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Abstract

Recently functionalisation of di�erent materials 

by nanocoating is being the target idea of sev-

eral research projects, however the technology 

is only limited applied for textiles although it 

promises a lot. Only functional coatings of tex-

tiles based on TiO
2
 and SiO

2
 nanoparticles are 

reviewed in this article however, it should be 

emphasized that di�erent other nano-coatings 

are of signi�cance likewise. 
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1 Introduction

Recently nanotechnology is introduced for pre-

paring functional textiles. It employs physi-

cal or chemical techniques to construct mate-

rials, devices or systems on a nanometer scale, 

thus nanostructured �bres are those with at 

least one dimension in the range 1–1000 nm. 

It is a technology that can signi�cantly improve 

properties of materials compared with those of 

conventional ones. !is remarkable properties 

improvement is attributed to the signi�cant in-

crease in the �bre’s boundary area or its func-
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licijevega dioksida), ki so odporne proti svetlobi, toploti, delovanju 

-

-

-

-

-

Figure 1: Scheme of the di�erent stages of the sol-gel processing [16]

tional surface. In the textile sector, nanotech-

nology provides opportunities by creating new 

materials such as nano�bres, nanocomposites 

and nanocoated textiles [1].

Replacement of certain conventional �nishing 

procedures with employment of inorganic coat-

ings may prove bene�cial, since low quantities 

of additives are required and various combina-

tions of di�erent functionalities can be simulta-

neously imparted to a textile substrate. Coat-

ings of particulate oxides, such as silica nano 

particles, are stable against light, heat, chemical 

and microbial attack and can, at the same time, 

act as functional coatings or as carriers for em-

bedded functional additives and inorganic par-

ticles or as a base layer for subsequent function-

alisation with compounds, which contribute 

di�erent properties (silanes, "uorinated, phos-

phorous compounds, etc).

Various functionalities can be enhanced or im-

parted to a textile material by applying di�er-

ent coatings of nano particles [2, 3]; improved 

abrasion stability, resistance to thermal deg-
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2.1 Sol-gel postopek za izdelavo delcev silicijevega 
 dioksida – SiO

2

-

-

ga dioksida; raztopino silicijevega alkoksida v alkoholu in vodi 

-

) )

-

O ←→ 

Si–O–Si 

Si–O–Si 

Figure 2: Reactions of a) hydrolysis and b) polycondensation of a silicon precursor

radation [4, 5, 6], various repellent properties 

(water, oil, soil), self-cleaning properties, ab-

sorption of UV light [7, 8, 9], electrical conduc-

tivity, antimicrobial activity [10, 11, 12]. Such 

treatments of textiles is especially interesting for 

the technical textile sector [13].

!e article comprises mainly the work done in 

the �eld of coatings with silica and titania na-

noparticles that are being applied to textile ma-

terials for various purposes. Coatings in these 

cases consist of particles and are either synthe-

sized in-situ on the textile materials’ surface via 

sol gel process, deposited on the textile materi-

als’ surface from dispersions or entrapped in the 

silica network, grown on the surface.

2 Sol-gel process

Sol-gel process is one of the most applicable 

techniques to manufacture thin �lms [14, 15]. 

One of the most advantageous and attractive 

characteristics of the sol-gel process is the abil-

ity to control and manipulate composition and 

microstructure of the material at the molecu-

lar level and at room temperature. Since a sol 

is de�ned as a colloidal dispersion of parti-

cles in a liquid and gel as a substance that con-

tains a continuous solid skeleton, which serves 

as an entrapment for continuous liquid phase, 

than the de�nition for sol-gel processing is the 
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terih sodelujejo silanolne skupine, pa se tvorijo siloksanske vezi ter 

-

Oblika končnega produkta sol-gel postopka je odvisna od vrste ka-

-

-

-

2.2 Delci titanovega dioksida
), kot 

) ali cirkonijev dioksid (ZrO ), reagirajo 

-

-

, ta pa je neposredno soraz-

-

 obstaja v treh kristalnih strukturah: rutil, brukit in anata-

-

-

-

-

-

-

-

-

-

-

growth of colloidal particles and their linkage 

together to form a gel. Formation of �lms, �bres 

and particles are all considered sol-gel process-

es, even though gelation may not occur, as in 

the case of particles formation (Fig. 1). When a 

sol is composed of extended species, rather than 

particles, formation of �bres results [16, 17]. 

Depending on the precursor used, various inor-

ganic oxides can be produced.

!e most prominent example of a sol-gel proc-

ess is formation of silica; whether in the form of 

particles, thin �lms or gels. Stöber et al. [18] re-

ported a method for synthesis of spherical and 

monodisperse silica nano particles in 1968. Sili-

con alkoxide is dissolved in aqueous alcohol so-

lution and the synthesis is catalysed by base or 

acid. Most commonly used precursors in sol-

gel processing of silicates are the following met-

al alkoxide precursors; TMOS (tetramethoxysi-

lane; Si(OCH
3
)

4
) and TEOS (tetraethoxysilane; 

Si(OCH
2
CH

3
)

4
). Silicate materials are most of-

ten synthesized by hydrolysis of the alkoxide, 

dissolved in an alcohol, followed by a reaction 

of condensation [19, 20, 21, 22, 23, 24, 25]. Sol-

gel process can be described with the following 

three reactions: (Eq. 1, Eq. 2, Eq. 3).

!e hydrolysis reaction (eq 1) replaces alkoxide 

groups with hydroxyl groups, while subsequent 

condensation reactions involving the silanol 

groups produce siloxane bonds and by-products 

alcohol (eq 2) or water (eq 3). Schematic pres-

entation of the hydrolysis and polycondensation 

of precursor molecules is given in Fig. 2.

Depending on the type of catalyst used, basic 

or acidic, di�erent forms of the �nal product 

are produced; spherical particles in former case 

and �lms in the latter. Under basic conditions 

hydroxyl anions attack Si directly, while in the 

case of acid catalysis, protonation of OH or OR 

substituents attached to Si occurs [19].

Photocatalytically active (PCA) coating com-

positions containing a photocatalytical-

ly active oxide of a transition metal (MO) or 

(MO
2
) such as titanium dioxide (TiO

2
) or 

zirconium oxide (ZrO
2
) catalyst for producing 
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, kar povzroča 

raziskovali tudi WO

-

Fig. 3: E�ect of pre-treatment of cellulose �bres on subsequent silica growth a) SEM image of a silica layer, 

formed on a raw, untreated �bre; occurrence of crack and agglomerates, b) cross-section of a raw, untreated �-

bre with formed silica layer; thick crust with thickness of about 500 nm, c) image of a silica layer, formed on a 

NaOH-pre-treated �bre; even, homogenous layer of silica particles, d) cross-section of a NaOH-pre-treated �-

bre with formed silica layer; thin layer with thickness less than 100 nm [6]

transparent self-cleaning coatings, such as for 

glass windows, which react with and decom-

pose organic compounds or pollutants, depos-

ited thereon from the environment, under the 

e�ects of exposure to sunlight, particularly the 

ultraviolet radiation contained therein. !e 

organic pollutants are decomposed to simple 

inorganic compounds such as CO
2
, H

2
O and 

various mineral acids, which re-enter the at-

mosphere and/or wash away under the e�ects 

of heat, wind and/or rain, so that the coat-

ings are self-cleaning with an e$ciency which 

is dependent upon the degree of photocatalyt-

ic activity of the MO
2
 catalyst, which is direct-

ly proportional to the total surface area of the 

MO
2
 particles to which the pollutants are ex-

posed [26, 27].
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no aktivnost različnih vrst silike in silikatnih gelov kot aditivov za 

-

delcev silicijevega dioksida/silikatnih gelov in različnih organskih 

-

-

-

-

-

-

-

-
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-

-

-

-

-
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goče doseči z uporabo golih delcev silicijevega dioksida, brez do-

Binary metal sulphide semiconductors such as 

CdS, CdSe or PbS are regarded as insu$cient-

ly stable for catalysis, at least in aqueous media 

as they readily undergo photoanodic corrosion 

[28, 29]. !ese materials are also known to be 

toxic. !e iron oxides are not suitable semicon-

ductors as they readily undergo photocathodic 

corrosion [30]. !e band-gap for ZnO (3.2 eV) 

is equal to that of anatase. ZnO however, is also 

unstable in illuminated aqueous solutions [71] 

with Zn(OH)
2
 being formed on the particle sur-

face. !is results in catalyst deactivation [28]. 

WO
3
 has also been investigated as a potential 

photocatalyst however, it is generally less photo-

catalytically active than TiO
2
 [31].

TiO
2
 usually exists in three common crystal 

structures: rutile, brookite and anatase. Of the 

three forms, brookite is the most unstable form 

and is very di$cult to prepare [32]. Proba-

bly out of these reasons, brookite form is rarely 

used in photocatalytic studies. Most studies in 

TiO
2
 photocatalysis have been carried out us-

ing either pure anatase form or pure rutile form 

(natural) or a mixture of the two as photocata-

lysts [32] and therefore only rutile and anatase 

are commercially important. O%en the anatase 

form of TiO
2
 is believed to be more photocata-

lytically active than rutile form [33, 34, 35, 36; 

37, 38, 39, 40, 41]. Anatase has a wider optical 

band gap (3.2 eV vs 3.0 eV for rutile), a small-

er electron e�ective mass, a higher Fermi level, 

and a higher mobility of charge carriers than 

the thermodynamically stable rutile phase [42]. 

For these reasons the anatase modi�cation is 

the preferred form for photocatalysis.

!e crystalline phase and crystallite size are im-

portant properties of the nano-coating, control-

ling the e$cient absorption of UV photons, and 

the migration of photogenerated holes to the 

crystallite surface [43, 34, 44].

TiO
2
 can be synthesised by several di�erent 

methods including inert gas condensation [45]; 

"ame synthesis by TiCl
4
 oxidation [46]; oxida-

tion-hydrothermal synthesis from metallic Ti 

[47] and hydrolytic precipitation of Titanium 

alkoxide or titanium salt (sol-gel method) [48]. 

Of particular interest is the sol-gel approach 

since it allows compositional and microstruc-

tural tailoring through controlling the precursor 

chemistry and processing conditions [48]. Sol-
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silanov, katerih skupine 

-

-
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Sol-gel postopek se uporablja tudi za izdelavo delcev SiO , kjer ti 

-

-

-

barvil; cilj njihovega dela je bil razvoj postopka za barvanje različ-

), zlasti v 

-

-

gel processing also provides excellent chemical 

homogeneity [49, 50, 51, 52, 53]. and is a ap-

propriate method for manipulation of the struc-

ture, con�guration, composition and chemical 

characteristics of organic matrices. !is prop-

erty and the ability to immobilize sol-gels cov-

alently on textile support make this technology 

appealing in surface modi�cation of �bres and 

other textile structures [54]. 

3 Silica coatings on textile materials

Li et al. [55] have synthesized thin SiO
2
 �lms 

from tetraethylorthosilicate by sol–gel meth-

od on di�erent fabrics (cotton, "ax, nylon-66, 

poly(ethylene terephthalate)) in order to investi-

gate the interaction and adhesion of silica coat-

ings on �bres. !ey concluded that the chemical 

composition and structure of �bres determine 

the adhesion of the coatings on the fabric sur-

faces. We have grown a layer of silica parti-

cles on regenerated cellulose �bres’ surface and 

reached essentially similar results; growth and 

formation of particles’ layer is dependent on 

the microstructure of the �bre substrate’s sur-

face and its accessibility. We have succeeded to 

synthesize uniform, dense layers of SiO
2
 parti-

cles, with a thickness of less than 100 nm (Fig. 

3) [6]. !ermal properties of such silica-covered 

�bres were determined and it was shown that a 

uniform layer of silica could prolong the ther-

mal degradation of regenerated cellulose �bres, 

as well as shi% temperatures of combustion to 

higher values [6]. Kashiwagi et al. tested the 

"ame retardant activity of various silicas and 

silica gels as additives to polypropylene and pol-

yethylene oxide [56], while Gilman et al. [57] 

examined the combination of silica gel and po-

tassium carbonate in relation to their "ame re-

tardant activity, when applied to nylon, cellu-

lose, etc. !ese last two researches were mainly 

done from the point of view of e�ect of silica 

addition; tested samples were pellets, made of a 

mixture of silica particles/gels and various or-

ganic polymers and not actual textile forms 

with coatings of nano particles.

Silica and titania coatings, due to their high 

amount of surface hydroxyl groups, enhance 

the hydrophilic nature of the �brous substrate; 

in case of such coatings on regenerated cellu-
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 nanosov uporabili titanov 

-

-

 prevlek s sol-gel po-

-

-

vodijo do nastanka anatazne kristalne oblike, kar se odraža v niž-

-

-

4.1 Kompozitni TiO
2
–SiO

2
 nanosi

 delcev obstaja pri 

-

 na 

, ki je 

 delcev in 

–SiO -

-

–SiO -

–SiO -

-

-

-

lose �bres, their already high a$nity for water 

is additionally increased [58]. While formation 

of a silica coating on hydrophobic �bres could 

impart hydrophilicity to such substrates (while 

still retaining their original mechanical proper-

ties) [59], modi�ed layers of silica have been in-

vestigated for achieving hydrophobicity of oth-

erwise hydrophilic �bres. Yu et al. [60] have 

used a combination of silica nano particles and 

per"uorooctylated quaternary ammonium si-

lane coupling agent (PFSC) to impart hydro-

phobicity to cotton fabrics. Silica particles were 

used to achieve surface roughness, while layer 

of PFSC lowered the surface energy. Cotton fab-

ric, treated in such a way, exhibits high water 

repellent properties and high water contact an-

gle (145°). It must be noted that treatment with 

pure PFSC, without silica particles, resulted in 

lower contact angles. Oil repellent properties 

of silica particles/PFSC treated cotton fabrics 

were also improved. Yang et al. [61] succeed-

ed in preparing superhydrophobic wood �bres 

with water contact angles higher than 150°. 

To achieve this, multi-layer deposition of poly-

diallyldimethylammonium chloride (polyDAD-

MAC) and silica particles was used, followed by 

a "uorination with per"uorooctyltriethoxysi-

lane (POTS). !is surface treatment also im-

parted high resistance to bacterial contamina-

tion and at the same time retained high tensile 

strength of the paper, made out of the modi�ed 

cellulose wood �bres. Gonçalves et al. [62] have 

prepared superhydrophobic cellulose nano com-

posites by employing amorphous silica particles 

as a mean to enhance surface roughness and 

per"uoro moieties for reduction of surface ener-

gy. Resultant water contact angles approached a 

value of 150°. Yeh et al. [63] have used combi-

nation of silicon precursor TEOS and "uorocar-

bon polymer to impart water and oil repellence 

to cotton fabrics; resultant hybrids have water 

and oil repellent properties and good physical 

characteristics.

Silica particles without any additional mod-

i�cation of their surface were used to enhance 

hydrophobicity of micro-scaled carbon fabrics 

[64]. In this case, the driving mechanism for 

achieving hydrophobicity is solely the morpho-

logical roughness of silica particles and the base 

substrate. Carbon fabrics, used in the research, 
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–SiO  okside, je treba uporabiti dvostopenjsko 

–

SiO

–SiO  nanose pripravili na 

 nanodel-

Fig. 4: E�ect of di�erent coating procedures on resultant titania layers a) SEM image of a surface layer of ti-

tania, obtained by in-situ growth from titania precursor; uneven distribution of agglomerates with uncovered 

areas, b) SEM image of a surface layer of titania, obtained by deposition of pre-formed particles from a disper-

sion; some areas of �bres are still not covered, but overall coverage is much more homogenous and particles are 

much more monodisperse, c) SEM image of a surface layer of titania, obtained by combination of pre-formed 

titania particles, embedded in a SiO
2
 layer; full coverage of �bres is achieved with a homogenous layer – silica 

particles act as means for even titania distribution [126] 

-

-

Technical Textiles International, 

-

Journal of 

Materials Chemistry

-

Textile Research Journal

consisted of carbon �bres with diameter of 8–10 

μm, coated with silica particles with an average 

size of 300–500 nm. Micro-scale of the carbon 

fabric presents primary surface roughness, add-

ed layer of silica secondary roughness and such 

a composite mimics the lotus leaf. 

Silane agents, as mentioned above, are main-

ly used for imparting additional functionali-

ties and properties to layers of silica particles, 

formed on the surface of �bres or to impart new 

functionalities on textile materials by forming 

surface �lms [65, 66]. In addition to that, vari-

ous silanes can be also used as binding/coupling 

agents between the �bres and silica particles (or 

various inorganic particles), due to their chem-

ical composition. Two types of reactive moie-

ties, present in the structure of silanes, respond 

in di�erent ways, depending on the substrate 

they approach. Alkoxy groups (OR) connect the 

silane molecule with the hydroxylated surface, 

while the organic functional groups (amine, 

methacrylic, vinylic, etc improve compatibil-

ity or even copolymerize with an organic sub-

strate (e.g. cellulose �bre) [67]. In order to trig-

ger actual condensation reaction between the 

silane functional group and the surface of a �-

bre, higher temperatures have to be employed. 

Abdelmouleh et al. [68] studied the interactions 

between cellulose substrate and various silane 

agents. At room temperature only dispersive 

and polar attractive interactions are present, it 
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rous doped SiO Journal of Applied 

Polymer Science

-

Textile Research Journal, 

-

-coated regenerated cellulo-

Polymer Degradation and Stability

-

Textile Re-

search Journal

-

-

Journal of Applied Polymer Science, 

-

Journal of Applied 

Polymer Science

-

Textile Research Journal, 

-

-

Journal of Applied 

Polymer Science

-

Journal of Applied Polymer Science, 

-

Tekstil

-

-

ournal of Materials Science and Technology, 

-

-

als, Chemistry of Materials

Colloid Chemistry of Silica

!e Physics and Chemistry of Sol-Gel Proces-

sing -

was only a%er heating above 100°C that con-

densation occurred, resulting in covalent bond-

ing between the cellulose �bre and silane �lm. 

Brochier Salon et al. [67] used heating at 110–

120°C to create permanent bonding of the cou-

pling agent to the cellulose surface. Castellano 

et al [69] have reported that use of pre-hydro-

lyzed Si–OH groups of organic silanes and 

temperatures above 80°C are required in order 

to chemically modify cellulose �bres for their 

use in composite materials. Since elevated tem-

peratures, following the coating process of a �-

bre with silane, are necessary for achievement 

of a satisfactory attachment between the two 

components, this requirement may prove hard 

to meet when dealing with temperature-sensi-

tive textile materials.

Silica has served as well as a carrier for incor-

poration of dye-stu�s. Cheng et al. [70] have 

prepared dye-containing silica sol-covered wool 

fabrics. Photocromic dyes were able to provide 

a very fast response to UV light, since high-

ly porous silica matrix enabled free space for 

photocromatic reaction to be accomplished. 

Mahltig et al. [71] have incorporated dyes into 

sol-gel coatings on textile �bres. Aim of the 

work is to develop a “one-type’’ recipe for dyeing 

di�erent kinds of fabrics.

4 Titania coatings on textile 

 materials

Transparent �lms and coatings of titanium di-

oxide (anatase) have been studied for a number 

of years now [72]. Technological interest has fo-

cussed around their potential in self-cleaning 

applications due to their photocatalytic proper-

ties [73, 74]. 

Numerous literature reports on the fabrication 

of TiO
2
 thin �lms by sol-gel dip coating tech-

nique using many types of titanium alkoxides 

as precursors [75, 76]; titanium tetraethoxide 

[77]; titanium ethoxide [78]; titanium propox-

ide [79]; tetraisopropyl-orthotitanate [80, 81, 

82, 83]; titanium tetra-n-butoxide [84]. Others 

[85, 86] have used titanium butoxide as start-

ing materials for making TiO
2
 thin �lms. 

However, P 25, a commercial TiO
2
 catalyst con-

taining a mixture of rutile and anatase crystal-

line forms (70% : 30% anatase/rutile mixture), 



310 Funkcionalizacija tekstilij z nano TiO
2
 in SiO

2
 prevlekami

Tekstilec, 2008, letn. 51, št. 10–12, str. 300–318 

Jour-

nal of Colloid and Interface Science

-

Journal of Non-Crystalline Solids

-

Journal of Collo-

id and Interface Science

Journal of Non-Crystalline Solids

Journal of 

Non-Crystalline Solids

Journal of Colloid and Interface Science, 

Colloids and Surfaces A: Physicochemical and Engi-

neering Aspects

-

Journal of Colloid and Interface Science

-

-

Journal 

of the American Ceramic Society

-

-

Deve-

lopments in Chemical Engineering and Mineral Processing, 

-

Journal of Physical Chemistry

-

-

Chemical Reviews

-

Applied Ca-

talysis B: Environmental

with a BET surface area of 55 ± 15 m2/g and 

crystalline sizes of 0.1 nm in 30 nm aggregates 

is the most widely used photocatalyst and has 

proven to be the best photocatalyst towards a 

broad range of organic pollutants [87, 88, 89, 

90, 91].

Much work has been carried out depositing 

TiO
2
 on heat resistant surfaces like glass, ceram-

ics and silica by sol-gel methods, where temper-

atures up to 500 °C can be used [92, 93, 94, 39, 

53]. By applying the procedure to the textile 

surfaces some hindrances may appear, i.e. high 

temperature treatment conditions, �bre damage 

risks, problems connected with durability of the 

modi�cation, etc. Limited process temperatures 

allowed for cellulose substrates, reduce a degree 

of anatase crystallization, which results in low-

er photocatalytic activity of generated coatings 

in comparison to coatings on high temperature 

resistant materials [95]. However, some reports 

on TiO
2
 application in the textile industry can 

be found [96, 97, 98, 99, 100, 101].

) 

 and silica (SiO ) coatings

TiO
2
 acting as a photocatalyst (that is, holes 

and electrons escape from the surface of the 

TiO
2
 particles), can participate in the chemi-

cal damages of the organic �bre [102, 103]. To 

diminish the role TiO
2
 may plays in the degra-

dation of the �bre, it is possible to encapsulate 

the TiO
2
 to prevent the electron from escaping 

and provide a barrier between the organic �bre 

and the TiO
2
 surface. Encapsulation consists in 

placing an insulator on the surface of the TiO
2
. 

In order to be e�ective, the insulation barrier 

must completely encapsulate the TiO
2
 particle. 

Amorphous solids like silica are used because 

they completely coat the entire TiO
2
 surface. 

SiO
2
 is resistant to high photocatalytic activity 

of TiO
2
 particles and doesn’t degrade under ex-

posure to UV light [104, 105].

Titanium-silica mixed oxides can be produced 

by di�erent ways like coprecipitation [106, 107, 

108, 109] and "ame pyrolysis [110, 111], but 

the most common way is the sol-gel method 

[112, 113, 114, 115, 116, 117, 118]. !e condi-

tions of the sol-gel process have a major in"u-

ence on the properties of titanium-silica mixed 

oxides. It was found that at least two types of Ti 
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Journal of Physical Chemi-
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-
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Journal of Physical Chemistry

-

-

-

Journal of the Chemical So-

ciety, Faraday Transactions 1

TiO
2
 Photocatalysis, Fundamental and Applications

-

Journal of Photochemistry and Photobiolo-

gy A: Chemistry

Fundamentals of Polymer De-

gradation and Stabilisation

-

-

Europe-

an Polymer Journal

-

Physical Review B: Condensed Matter and Materi-

als Physics

-

Jour-

nal of Physical Chemistry B

species are present: segregated TiO
2
 micro do-

mains and isolated Ti species [119, 118, 120] 

When the titanium content was higher than 15 

wt% (nominal TiO
2
), the TiO

2
 micro domains 

became more prominent in the mixed oxides 

[109, 111]. Since Si and Ti precursors have dif-

ferent condensation rates, a two-stage acid cat-

alyzed hydrolysis was introduced to prepare 

atomically mixed TiO
2
–SiO

2
 oxides with high 

homogeneity [109, 111, 120, 121, 122]. TiO
2
–

SiO
2
 mixed catalysts were prepared using dif-

ferent precursors [118, 123, 124, 125]. We have 

found publications about TiO
2
–SiO

2
 nanocoat-

ings on �bres. Sol–gel TiO
2
-based thin layers 

were obtained from two processes; using sol-gel 

process, where the precursor titanium tetra-iso-

propoxide was used [105] or using already pre-

pared TiO
2
 P25 nanoparticles (Fig. 4) [126, 58].

5 Conclusion

Nanocoating represents a modi�cation tech-

nique with great potential for synthesis of nov-

el functional materials, however nanocoating 

technology is still inadequately employed in the 

textile production. 
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