (heating rate 5°C/min). The final product was flakey powder with a 

typical opal-like iridescence. 

 II.1.4. Nanostructured TiO2(B) 

The precursor, X-ray amorphous TiO2, was prepared by precipitation of the aqueous solu-

tion of K2TiF6 (Aldrich) with ammonium hydroxide solution (25wt.%, Fluka). The prod-

uct was washed with H2O and dried, SBET = 584 m2/g.  Alternatively, the amorphous TiO2 

(SBET = 518 m2/g) was prepared by hydrolysis of titanium isopropoxide at 0oC as de-

scribed elsewhere45.  

Sample A:  10 g of amorphous TiO2 was mixed with 7.78 g of Cs2CO3 (Aldrich) and 

mortared carefully. The mixture was then decarbonated at 800oC for 4 h, mortared again 

and annealed at 800oC in a crucible with a tight lid for 24 h, twice, with grinding at the 

interval. The product was then mortared, and ion-exchanged with 1 M HCl (100 mL per 1 

g of product) for 4 x 24 h at vigorous stirring with the fresh acid exchanged every 24 h. 

The dried sample was finally calcined at 500oC for 1 h.  The product contained <10 ppm 

K   (according to ICP analysis; obviously residuum of the parent solution adsorbed on 

amorphous TiO2 surface; see above) and its surface area was SBET  =  29.5 m2/g.     

Sample B:  This material was prepared according to the original synthetic protocol of 

TiO2(B)16. An intimate mixture of 20 g KNO3 (Aldrich) and 31.6 g of TiO2 (Bayer, 

PKP04090) was annealed at 1000oC for 2 days. The product was mortared and hydro-

lyzed with 0.4 N HNO3 (100 mL of HNO3 per 1 g of product) for 3 days at vigorous stir-

ring with the fresh acid every 24 h.  The sample was dried in air at ambient temperature, 
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then under vacuum overnight and calcined at 500oC for 30 min. The final product con-

tained 120 ppm K (according to ICP analysis) and its surface area was SBET  =  9.9 m2/g. 

Sample C:  3.5g of amorphous TiO2 was autoclaved in 100 mL of 10 M NaOH at 250°C 

for 48 h, then washed with H2O and autoclaved  in 0.1 M HNO3 at 200°C for 2.5 h. The 

dried sample was then calcined at 500oC for 1 h. The surface area of the product was 34.7 

m2/g.  

 II.1.5. Nanocrystalline spinel Li4Ti5O12 

1-1.8 M solution of lithium ethoxide  (Aldrich) in absolute ethanol  was mixed with a 

stoichiometric amount (4/5) of titanium (IV) isopropoxide (Aldrich) or titanium (IV) n-

butoxide, (Aldrich). The solution was hydrolyzed by water, and concentrated on rotary 

evaporator (40oC, 20 mbar) to a concentration of 10-20 wt%. (Sometimes, this slurry was 

autoclaved at 150oC for 10 hours, in order to achieve the growth of particles). Polyethy-

lene glycol (molecular weight 20 000, Merck) was added in the proportion of 100-150 % 

of the weight of Li4Ti5O12, and the mixture was stirred overnight. A proprietary calcina-

tion program was developed to minimize the anatase impurities.  

II.2. METHODS 

Electrode preparation  

Powder sample was dispersed in aqueous medium into viscous paste according to the 

previously developed methods38,46,47. The powder (0.3 g) was mixed under stirring or 

gentle mortaring with 0.8 mL of 10 % aqueous solution of acetylacetone.  Subsequently,  

0.8 mL of 4 % aqueous solution of hydroxypropylcellulose (Aldrich, MW 100,000) was 

added and  finally 0.4 mL of 10 % aqueous solution of Triton-X100 (Fluka). Before use, 

the prepared slurry was homogenized by stirring. If the slurry was too viscous, it was fur-

ther diluted by water.  Titanium grid (5 x 15 mm, Goodfellow) was used as the electrode 

support for Li insertion tests. Electrodes were prepared by dip-coating, the coated area 

was ca. 5 x 5 mm2. The prepared electrodes were dried in air, and finally calcined in air at 

450 oC for 30 min. The amount of active electrode material was from 0.2 to 0.7 mg. 
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Blank experiments confirmed that a bare Ti grid had negligible electrochemical charge 

capacity compared to that of the active material. Alternatively, the slurry was also depo-

sited on a sheet of conducting glass (F-doped SnO2, TEC 8 from Libbey-Owens-Ford, 8 

Ω/square) using a doctor-blading technique47. These electrodes served primarily for pho-

toelectrochemical measurements. However, they are also applicable for dark electroche-

mistry tests, such as Li insertion. The sheet of conducting glass had dimensions: 3 x 5 x 

0.3 cm3. A Scotch-tape at both edges of the support (0.5 cm) defined the film thickness 

and left part of the support uncovered for electrical contact. The film was finally calcined 

for 30 min in air at 450°C. After cooling down to room temperature, the sheet was cut 

into ten electrodes 1.5 x 1 cm2 in size; the geometric area of the TiO2 film was 1 x 1 cm2. 

Dye sensitized solar cell preparation 

 

The TiO2 thin film on glass support covered with conducting layer (FTO – F doped 

SnO2) was scraped leaving an area of about 0.5 x 0.5 cm2, than dipped in the solution of 

either the N719 or N945 dye (see part II.3.2.). The dipping time was 42 hours in all expe-

riments. After withdrawal, the layer was washed with acetonitrile, dried in dry air at am-

bient temperature and closed with the Surlyn tape separating it from the counterelectrode 

(Pt on a glass support). Finally, the cell was filled with an electrolyte through a hole in 

the counterelectrode and sealed. The electrolyte solution was 0.6 M N-methyl-N-butyl 

imidazolium iodide, 40 mM I2, 0.075 M lithium iodide, 0.26 M tert-butylpyridine, 0.05 M 

guanidine thiocyanate in acetonitrile/valeronitrile  (85/15, v/v). The ends of both elec-

trodes were covered with Al to improve the contact.  The cell active area was defined by 

a mask.  

 

Characterization 

XRD – Powder X-ray diffraction (XRD) was studied with Siemens 5000 and Bruker D-8 

Advance using Cu Kα radiation. 

Adsorption isotherms of nitrogen and krypton at 77 K were measured with a Microme-

ritics ASAP 2020 instrument. Before the adsorption measurement, all samples were de-
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gassed at 523 K overnight. The BET surface areas were calculated using the data in the 

range of relative pressure p/p0 from 0.05 to 0.25.  

SEM – Scanning electron microscopy images were obtained at Hitachi FE SEM S-4800 

and JEOL JSM-03 microscopes. 

TEM – Transmission electron microscopy images were taken by Tecnai F30 and JEOL 

JEM 3010 microscopes. 

Cyclic voltammetry of Li+ insertion, chronoamperometry – (Autolab PGSTAT 30 

Ecochemie) potentiostat controlled by a GPES - 4 software. The reference and auxiliary 

electrodes were from Li metal; hence, potentials are referred to the Li/Li+ (1M) reference 

electrode.  LiN(CF3SO2)2 (Fluorad HQ 115 from 3M) was dried at 130oC/1 mPa.  Ethy-

lene carbonate (EC) and 1,2 - dimethoxyethane (DME) were dried over the 4A molecular 

sieve (Union Carbide). The electrolyte solution 1 M LiN(CF3SO2)2 + EC/DME (1/1 by 

volume) contained 10-15 ppm H2O as determined by Karl Fischer titration (Metrohm 684 

coulometer). All operations were done under argon in a glove box. 

 

Profilometry (layer thickness) was measured by alpha-step profilometer (Tencor Instru-

ments). 

 

ICP – inductively coupled plasma analyser (Ecochem) 

 

Photoelectrochemistry - the light source was a 450 W xenon lamp that was focused to 

give light power of 1000 W/m2, the equivalent of one Sun at AM 1.5, at the surface of 

test cell. The spectral output of the lamp was matched in the wavelength region of 340-

800 nm with the aid of a Schott KG-5 sunlight filter. This reduced the mismatch between 

the simulated and the true solar spectrum to less than 2%. The differing intensities were 

regulated with neutral wire mesh attenuator. The applied potential and cell current were 

measured using a Keithley model 2400 digital source meter. 
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Raman spectra were excited by Ar+ laser at 2.41 eV (Innova 305, Coherent) and record-

ed on a T-64000 spectrometer (Instruments, SA) 

 

 

Photocatalytic measurements   

The photoreactor was mounted into the experimental set-up consisting of the gas supply, 

the reaction and the analytic systems. The gas supply was realized with commercially 

available gas bulbs (Linde AG, Leuna). The flow rates of the gases were adjusted by flow 

meters (Bronkhorst AB, Ruurlo, NL). The gases were mixed in a mixing chamber. The 

reactor operated as a continuous stirred tank reactor in order to avoid local concentration 

gradients along the flow direction in the reaction chamber. The composition of the in-

coming as well as that of the effluent gas was determined by a FTIR-analyser (IFS 28, 

Bruker, Hamburg). The temperature of the catalyst plate was adjusted by a heating plate 

and was controlled by a thermocouple. To eliminate adsorbed hydrocarbons, the catalyst 

plate was inserted in the photoreactor and irradiated for three hours in an atmosphere con-

taining 100% oxygen. The absorbed irradiation intensity was around 180 W/m2, the cata-

lyst temperature 160°C. The photocatalytic activity of material under study was com-

pared to the standard photocatalyst Hombifine N (anatase, surface area 300 m2/g, Sach-

tleben). 

UV-Vis spectra were measured on Hewlett Packard 8450 diode array spectrometer.  

II.3. RESULTS  

CHARACTERIZATION AND ELECTROCHEMICAL PROPERTIES 

II.3.1. Mesoporous electrode material from aluminum - stabilized anatase TiO2 for 

lithium ion batteries 

The insertion/extraction of Li to/from the TiO2 lattice is described by the equation: 

 

TiO2 + x (Li+ + e-) → LixTiO2                            (II.3.1.1) 
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The most active form of TiO2 for the reaction II.3.1.1 is anatase, in which the insertion 

coefficient, x is usually close to 0.5. The performance of nanocrystalline TiO2 for Li-

storage is significantly controlled by the particle morphology5,47-49 and, for instance, the 

TiO2 nanosheets exhibit well distinguished charging in the supercapacitive regime5. This 

effect is traced also in mesoporous anatase made by supramolecular templating 49. Since 

the Li+ insertion into some other TiO2 polymorphs (rutile, brookite) is mostly considered 

to be less significant, the presence of anatase phase is essential for lithium batteries appli-

cation. Synthetic strategy stems from the goal of fabrication of high-surface mesoporous 

titanium dioxide with well-developed anatase crystallinity at the same time. These con-

tradictory requirements can be met by protecting of the surfactant-templated mesoporous 

TiO2 framework by deliberately added inorganic component. This synthetic protocol was 

first demonstrated by Elder et al50 on zirconia-stabilized TiO2 (Zr/Ti = 1/3), called 

PNNL-1. There are various examples of advanced materials based on the titania/alumina 

system. Aluminum was found to be crucial for stabilization of the anatase lattice during 

chemical transport reactions in the TiO2-TeCl4 system, and large anatase single crystal 

could only be synthesized with the aid of Al-stabilization51. A special form of mesopor-

ous alumina has been frequently used as a template for the fabrication of anatase nano-

tubes and nanowires52-56. Zhang and Banfield57 reported that the anatase-to-rutile phase 

transformation is retarded to higher temperatures with the addition of Al2O3 to anatase 

TiO2.  

Mesoporous Al-stabilized TiO2 (anatase) exhibits unique core (anatase)/shell (rutile) 

structure, which can be traced only by micro-Raman spectroscopy, but not by X-ray dif-

fraction or Li-insertion electrochemistry. The prepared materials exhibit considerable in-

crease of surface area with the Al-content. The mesopore volume increases in the same 

series, but the mesopore diameter is roughly uniform (from 2.4 to 2.6 nm, see Tab. 

II.3.1.1)1.  The largest Li-storage capacity close to x = 0.5 was determined for the sample 

B (see II.1.1.) from cyclic voltammetry of Li- insertion. Since the voltammetric response 

of alumina is dominated by capacitive charging only, its presence may decrease the over-

all Li-insertion capacity of our materials.  The small drop of Li-storage capacity due to 
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low amount of inactive alumina in the samples might be compensated by the increase of 

the surface area (Table II.3.1.1), which promotes the Li-accommodation on the voltam-

metric time scale. This provides rational for the found optimum performance of the sam-

ple B. 

The cyclic voltammogram of Li-insertion into anatase can be evaluated assuming irre-

versible charge transfer kinetics. The standard rate constant of charge-transfer, k0 can be 

determined from the peak current density Ip and peak potential, Ep according to the equa-

tion: 

 

 0.227 exp )/RT]                         (II.3.1.2) 
 

where n is number of electrons in reaction II.3.1.1, A is electrode area (approximated by 

its equivalent BET surface area), F is Faraday constant, α  is the charge-transfer coeffi-

cient (α ≈ 0.5),  Ef is the formal potential determined  for the slowest scan (0.1 mV/s in 

our case) and c is the maximum concentration of Li+ (or Ti3+) in the accumulation layer. 

Assuming the limiting composition of the insertion product to be Li0.5TiO2 (cf. Eq. 

II.3.1.1), the concentration c equals 0.024 mol/cm3. The rate constants of Al-stabilized 

anatase are comparable to the values of non-stabilized anatase (Table II.3.1.1) as well as 

to those of other pure anatase nanocrystals48,58.  

The peak current (Ip) also scales with square root of the scan rate, v, as it is expected for 

diffusion-controlled irreversible kinetics58,59: 

 

0.4958 / /        (II.3.1.3) 

 

where D is the chemical diffusion coefficient of Li+. Equation (II.3.1.3) can be used for 

the determination of D. The found values (collected in Tab. II.3.1.1) compare well to the 

corresponding values of nanocrystalline anatase58 and organized mesoporous anatase49. 

Diffusion coefficients determined from the electrochemical impedance spectroscopy 2 at 

low frequencies can hardly be assigned to the Li diffusion inside the ordinary anatase lat-
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tice, whereas the D values at high-frequency ranges match those of nanocrystalline ana-

tase (10−14–10−17 cm2 s−1) of different origins49,60.   

In general, the diffusion coefficients tend to decrease with decreasing particle size for 

oxidic Li-insertion hosts4,35,36. This trend is not seen in our materials. Their electrochemi-

cal properties are not characterized by sole particle size, but other less-common effects, 

such as lattice distortion and core-shell morphology, are at play. The Al-stabilization im-

proves Li-insertion by enhancing the active surface area, but also decreases the Li-storage 

capacity. Hence, the optimum materials are found for medium Al-contents.  

Table II.3.1.1: 

 Structural and electrochemical properties of Al-doped TiO2 samples referred to those of pure 
anatase1. SBET = BET surface area; VME = mesopore volume; DME = mean mesopore diameter; Ef 
= formal potential of Li-insertion; k0 = rate constant of Li-insertion; D = chemical diffusion coef-
ficient of Li+. 

 Sample A Sample B Sample C TiO2 anatase 
Bayera BLb 

Ti/Al (atomic) 25 11 6 ∞ ∞ 
Al2O3 (wt%) 2.5 5.5 9.6 0 0 
Crystal size (nm) 5.6 4.1 3.0 10 21 
a-constant (Ǻ) 3.7810 3.8075 3.7875 3.7760 - 
c-constant (Ǻ) 9.3807 9.3664 9.3363 9.5139 - 
SBET (cm3/g) 55 92 185 154 73 
VME (cm3/g) 0.036 0.062 0.110 -c -c 

DME (nm) 2.6 2.7 2.4 -c -c 

Ef (V vs. Li/Li+) 1.85 1.84 1.83 1.88 1.85 
k0 ·  1010 (cm/s) 2.3 0.9 0.9 3.0 5.0 
D ·  1017 (cm2/s) 5.4 6.5 6.0 3.4 4.6 
 

a Bayer PKP09044 (reference material of pure anatase) 
bBL = Blank synthesized as A-C (see II.1.1.), but without addition of Al-precursor 
c mesoporous ordering is not defined 

 

 

 

 

 21



II.3.2. Organized mesoporous TiO2 films  

Complex nanostructured composites made by molecular or nanoparticle assembly can 

lead to the production of the efficient multifunctional systems exhibiting new and im-

proved properties through the collective behavior of the functional units61. The synergis-

tic assembly capability of molecular organic and inorganic species has been recognized 

as a general and powerful approach for the fabrication of 3-D continuously ordered struc-

tures at length scales ranging from several angstroms to tens of nanometers61. The surfac-

tant-templated synthesis of TiO2 mesoporous molecular sieves (analogous of siliceous 

mesoporous molecular sieves such as MCM-41) was announced in 1995, but this work 

was later questioned62. The synthetic procedures, which appeared to be successful for 

mesoporous silica, usually fail for TiO2. The reason is that the original mesoporous 

TiO2/template composite easily collapses during calcination (detemplating) because of 

easy crystallization of titanium dioxide62,63. The only exception to this rule is templating 

by triblock copolymers pioneered by Stucky et al64-66. which gives well organized meso-

porous anatase materials upon calcination49,64-67. Whereas the first synthetic efforts were 

directed toward silica-based materials for applications in sorption, separation and cataly-

sis61, mesoporous/nanoporous TiO2 has been intensively studied in the past decade. The 

major synthetic challenge is to introduce crystallinity into the framework while preserv-

ing the highly ordered mesostructural integrity of the material. In the method developed 

by the Stucky’s group64 amphiphilic poly(alkylene oxide) block copolymers were used as 

structure-directing agents in non-aqueous solutions for organizing the network-forming 

metal-oxide species. The organized mesoscopic oxide is formed through a mechanism 

involving block-copolymer self-assembly and complexation of the metal atom during re-

strained hydrolysis of the metal chloride. This seemingly trivial technique involves a 

complex mechanism, called evaporation-induced self-assembly68-70. Hence, the quality of 

produced films is crucially dependent on experimental details, such as ambient humidity 

and withdrawal rate71. The prepared thermally stable mesoporous oxides exhibit a robust 

inorganic framework with thick channel walls. In the case of TiO2, the walls are from 

amorphous TiO2, with embedded nanocrystalline anatase49.  It is interesting to note that 

the hydrolysis of TiCl4 in the absence of any templates gives only the rutile phase of 
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TiO2
72. The synthetic protocol was further varied by replacing TiCl4 with Ti(IV) tetrae-

thoxide66,71,73,74 and by replacing ethanol with 1-butanol73.  A composite of Pluronic tem-

plated TiO2 with regioregular poly(3-hexyl thiophene) is applicable for solid-state photo-

voltaics71,75, but the performance of actual cells is limited by poor hole transport75 and 

incomplete filling of mesopores71. The Pluronic templated TiO2 was also modified by 

CdS or CdSe nanoparticles for a liquid-junction photoelectrochemical cell61,76. The sensi-

tization of surfactant-templated TiO2 to visible light was successfully demonstrated, but 

solar efficiency of this cell was not reported61,76.  Recently, photoanode for DSC (dye 

sensitized solar cell) was fabricated from worm-like TiO2 made by Pluronic templating, 

but the mesoporous film was not ordered77.  

 

The synthesis of mesoporous TiO2 thin films by surfactant templating64  led to the layers 

of  sub-micron thicknesses only. For the applications of these films in DSC, two issues 

must be addressed. First, the films must be highly crystalline for the transfer of the in-

jected electrons. Secondly, the films have to reach a certain thickness. Sub-micron films 

provide insufficient physical surface area per unit of projected area (roughness factor; Rf). 

This is critical for light harvesting in DSC, which occurs just in a monolayer of the dye 

on TiO2 surface78. So, attempts to increase both the thickness and the crystallinity are 

highly desired.   

 

To fabricate thicker films with larger Rf, we have implemented a simple technique of re-

peated layer-by-layer deposition by dip coating. By careful control of the deposition con-

ditions we have succeeded in deposition of mechanically stable and crack-free 2.3 μm 

films composed of up to 10 layers. Fig. II.3.2.1. shows the top-view SEM (scanning elec-

tron microscopy) image of either 1 or 10 layers films. The surface of the 10th layer still 

preserves the same organized mesoporous morphology as that of the 1st one. The bulk 

structure of mesoporous films was explored by adsorption measurements and was con-

firmed not to be significantly perturbed by multiple layer deposition.  Our 1 μm-thick 

mesoporous film made from 3 layers showed enhanced solar conversion efficiency of 

DSC by about 47 % compared to that of a 1 μm-thick film made from traditional non-

organized nanocrystalline anatase9. The TiO2 films were sensitized by two dyes: N719 = 
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bis(tetrabutylammonium) cis-dithiocyanatobis(2,2’bipyridine-4-COOH,4’-COO-) ruthe-

nium(II))79 or N945 = (4,4-dicarboxy-2,2-bipyridine)(4,4'-di-(2-(3,6-

dimethoxyphenyl)ethenyl)-2,2'-bipyridine) cis-dithiocyanato ruthenium (II). To evaluate 

the quality of the particular electrodes, the incident photon to current conversion efficien-

cy (IPCE) can be used as a testing parameter: 

 

λ
                                                                                                   (II.3.2.1) 

 

J is the photocurrent density, h is the Planck constant, c is the velocity of light, λ is the 

photon wavelength, and PL is the monochromatic light intensity (in W/m2). It is deter-

mined in front of the window, and is not corrected for absorption and reflection losses in 

the window, electrolyte solution and electrode. For a sensitized TiO2 surface, the IPCE 

can be also expressed using the dye and substrate parameters 51: 

 

1 10 1 10                                           (II.3.2.2) 

 

ηinj is the quantum yield of charge injection from the photoexcited dye (ηinj ≈ 100% in 

many practical cases), ε is the extinction coefficient, Г is the overall surface concentration 

of the dye (in moles per projected electrode area, A0). Obviously, Г = Rf·Г0, where Г0 is 

the specific surface coverage (in moles per physical electrode area, A). Although IPCE is 

useful parameter in evaluation of solar cells, a more practical criterion is the overall ener-

gy conversion efficiency for white solar light, фsol defined as: 

 

                                                                                               (II.3.2.3)   

 

Jsc is the short circuit photocurrent density, Uoc is the cell open-circuit voltage, f is the fill 

factor and Psol is the incident intensity of white solar light (in W/m2; for AM 1.5 solar 

light Psol= 1 kW/m2). The solar performance of a sensitized TiO2 photoanode is influ-

enced by its surface area, expressed by the roughness factor, crystallinity, porosity, quali-

ty of crystal interconnects, etc. The increase in surface area raises the amount of adsorbed 
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between Rf  and  фsol. For instance, the фsol  of a 5L film remains unaffected, if a post-

deposition heat treatment at 425 to 500 oC is applied during the film fabrication (Table 

II.3.2.1). However, such heat treatment causes considerable drop of Rf already at the 

mildest conditions used (2 hours at 425oC; Table II.3.2.1). Also for the 1L film, there is 

no dramatic decrease in фsol, even if the film is treated at extreme temperatures (the max-

imum applicable temperature is limited by the heat stability of FTO glass).  

 
Table II.3.2.1: The results of solar cell tests on mesoporous TiO2 thin films prepared by repeated 
dip-coating.  
NS:    nanofibrous TiO2 sample made by electrospinning (Elmarco product, NS stands for Nanos-
piderTM)  
Other symbols are explained in the text. 
 

Number of layers, 
thermal treatment 

Layer 
thickness 
μm 

El. 
area  
cm2 

Фsol 
@1Sun, % 

UOC  
mV 

JSC  
mA/cm2 

f Rf 
 

1L  0.156 1.08 727 2.00 0.74 161
1L, 500oC 2h  0.156 1.30 767 2.25 0.75  
1L, 425oC 2h, 
525oC 2.5h 

 0.158 1.32 798 2.22 0.74  

1L, 525oC 2.5h  0.158 1.59 788 2.72 0.75  
1L, 550oC 2h  0.156 0.92 767 1.60 0.75  
3L 0.8 0.084 3.52 765 6.13 0.75 412
3L 1.0 0.158 4.04 799 7.0 0.72 466
5L 1.3 0.084 4.52 746 8.08 0.75 429
5L 1.3 0.158 4.34 765 7.68 0.74 429
5L,  425oC 2h 1.3 0.158 4.42 783 7.56 0.75 290
5L, 425oC 2h, 
500oC 2h 

1.3 0.158 4.39 758 7.91 0.73  

8L 1.9 0.158 4.63 749 8.61 0.72  
10L   2.3 0.158 4.57  

4.60 
748 
731 

8.14 
8.57 

0.75 
0.73 

539

 NS+doctor blad-
ing 

 0.22 1.51 811 2.77 0.67  

NS+3L  0.22 3.96 723 7.93 0.69  
 

 

The solar conversion efficiency of 4.63 % was found for a 1.9 μm thick mesoporous TiO2 

film consisting of 8 layers.  This value compares favorably to that of traditional films of 

the same thickness made by sintering of non-organized anatase nanoparticles. Obviously, 

the optimization of such mesoporous films for dye sensitized solar cells presents interplay 
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between the quality of anatase crystals and surface area. The amount of “amorphous” 

TiO2 in the mesoporous film can be minimized by thermal treatment. However, pro-

longed calcination also causes collapse of the organized mesopore morphology and the 

loss of the active electrode area (roughness factor)11.At present, new synthetic procedures 

are focused at modification of the precursor, and experiments are under way in our lab to 

improve the thermal stability of mesoporous TiO2 films. In addition to this, recent results 

of solar conversion efficiency measurements on nanofibrous anatase are attached (NS 

samples, Table II.3.2.1.). The fibres were prepared by means of electrospinning from the 

polymer solution containing a titanium dioxide precursor and were or were not combined 

with mesoporous TiO2 (NS+3L). The fibrous, as-made product contains 20% of TiO2 and 

80% of the polymer, which is finally removed by calcination. The solar conversion effi-

ciency as high as 3.96% has been achieved for NS combined for 3 layer mesoporous film 

just during first, still non-optimized experiments, so it is obvious that this novel hierar-

chical material consisting of two different TiO2 morphologies (viz. nanofibres and meso-

porous framework) opens a new pathway offering further improvement of the DSC per-

formance. The solar conversion efficiency of the analogous sample consisting of NS 

layer covered by nanocrystalline anatase by means of doctor-blading technique47 was ex-

amined for comparison (see Table II.3.2.1).    

 

 

II.3. 3 Anatase inverse opal 

 

Anatase inverse opal is a macroporous solid with highly ordered porous structure over a 

large area, which has attracted considerable interest recently 44,44,80-83. Its structure is a 

typical example of three-dimensionally ordered macroporous solids. This emerging class 

of so-called hierarchically structured functional materials is becoming increasingly im-

portant in connection with the development of nanomaterials, nanotechnologies and pho-

tonics. 

 

High refractive index of the wall material together with a pore size of hundreds nanome-

ters (comparable to the wavelengths of visible light) are responsible for its photonic crys-
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tal properties. Owing to its ability to inhibit the range of wavelengths from propagation 

through the material over all directions, this unique structure offers many applications in 

sensors, optoelectronics, chromatography, and photocatalysis. Mallouk et al39 reported on 

the enhancement of the light harvesting efficiency of the dye-sensitized solar cell (DSC 

or Grätzel cell) by coupling a TiO2 photonic crystal layer to a conventional film of TiO2 

nanoparticles. By tailoring of the stop band position, this assembly could improve the 

photocurrent efficiency by 26% due to localizing of the red part of solar spectrum in the 

composite structure39.  

 

 The efficiency of the photoanode of the dye-sensitized solar cell could be strongly influ-

enced either by structural parameters or by electrochemical properties of the composite 

materials of this electrode. Hence, deeper insight into the structure of anatase inverse opal 

together with the study of its electrochemical properties provide necessary feedback for 

tuning the synthetic protocol of anatase inverse opal with respect to the best performance 

of this structure in the dye-sensitized solar cell. 

 

Figures II.3.3.1 a), b) confirm the regular arrangement of macropores in the powder form 

of inverse opal made by filling of the voids in the latex template from a propanolic solu-

tion of Ti(IV) isopropoxide. The diameter of pores is ca. 350 nm, which is smaller by ca. 

30 % compared to diameters of the starting latex spheres (500 nm). The surface area SBET 

of 40 m2/g, determined from adsorption measurements, represents the value typical for 

macroporous solids.  
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where λ is the free-space wavelength of light of the stop band maximum, m is the order 

of Bragg diffraction, navg is the average refractive index of the macroporous material:  

       

 1  /                                                   (II.3.3.2) 

 

which gives navg ≅ 1.5 for anatase inverse opal, f is the fraction of volume filling, i.e. 0.74  

assuming close packing of spheres, nTiO2 and nair are refractive indices of TiO2 and air, 

respectively, θ is the angle measured from the normal to the planes, and dhkl is the inter-

planar spacing. For normal incidence of light (θ = 0o) eq. II.3.3.1 simplifies as follows80: 

 

 λ 2 /         (II.3.3.3) 

    

 
 
 

 

 

 

 

 

Figure II.3.3.2  
 
TEM image of the powder form of anatase inverse opal.    
 

By comparison of the theoretical wavelength of the stop band maximum, calculated ac-

cording to eq. II.3.3.3 for the thin film of anatase inverse opal made by electrodeposition 

with the position of the stop band in its absorption spectrum (Figure II.3.3.4) we can ei-

ther decide between the fcc or hcp ordering of air voids or evaluate the regularity of or-

dering over a large area. Since the interplanar spacing is different for fcc and hcp order-

ing of spheres of the same diameter, comparing both theoretical wavelengths calculated 

by means of modified version of Bragg’s law with the experimental value enables to de-

termine the factual arrangement of macropores.  
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Equation II.3.3.3 gives theoretical wavelength of the stop band maximum of 440 nm for 

the sphere diameter of 180 nm (figure II.3.3.3) and fcc ordering, which is in good agree-

ment with the position of the stop band in the spectrum at 420-480 nm, in contrast to the 

value of 350 nm, calculated for hcp arrangement of the macropores. 

 

Figures II.3.3.5 A), B) show cyclic voltammograms of Li insertion into anatase inverse 

opal thin film made by electrodeposition and the non-templated blank layer made by the 

identical procedure. The integral anodic voltammetric charge for Li-extraction of the 

electrode in fig. II.3.5 B) was 103 mC/cm2 at 0.1 mV/s, which is considerably more than 

the corresponding value of 70 mC/cm2 calculated for the templated electrode [Fig. 

II.3.3.5 A)]. The analogous trend was also observed for the integral anodic voltammetric 

charge determined from cyclic voltammograms of either templated or non-templated thin 

layers prepared by the other synthetic procedures (liquid phase deposition, vapor phase 

deposition; data not shown). 
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Figure II.3.3.3      Figure II.3.3.4 
                                                                  
SEM picture of the inverse opal layer            UV-Vis spectrum of the anatase inverse              
made by electrodeposition from TiCl3                           opal thin film made from ordered latex particles 
solution, picture size 1073 x 1073 nm2.             of  243 nm in diameter,  deposited on conducting  
                                                                       glass. 
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Figure II.3.3.5  
 
Cyclic voltammograms of Li-insertion into the prepared materials. Electrolyte 
solution: 1 M LiN(CF3SO2)2 + EC/DME (1:1 by volume); scan rate 0.1 mV/s. [A] Thin 
layer of anatase inverse opal made by electrodeposition from TiCl3 (10 μA/cm2, 10 hours, pH 
2.4), [B] the same as[A] but non-templated 
 

The anatase inverse opal exhibits sluggish electrochemical performance for Li-insertion 

as compared to that of non-templated anatase, which is probably caused by limited num-

ber of necking points resulting into poor electrical contacts between the particles in the 

extremely open nanocrystalline network. 

  

II.3.4. Nanostructured TiO2(B) 

TiO2(B) accommodates Li+ to form LixTiO2(B). The insertion coefficient x was found 

0.75-0.85 by the reaction with n-butyl-lithium, and 0.5-0.75 by electrochemistry85-91. The 

electrochemical reversibility of lithium insertion was not very good. Recently, high elec-

trochemical capacity (x = 0.82, i.e. 275 mAh/g) was reported for hydrothermally grown 

TiO2(B) nanowires86. The TiO2(B) lattice has parallel infinite channels, in which Li+  can 

be accommodated, without any significant distortion of the structure22. By the examina-

tion of phase composition of other TiO2 materials prepared by different synthetic protocol 

the presence of TiO2(B) was detected either in the product of hydrothermal treatment of 

TiO2 in  NaOH solution87,88 or in mesoporous titania thin films49 prepared by supramole-

cular templating. Because of the presence of considerable amount of anatase in addition 

to TiO2(B), all these materials are not appropriate for the detailed study of the electro-



chemical and photochemical behavior of  TiO2(B). To fulfill this task, we faced up to the 

challenge to develop a reliable and reproducible synthesis of phase pure TiO2(B).  

Nanostructured phase-pure TiO2(B) with microfibrous morphology was synthesized by 

newly developed protocol employing stoichiometric mixture of amorphous TiO2 and 

Cs2CO3 as raw materials7 (see II.1.4., sample A). The diffractogram of this sample in Fig. 

II.3.4.1 matches well the pattern PDF No.35-0088 from JCPD, assigned to monoclinic 

TiO2(B). Compared to TiO2(B) obtained via traditional syntheses16 from K2Ti4O9 (see 

II.1.4., sample B), the new product exhibited better electrochemical performance and sta-

bility. The diffractogram of the product B prepared by the traditional synthetic protocol16 

of TiO2(B) (Fig. II.3.4.1)  exhibits an extra peak at 2 theta = 11.8o, which indicates some 

amount of unconverted hydrogen titanates, such as tetratitanate (H2Ti4O9.0.25 H2O) or 

octatitanate (H2Ti8O17.0.4H2O) in addition to TiO2(B). The presence of unconverted hy-

drogen titanate impurities in the sample B was confirmed also by cyclic voltammetry of 

Li-insertion (see below). SEM image of sample A (Fig. II.3.4.2) proves its fibrous mor-

phology. Sample C (see II.1.4., sample C, data not shown) is a mixture of anatase and 

TiO2(B); a typical product of calcination of hydrothermally grown layered titanates (such 

as H2Ti3O7)86,89. 

Cyclic voltammograms of Li-insertion into the sample A contain just a pair of double 

peaks (so-called S-peaks; S stands for “surface”, as Li insertion into TiO2(B) is consi-

dered to be the surface–confined process) at formal potential of 1.52 and 1.59 V vs. 

Li/Li+, which are ascribed to the presence of TiO2(B) in the material90 (Fig. II.3.4.3). Due 

to the absence of any features corresponding to the Li insertion into other TiO2 phases 

(see below, Tab. II.3.5.1.)  in aforementioned voltammogram, this fact can be considered 

as a proof of phase purity of the sample A. Hence, cyclic voltammetry of Li-insertion can 

be used as a reliable and sensitive analytical method to determine the phase composition 

of TiO2 materials.  

The Li-storage capacity (Li/Ti = x) at the slowest voltammetric scan (0.1 mV/s) was 0.68 

for the respective sample. 
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By the analysis of the dependence between the peak current of S-peaks in the sample A 

and the scan rate the current was found to scale with the first power of scan rate, which is 

typical for capacitive charging: 

 

/ /       (II.3.4.1) 

           

Q is the voltammetric charge, C is capacitance and dE/dt the scan rate, v. The peak struc-

ture with small peak-to-peak splitting (ca. 50-100 mV at v = 0.1 mV/s) points at a sur-

face-confined charge transfer process, which can be considered faradaic pseudocapacit-

ance. The found Li-storage capacity (x ≈ 0.5-0.7) considerably exceeds the “ordinary” 

capacity of the TiO2 surface assuming solely the double-layer plus the faradaic pseudoca-

pacitance of surface states91. Consequently, this behavior is specific for the TiO2(B), and 

we may suggest that its open structure with freely accessible channels22 is responsible for 

the fast Li-charging of a TiO2(B) crystal. In contrary to this, Li-insertion into anatase is 

diffusion controlled irreversible process58,59 with the peak current scaling with the square 

root of the scan rate (Eq. II.3.1.3.). 
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Figure II.3.4.1:  
 
Comparison of X-ray diffractograms of sample prepared by our protocol (A) with that synthe-
sized according to Ref. 16 (B). The plots are offset for clarity. The peaks assigned to the TiO2(B) 
phase are marked by arrows, two peaks marked by full points evidence the presence of uncon-
verted protonic titanates in the sample B.  
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Figure II.3.4.4: 
 
Projection of the idealized structure of TiO2 (B) perpendicular to the (010) face.  
 

  
 

During electrochemical insertion, Li+ ions interact with the whole surface of a fibrous 

particle. Hence, Li+ ions, perhaps, penetrate into the bulk fiber also in radial direction, 

and not only through the cross-section of a fiber (channel). Assuming the channels con-

duct rapidly Li+ ions inside a particle, the rate-determining process is the primary interfa-

cial Li+-transfer at the fiber surface. This would provide rational for the surface-confined, 

pseudocapacitive process, controlling the overall kinetics. Such a “macroscopic” model 

highlights the role of fiber surface. The latter is dominated by the (100) and (001) faces, 

but the (010) face is negligibly engaged in the Li+-transfer, occurring just at the tip of a 

fiber. We may further speculate that the two S-peaks reflect different energy barrier for 

Li+ transfer at the (100) and (001) faces, which is quite reminiscent of the Li-insertion 

anisotropy in anatase single crystal electrode92. 

 

In contrary to the photocatalytic activity of anatase having been studied since long ago 

for model pollutants either in gas or liquid phase, the analogous papers on TiO2(B) are 

rare. Hence, it was challenging to examine nanocrystalline monoclinic titania as a photo-

catalyst for gaseous model pollutants. To the best of our knowledge there has not been 

carried out such a study on the photocatalytic activity of TiO2(B) for gaseous reactants so 

far. The photocatalytic activity of TiO2(B) in a gas phase was evaluated  by the total oxi-
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dation of propane with oxygen and the photocatalytic reduction of NO to N2 in an oxygen 

rich gas mixture4. Using the steady state material balance equation, the reaction rate per 

surface area rA of a given reaction was calculated for a given flow rate V  with the help of 

the concentration values of the reaction components in the incoming ( ) and the effluent 

( ) flow according to the equation (II.3.4.3): 

&

0
ic

ic

 

        (II.3.4.3) 

 

The quantum yield, Q [%], was defined as a parameter to characterize the reaction sys-

tem: 

 

100                                                    (II.3.4.4) 

 

wherein Ip denotes the moles of photons absorbed per second and geometric surface area 

of the photocatalytically active plate.  

For the total oxidation of propane, the reaction rates normalized per 1 m2/g of the BET 

surface area of the catalyst were determined to be 1.37*10-10 mol s-1m-2 g and 2.5*10-10 

mol s-1 m-2 g for the sample A and Hombifine N (see II.2.), respectively. Considering the 

different phase composition of both catalysts, it is interesting to note that the anatase-free 

monoclinic TiO2(B) (sample A) and pure anatase (Hombifine N) exhibit comparable re-

action rates per surface area. Even more interesting are the results obtained for the photo-

catalytic reduction of NO to N2 in an oxygen rich gas mixture. The quantum yields of 

0.46% and 5.84% were determined for our sample A and for Hombifine N, respectively. 

The ratio of these values (0.08) roughly equals to the ratio of their BET surface areas 

(0.09). However, the special feature of the sample A is its high selectivity with respect to 

the NO reduction. Using Hombifine N, 0.8 molecules of propane are needed to reduce 

one molecule NO to 0.5 N2, while if monoclinic TiO2(B) is employed, only 0.4 molecules 

of propane are sufficient to reduce one molecule of NO. 
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II.3.5. Nanocrystalline spinel Li4Ti5O12 

The classical method of the preparation of spinel Li4Ti5O12 is a solid-state reaction of 

stoichiometric amounts of TiO2 and Li2CO3 or LiOH; the reaction typically occurs within 

12-24 h at 800-1000°C93. This synthetic route gives microcrystalline products. Alterna-

tively, the lithium titanate spinels can be also prepared by a reaction of butyllithium with 

TiO2 or titanium(IV) isopropoxide followed by calcination above 800oC94,95. Sol-gel syn-

thesis of Li4Ti5O12 from titanium(IV) isopropoxide and lithium acetate was  described by 

Bach et al96,97. Also in this case, the calcination at 800oC was necessary to obtain a pure 

spinel phase. The high temperature solid-state reaction93 is usually selected for the syn-

thesis of Li4Ti5O12, whereas the "butyllithium route" is preferable for  the synthesis of 

LiTi2O4
96,97.  

As for mesoscopic TiO2 (anatase), the Li-insertion activity of spinel Li4Ti5O12 depends 

markedly on the particle size and morphology. Nanocrystalline Li4Ti5O12 was reported to 

be prepared by high energy ball milling of the conventional microcrystalline spinel98. The 

product had particles around 600 nm in size, but its electrochemical performance was not 

significantly different from that of the non-milled starting material. Amatucci et al99 re-

ported recently on nanocrystalline Li4Ti5O12
 exhibiting a very promising charging rate 

and stability in a hybrid cell with a supercapacitor-like counter electrode. The nanostruc-

tured Li4Ti5O12
 was prepared by high-temperature reaction of TiO2 and Li2CO3.  

The "truly" nanosized oxide materials (1-5 nm particles) exhibiting qualitatively different 

Li-insertion electrochemistry was prepared by an alternative synthetic protocol employ-

ing the hydrolysis of parent alkoxides (sol-gel)93. The average particles size, dp was esti-

mated by assuming nonporous spherical grains of a density of ρ = 3.5 g/cm3 and the giv-

en surface area, SBET 

6/                                           (II.3.5.1)                                        
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which gives d ~ 9 nm for S = 183 m2/g. This value is roughly in agreement with that de-

termined from X-ray linewidth, w by means of Scherrer formula 

0.9 /                                            (II.3.5.2)                                        

where θ is the diffraction angle and λ  is the CuKα X-ray wavelength (0.1540562 nm). 

Equation II.3.5.2 gives a dc of about 4-5 nm. The phase analysis of the product carried out 

by X-ray diffraction evidenced the presence of almost pure spinel Li4Ti5O12 with about 

less than 1% of anatase impurities93.  

Cyclic voltammogram of material evidences the presence of two peaks at formal potential 

of 1.56 V vs Li/Li+, which could be ascribed to Li insertion into Li4Ti5O12 spinel. The 

small peaks at 1.75 and 2.0 V can be assigned to trace impurities of anatase93. So the cyc-

lic voltammetry of Li insertion is beneficial not just for the electrochemical performance 

evaluation, but also for the phase analysis, as it is further demonstrated.  

Table II.3.5.1:  

Li insertion properties of various Ti(IV) oxide phases: Ef  stands for formal potential of Li inser-
tion to the respective Li-Ti-O phase;  x is the ratio of inserted Li+ per one Ti(IV) (see Eq. 
II.3.1.1.) 

Structure 
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Formula Ef, VLi x 
Rutile TiO2 1.47 0.3 

          

Anat  TiO2 1.85 0.5 ase
Brookite TiO2 - "small" 

 

Bronze TiO (B) 1.5 0.5 – 0.92
Ramsdellite TiO2 1.4 & 2.3 0.6     
Ramsdellite LiTi2O4 1.3 & 2.2 0.6 
Ramsdellite Li2Ti3O7 1.3 & 2.2 0.5  
Spinel LiTi2O4 1.56 0.5  
Spinel Li4Ti5O12 1.55 0.5  
Monoclinic Li2TiO3 - 0  

  

Spinel Li4Ti5O12 synthetic protocol based on precipitation of TiO2 from the solution of Li 

and Ti alkoxides in absolute ethanol93  was upgraded. Slight modification of the calcina-

tion procedure avoided the presence of any anatase impurities in final product. The analy-

sis by means of both X-ray diffraction and cyclic voltammetry of Li insertion proved 



phase purity of prepared Li4Ti5O12 spinel4. The other materials used for the study of the 

dependence between the particle size and charge capacity were purchased from Titan 

Kogyo (microcrystalline spinel LT-2) and Altair NanoMaterials4.  

 

The effect of particle size on charging rate of Li4Ti5O12 was evaluated by galvanostatic 

chronopotentiometry, while the charge/discharge current was adjusted to C2, C50, C100, 

C150, C200 and C250.  The maximum charge is, essentially, proportional to the film's 

mass, and its determination is easy and precise, either from slow cyclic voltammetry 

(scan rates ≤1 mV/s) or galvanostatic chronopotentiometry at low currents (≤C2). Ac-

cording to eq. I.2.2 the maximum charge capacity of Li4Ti5O12 equals 175 mAh/g based 

on the mass of the starting host material. However, real electrodes tend to deliver about 

150-160 mAh/g. 

 
Galvanostatic chronopotentiometric measurements proved the differences in electro-

chemical performance of commercial microcrystalline (LT-2, Titan Kogyo, 3m2/g) and 

laboratory-made nanocrystalline spinel Li4Ti5O12. The maximum reversible Li-insertion 

capacity is 175 mAh/g, and in case of nanocrystalline product about 70% of this charge 

can still be cycled at 250C with the same cutoff voltage. The commercial microcrystalline 

Li4Ti5O12 shows only ca. 19% of its nominal capacity in the 250C  charging/discharging 

cycle93.  The efficient Li insertion was observed for all thin-layer electrodes prepared by 

our sol-gel route; marked differences were traced between materials having different sur-

face areas. Since this effect cannot be simply interpreted in terms of Li+ diffusion or by 

poor electrical contact, the dependence between charge capability and the particle size of 

the spinel Li4Ti5O12 was subjected to a detailed study. 

 

Systematic screening of Li4Ti5O12 materials with the particle size within a broad range 

shows that while the charge capabilities of microcrystalline spinel are roughly propor-

tional to the specific surface areas, if the latter are smaller than ca. 20 m2/g. On the other 

hand, for materials having surface areas between ca. 20 to 100 m2/g they attain the value 

almost independent of the surface area and close to the nominal capacity of the given ma-

terial (referred to the value at 2C) (Fig.II.3.5.1).  In other words, the accessible charging 
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rate does not seem to be limited by particle-sizes, if they are between ca. 80 to 20 nm 

(Ref.4).  
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Figure II.3.5.1: Charge capacity (referred to a nominal charge capacity) of Li4Ti5O12 materials 
with varying surface areas (Altair samples +, Titan Kogyo samples ο, laboratory made alkoxide 
route samples □)4. The charging rate was 50C, 100C, 150C and 200C, respectively for the given 
plots. The charge capacity was determined from galvanostatic chronopotentiometry with the cut-
off voltages of 3 and 1 V. The nominal charge capacity was determined from slow cyclic voltam-
metry at scan rates  <1mV/s. Electrolyte solution: 1 M LiN(CF3SO2)2 + EC/DME (1:1, v:v).   
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Despite favorable particle size (below 20 nm) the high-rate charge capability is not kept 

for particles with surface areas >100 m2/g.  

The slow response of ultrasmall particles is probably not caused by poor electrical con-

tacts. The excellent charging rate of nanocrystalline Li4Ti5O12 is clearly demonstrated 

especially in the optimized range of particles sizes, i.e. 20-80 nm(Ref.4). However, small 

particles tend to show larger charge irreversibility at low currents and deep cathodic cut-

off potentials. This may be due to an enhanced possibility of adsorption of reducible im-

purities (such as humidity) on the large-area materials or impurities in the lattice or poor-

ly formed lattice due to low temperature processing of some of the samples. Big particles 

are less sensitive to parasitic reactions, such as irreversible reduction of adsorbed protons. 

Our analysis points at spinel particles between 20-80 nm as the optimum robust size, tak-

ing in to consideration manufacturing, handling, and providing high charging rates with 

good reversibility. 

If we assume that the current after a potential step, I is controlled by diffusion, the chro-

noamperometric plot should formally obey the Cottrell equation:    

 
/ / /                                                         (II.3.5.3) 

 

 Sel is the "true" (physical) electrode area, c is concentration of Li+ in the solid and D is 

chemical diffusion coefficient. This formalism is valid for Li+ insertion into anatase, both 

single crystal  and nanocrystalline  electrodes47,49. To calculate the diffusion coefficients 

of our spinels, the physical electrode area, Sel, was approximated by its BET area.  The 

film's mass was re-calculated from the maximum reversible charge assuming the nominal 

specific charge capacity of 175 mAh/g of a fresh electrode (cf. Eq. I.2.2).  

Concentration c is equivalent to three extra Li+ ions in the Li4Ti5O12 molecule, which 

translates into c = 21.9 mmol/cm3.  This concentration of Li+ occurs in a thin layer under-

neath the surface, shortly after the cathodic potential step. Immediately after the applica-

tion of the subsequent anodic step, the same Li+ concentration occurs in the bulk, but a 
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thin layer underneath the surface has c → 0. This is the driving force for Li+ transport, if 

we neglect migration of Li+ in the electrical field.   
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Figure II.3.5.2: 
 
Solid-state diffusion coefficients of Li+ in the Li4Ti5O12 electrodes determined from 
chronoamerometric measurements. (•) long-time anodic step (○) short-time anodic step  (■)  
long-time cathodic step (□) short-time cathodic step4. 
 
The D values, shown in Fig. II.3.5.2, are smaller than those, found for Li4Ti5O12 by using 

neutron radiography100 (10-6 cm2/s)  or cyclic voltammetry98 (2·10-8 cm2/s). The values of 

D illustrate that the micron-sized crystals can hardly be charged with Li+ efficiently at 

rates around 200 C.  The effective diffusion distance, δ equals: 

 
/                     (II.3.5.4) 

 

where the time t = 18 s, if we assume the charging rate 200C. Assuming D ≈ 10-12 cm2/s 

(for Li-insertion into coarse particles), the diffusion distance is only δ ≈ 75 nm from Eq. 
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II.3.5.4. Hence, the micron-sized crystal cannot be filled with Li+ completely at the 200C 

charging.  This seems to point clearly at nanocrystalline materials as better host structures 

for fast Li+ charging. However, the situation is more complex, since the diffusion coeffi-

cients are also smaller in nanocrystalline materials. The optimum material has to be cho-

sen as a compromise between the rate of Li+ transport and the crystal size.  

 

III. CONCLUSIONS 

 

It has been known for a long time that material properties change on the nanoscale and 

are different from those of single crystals or conventional microstructured, monolithic or 

composite materials32. The presented thesis aimed at demonstration of the diversity in 

these properties for various morphologies of TiO2. Despite the fact that the chemical 

composition is identical, the structure of different morphologies matters and it is respon-

sible for their specialty. The successfully mastered syntheses of desirable particle size 

materials open the pathway towards applications taking advantage of size dependent 

properties. DSC employing 2μm mesoporous TiO2 film as a photoanode exhibited the 

solar conversion efficiency as high as 4.63% due to the large surface area (roughness fac-

tor). Optimized pore size together with the framework consisting of anatase nanocrystals 

are responsible for the high dye adsorption capacity improving the performance.  

 

Incorporating an additional inverse opal layer in DSC represents an example of its further 

possible upgrade. This optimized set up can increase the short circuit photocurrent effi-

ciency of this device of about 26 % (Ref.39).  

 

Owing to the diffusion coefficient of an order of 10-13 cm2/s for microcrystalline spinel 

and even less for nanocrystalline spinel particles, the particle size represents an important 

factor for battery applications. While Li+ diffusion into material of 100 nm in diameter 

takes about 2000 s, 10 nm particle can be fully charged in 20 s. Despite the drop of the 

solid-state Li+-diffusion coefficients by orders of magnitude for nanocrystalline particles , 

obviously due to the larger stress induced by the Li+-Li+ repulsion,  the charging of nano-

crystalline particles is still much faster as compared to microcrystalline ones.  The slow 
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Li+-transport in small particles is not rate limiting, because the insertion occurs only in 

short distances underneath the surface and in overall performance it is fully compensated 

by the increase of the active electrode area. 

 

Synthetic protocol leading to the preparation of phase pure nanocrystalline TiO2(B) 

enables to produce this material in sufficient quantity and quality for possible applica-

tions based on the unique electrochemical behavior of this titanium dioxide polymorph. 

The TiO2(B) host accommodates lithium by a pseudocapacitive faradaic process, which is 

not controlled by diffusion.  

 

To improve further an electrochemical performance of this material, composites of TiO2 

nanocrystals with single walled carbon nanotubes (SWNT)  were prepared and their be-

havior was studied recently101,102. The nanocrystals deposited on SWNT by electrochemi-

cal deposition correspond to anatase phase with small amount of monoclinic TiO2(B). 

While explored by cyclic voltammetry of Li+ insertion, the Li+ insertion coefficient, x of 

0.42 was found101. 

 

In general, the particle size and morphology of titanium dioxide materials seems to be 

almost of the same importance as their phase composition, as far as chemical and electro-

chemical properties, and applicability is concerned. Tailoring of the synthetic procedure 

towards products with desirable morphology is the right way to obtain materials with de-

sirable properties and, subsequently, of a great application potential.     
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